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Abstract

Magnetite (Fe3O4) nanoparticles are commonly found in soil and has been broadly used in
numerous applications (e.g., environmental remediation, catalysis, energy storage, magnetic
resonance imaging, medicine therapy) due to their interesting physical and chemical properties
(e.g., magnetic, redox, high surface area, optic, semiconductor). Many of these properties are
related to the presence of Fe(Il) in the crystallographic structure. Stoichiometric magnetite exhibits
Fe(IT)/Fe(IlI) ratio (R) of 0.5. However, at acidic pH or the presence of oxygen lead to the
transformation of magnetite into maghemite (Fe»O3) with R = 0. If most of the interesting
properties of nanomagnetites are dependent on their stoichiometry (R), the impact of
environmental factors on its transformation to maghemite and the formation of intermediate
compounds (magnetite-maghemite solid-solutions) has been poorly characterized. This thesis
aimed to get proper measurement for the determination of magnetite stoichiometry by synchrotron
techniques and to develop predictive models of magnetite solubility under environmentally
relevant conditions (pH, redox condition, presence of dissolved Fe(Il) and organic ligands).

The first part of the thesis work is focused on, the effect of redox conditions and dissolved
Fe?" on nanomagnetite stoichiometry by wet chemistry, XRD, XAS, and XMCD. XMCD signals
have been used to further characterize the complex reactions involved in the magnetite/maghemite
system upon oxidation and recharge processes, e.g. decreasing R from 0.5 to 0.1 using H>O> or
increasing from 0.1 to 0.5 through dissolved Fe?" amendment. Indeed, surface recrystallization
processes, induced by oxidation as well as Fe* diffusion into the solid phase and/or redistribution
of electron equivalents between the aqueous solution and the magnetite bulk, led to decreased spin
canting effects, altering XMCD signals. By accounting for these effects, a more accurate method

for the determination of magnetite stoichiometry by XMCD is proposed.



The second part of the thesis work is focused on the impact of pH on magnetite solubility.
In the absence of O, the H*-promoted dissolution process was responsible for the preferential
release of Fe(Il) over Fe(Ill) to the solution, which led to the partial transformation of magnetite
into maghemite. Long term kinetic studies (560 days) revealed that while a small magnetite core
is hardly affected over a few years in acidic conditions (pH < 5), a thin shell at the surface can be
formed even at circumneutral pH and rapidly equilibrates with the aqueous solution. A
thermodynamic model for the magnetite-maghemite solid-solution was calibrated. It is capable of
predicting the stability and redox-reactivity of nano-magnetite.

The last part of the thesis work investigated the effects of dissolved organic ligands
(acetate, lactate, citrate, and EDTA) on Fe solubility and on the stoichiometry of nano-magnetite.
These ligands are either natural organic molecules present in soils (e.g. in the rhizosphere) or used
to modify the behaviour of iron oxide nanoparticles for enhancing nanotechnology applications. If
acetate and lactate did not show significant change, citrate and EDTA significantly increased the
solubility of Fe. Especially, citrate and EDTA affected magnetite stoichiometry because of the
preferential complexation with Fe(Il) than Fe(IIl). The findings suggest that ligand-controlled
dissolution processes should be considered for the chemical stability of magnetite.

This study indicates that magnetite stoichiometry strongly depends on physico-chemical
conditions such as pH, Ex and ligands concentration, which explains the variability of geochemical
behaviors of magnetites in the environment. This work also recommends that magnetite
stoichiometry should be carefully considered when applying magnetite nanoparticles for any
applications including environmental remediation, biomedical process and catalysis.

Keywords: magnetite, maghemite, stoichiometry, solubility, solid-solution, geochemical

speciation modeling, XMCD



Résumé

Les nanoparticules de magnétite (Fe3O4) sont couramment trouvées dans le sol et sont
largement utilisées dans de nombreuses applications (par exemple, assainissement de
I'environnement, catalyse, stockage d'énergie, imagerie par résonance magnétique, thérapie
médicale) en raison de leurs propriétés physiques et chimiques intéressantes (par exemple,
magnétique, redox, grande surface, optique, semi-conducteur). Beaucoup de ces propriétés sont
liées a la présence de Fe(Il) dans la structure cristallographique. La magnétite steechiométrique
présente un rapport Fe(II)/Fe(III) (R) de 0,5. Cependant, un pH acide ou la présence d'oxygene
conduisent a la transformation de la magnétite en maghémite (Fe>O3) avec R = 0. Si la plupart des
propriétés intéressantes des nanomagnétites dépendent de leur stecechiométrie (R), I'impact des
facteurs environnementaux sur sa la transformation en maghémite et la formation de composés
intermédiaires (solutions solides de magnétite-maghémite) ont été mal caractérisées. Cette thése
vise a obtenir des mesures appropriées pour la détermination de la stcechiométrie de la magnétite
par des techniques synchrotron et a développer des modeles prédictifs de la solubilité de la
magnétite dans des conditions environnementales pertinentes (pH, condition redox, présence de
Fe(II) dissous et de ligands organiques).

La premiére partie du travail de thése est axée sur l'effet des conditions redox et du Fe?*
dissous sur la steechiométrie de la nanomagnétite par étude de chimie des solutions, XRD, XAS et
XMCD. Les spectres XMCD ont été utilisés pour caractériser davantage les réactions complexes
impliquées dans le systéme magnétite/maghémite lors des processus d'oxydation et de recharge,
par exemple, en diminuant R de 0,5 a 0,1 par ajout de H,O> ou en I’augmentant a nouveau de 0,1
a 0,5 par ajout de Fe?* dissous. En effet, les processus de recristallisation de surface, induits par

l'oxydation ainsi que la diffusion de Fe?** dans la phase solide et/ou la redistribution d’équivalents



d’¢électrons entre la solution aqueuse et le cceur de la magnétite, conduisent a une diminution des
effets liés a I’inclinaison des spins (« spin canting », en anglais), altérant le signal XMCD. Cette
¢tude fournit une compréhension des processus fondamentaux se produisant dans le systeme
magnétite/maghémite lors de 1'altération des conditions redox et offre une méthode plus précise
pour la détermination de la steechiométrie de la magnétite par XMCD.

La deuxiéme partie du travail de thése est centrée sur I'impact du pH sur la solubilité de la
magnétite. En 1'absence d'O., le processus de dissolution, favorisé par la présence de H, est
responsable de la libération préférentielle du Fe(II) par rapport au Fe(III) dans la solution, ce qui
conduit a la transformation partielle de la magnétite en maghémite. Des études cinétiques a long
terme (560 jours) ont révélé que Si un cceur de magnétite peut persister pendant plusieurs années
dans des conditions acides (pH < 5), une couche de maghémite peut se former a la surface en
s'équilibrant rapidement avec la solution aqueuse méme a pH neutre. Finalement, un modéle
thermodynamique pour la solution-solide magnétite-maghémite capable de prédire la stabilité et
la réactivité redox de nano-magnétites a pu étre proposé.

La derniére partie du travail de thése a étudié les effets de ligands organiques dissous
(acétate, lactate, citrate et EDTA) sur la solubilit¢ du Fe et sur la steechiométriec de la nano-
magnétite. Ces ligands sont soit des molécules organiques naturelles présentes dans les sols (par
exemple dans la rhizosphére), soit utilisés pour modifier le comportement des nanoparticules
d'oxyde de fer afin d'améliorer les applications des nanotechnologies. Si I'acétate et le lactate n'ont
pas montré de changement significatif, le citrate et 'EDTA ont augmenté de manicre significative
la solubilité du Fe. En particulier, le citrate et '/EDTA ont affecté la steechiométrie de la magnétite

en raison de la complexation préférentielle avec le Fe(Il) qu'avec le Fe(III). Les résultats suggerent



que les processus de dissolution contrdlés par le ligand devraient étre pris en compte pour la
stabilité chimique de la magnétite.

Cette étude indique que la stoechiométrie de la magnétite dépend fortement des conditions
physico-chimiques telles que le pH, le potentiel redox et la concentration en ligands, ce qui
explique la variabilité¢ des comportements géochimiques des magnétites dans I'environnement. Ce
travail recommande également que la stcechiométrie de la magnétite soit soigneusement prise en
compte lors de l'application de nanoparticules de magnétite pour toutes applications, y compris

pour l'assainissement de 1'environnement, biomédicales et en catalyse.

Mots clés : magnétite, maghémite, stoechiométrie, solubilité, solution solide, modélisation de la

spéciation géochimique, XMCD
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1.1 Magnetite and maghemite

Magnetite (Fe3Os) is commonly found in natural systems. Magnetite crystallizes in a
inverse spinel structure (Figure 1) (Bliem et al., 2014). The oxygen ions closely pack face-centered
cubic lattices and iron ions are located in the interstices between oxygen ions. There are two
different types of interstices, tetrahedral sites and octahedral sites. Magnetite contains Fe** in the
octahedral sites (Fe?*on), Fe** in the octahedral sites (Fe*"on), and Fe** in the tetrahedral sites
(Fe**rq) ina 1:1:1 ratio. The formula of this composition is Fe3*rq[Fe**Fe?*]onO4>". The unit cell
edge length of magnetite is a = 8.408 A under Curie temperature of 580 -600 °C (Cornell and

Schwertmann, 2003).

Stoichiometric magnetite (R = Fe(II)/Fe(Ill) = 0.5) can only be presented under certain
physico-chemical conditions. It exists in its stoichiometric form when it is present in an anoxic
medium (Cornell and Schwertmann, 2003) but, under more oxidizing conditions or acidic pH,
magnetite oxidizes gradually by releasing Fe(Il) (Jolivet and Tronc, 1988; White et al., 1994). Its
transformation leads to the formation of maghemite (y-Fe>O3). Maghemite contains only Fe** (R
= 0), which is located in octahedral sites (Fe3*on) as well as in tetrahedral sites (Fe**1q). The
chemical formula of maghemite can be written as Fe’* [Fes/3*" 01/3]04*". The symbol ‘o’
symbolizes vacancies which are required for charge neutrality (Darbandi et al., 2012; Bourgeois
et al., 2013). Magnetite and Maghemite form a solid-solution, i.e. magnetite with different

stoichiometries (0 <R < 0.5) can exist (Gorski and Scherer, 2009, 2010; Cheng et al., 2018).
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Magnetite Fe;0, Maghemite Fe, ;0,4 (or y-Fe,05)

Cubic crystal system Without Feg ordered vacancies With Feg ordered vacancies
Fd3m lattice system cubic crystal system tetragonal crystal system
P 4,32 lattice system P4, 2,2 lattice system

Yos

Vacancy

AFe

\ (Fe*), (Fes* Fe?*).0, (Fe™*), (Fe¥53 9 113).04 }

Inverse spinel group

Figure 1. The crystal structures of magnetite and maghemite (with ordered and disordered vacancy

distributions) (adapted from (Li et al., 2019)).

1.2 Presence in the natural environment

Abiogenic magnetite nanoparticles are present in several geological environments which
are ranging between igneous such as layered ultrabasic rocks and basalts and sedimentary rocks
such as banded iron formations and beach sands. The crust of the earth is composed of rocks which
are the primary sources of magnetite and supply most of iron cycled by ecosystems (He et al.,
2015). Lithogenic magnetite is commonly found in the coarse, heavy mineral fraction of soils. In
addition, two other routes of magnetite formation exist, via abiotic (Maher and Taylor, 1988) and
biotic processes (Fassbinder et al., 1990). Pedogenic formation of the magnetite can occur through
redox changes induced by redox fluctuations, for instance, alternating soil drying and soil flooding
following rainfall events (Ahmed and Maher, 2018). Iron oxide nanoparticles are crucial to all
living organisms with several bacteria having developed pathways to access iron as an electron

acceptor or donor which are dependent on their mobility, oxidation state, and bioavailability
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(Melton et al., 2014). Thus, magnetite can be also produced by the influence of (i) bacterial Fe(III)
reduction or (ii) mixed-valent iron minerals by bacterial Fe(II) oxidation (Usman et al., 2018). For
example, Fe(Il)-oxidizing bacteria are capable of promoting electrons electron transfer by
oxidizing ferrous ions to ferric iron (Konhauser et al., 2011). Magnetite is important for many
micro-organisms because the oxidation and reduction of magnetite nanoparticles can be affected
by growing Fe-metabolizing bacterial (Byrne et al., 2015). Magnetite can be reduced by microbial
reduction which occurs in natural environments such as sediments and soils (Kostka and Nealson,
1995; Brown et al., 1997; Kostka et al., 2002; Melton et al., 2014; Usman et al., 2018). Moreover,
biogenic magnetite, chemically pure magnetite crystals, also occurs in the bodies of various
organism within the kingdoms of the Monera, Protista, and Animalia including magnetotactic
bacteria, mollusks, insects, fish, birds, and mammals (Kirschvink et al., 2001). In those organisms,
magnetite forms the basis for one type of biophysical mechanism of magnetic field detection which

affects orientation and navigation (Mouritsen and Ritz, 2005; Kirschvink et al., 2010).

1.3 Example of applications

Magnetite and maghemite nanoparticles are also widely used in nanotechnology (Teja and
Koh, 2009). There are several applications of magnetite and maghemite nanoparticles because the
magnetic properties and size-related behavior of such particles enable interesting applications (for
example, adsorption, catalytic degradation, and disinfection). It can be used in a variety of
environmental remediation applications, especially for the removal of organic and inorganic
contaminants by different processes. Firstly, it can lead to the degradation of organic contaminants

by reduction, such as for nitroaromatic compounds (Gorski and Scherer, 2009; Gorski et al., 2010).
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It can also remove contaminants by sorption, such as in the case of antibiotics or americium (Cheng
et al., 2018; Morelova et al., 2020). Combination of U(VI) or Cr(VI) reduction and subsequent
sorption of U(IV) or Cr(IIl) can efficiently eliminate these contaminants from groundwaters
(Peterson et al., 1997; Latta et al., 2012). Moreover, Fenton-like processes could be involved with
hydrogen peroxide as oxidizing agents and iron ions as a catalyst to provide strongly chemical
species which are *OH radicals. This process has been significantly used for removing organic

contaminants (Lin and Gurol, 1998; Rahim Pouran et al., 2014).

Magnetite is a conductor and also has magnetic properties (Sherman, 1987; Goss, 1988;
Walz, 2002). The control of the surface reactivity is one of the most significant topics (Laurent et
al., 2008) because numerous applications require the interactions with different ions, biomolecules,
or polymers with magnetite (Ito et al., 2005; Schwaminger et al., 2017; Yew et al., 2020; Abushrida
et al., 2020). To prevent the oxidation or agglomeration of magnetite nanoparticles and/or to
modify the surface properties, they are often modified by organic or inorganic molecules (Laurent
et al., 2008), which can form surface complexes with Fe atoms at the surface. This may prevent
the generation of ROS, the release of toxic ions, the oxidation of proteins and the adsorption of
pollutants (Auffan et al., 2009; Liu et al., 2013; Usman et al., 2018; Norouzi et al., 2020). For
example, EDTA is commonly used for this purpose (Blesa et al., 1984; Yi et al., 2014; Ramos-
Guivar et al., 2021). Another coating of magnetite nanoparticles with sodium oleate can create
biocompatible, stable colloids (Roth et al., 2016; Marin et al., 2016) as shown in Figure 2.
Moreover, the surfactant/polymer, silica coating, and carbon coating of nanomagnetite have been
applied for their applications in both catalysis for the removal of organic pollutants and a field of
wastewater treatment (Nidheesh, 2015), and biotechnology (Lu et al., 2007) as presented in Figure

2.
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Figure 2. Various applications, structural transformations, and surface interactions of iron oxide

nanoparticles (adapted from (Schwaminger et al., 2017).

Magnetite has also some biomedical applications as shown in Figure 3. For example, it can be
used at the same time for therapy and diagnosis of cancer (L1, 2014; Weissleder et al., 2014; Quinto
etal., 2015; Zanganeh et al., 2016). Magnetite nanoparticles associated with drugs are injected into
the patient, and it is used as a drug delivery system to transport the drug to the tumoral cells (Figure
3a). Then, magnetite nanoparticles can be used as contrast agents for the diagnosis of cancer by
magnetic resonance imaging (MRI) or by magnetoimpedance (MI) sensor (Figure 3b). Finally, by
applying an alternating magnetic field, the nanoparticles can be used for additional therapy by
hyperthermia, which can kill the tumoral cells by the heat produced by the movement of the

nanoparticles (Quinto et al., 2015) (Figure 3c). Several other biomedical applications, such as
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thermal therapy (Mahmoudi et al., 2011; F. Hasany et al., 2013; Ikoba et al., 2015) and DNA/
RNA purification (Turcu et al., 2015), are under consideration owing to their low toxicity,

superparamagnetic properties, and simple preparation.

Magnetite
nanoparticles » )

Tumor

a | DDS Therapy

b Diagnosis

Figure 3. Illustration of the therapeutic methods using magnetite nanoparticles. (a) drug delivery
system (DDS), (b) magnetic resonance imaging (MRI), (c) hyperthermia (Adapted from Ito et al.,

2005).

1.4 Synthesis and characterization of magnetite nanoparticles

The impact of shapes of nanoparticles is tremendous on their properties such as catalysis (Park
et al., 2005; Fortin et al., 2007). The shape can affect crystal facets and the atomic arrangement
has a reflective effect on their properties (Dadashi et al., 2015). Therefore, several protocols for
desired morphology, size, and shape have been developed (Laurent et al., 2008; Ravikumar and
Bandyopadhyaya, 2011; Kolhatkar et al., 2013; Naseem and Farrukh, 2015; Roth et al., 2016).

Table 1 shows a comparison of different synthesis methods. Briefly, magnetite nanoparticles can
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be synthesized by physical, chemical, and biological methods. Physical methods are elaborate
procedures that suffer from the inability to control the nano-size of nanoparticles (Lin and Samia,
2006; Roldan Cuenya, 2010). Chemical methods are relatively simple and efficient in which the
size, shape, and composition can be controlled (Jolivet and Tronc, 1988; Laurent et al., 2008;
Soenen et al., 2009; Ravikumar and Bandyopadhyaya, 2011; Wu et al., 2011). The chemical
methods are strongly dependent on the type of salt used, ratio of Fe(Il) to Fe(IIl), pH, and ionic
strength (Laurent et al., 2008; Ravikumar and Bandyopadhyaya, 2011). (iii) Biological methods
ensure low cost, reproducibility, and high yield (Carvallo et al., 2008; Narayanan and Sakthivel,
2010). However, microbial methods have been shown rather slow and laborious (Narayanan and

Sakthivel, 2010).

Among these methods, the chemical coprecipitation methods are highly effective owing to low
price, high yield, and the small size of the nanoparticles that are produced (=10nm, (Park et al.,
2004; Gorski and Scherer, 2010; Demangeat et al., 2018; Cheng et al., 2018)). The chemical

reaction of Fe3Og4 precipitation is revealed in Equation 1.
Fe?* + 2Fe’" + 8OH & Fe304 + 4H20 (1)

Under anaerobic conditions, complete precipitation of Fe3O4is between pH 8 and 14 which
can maintain a molar ratio of Fe(II) to Fe(III) (0.5). The solid phase dissolution (e.g. with 5 M
HCI) under anaerobic conditions followed by dissolved Fe(Il) and Fe(IIl) analysis allows an

accurate determination of magnetite stoichiometry (Gorski and Scherer, 2010).
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Table 1. A comparison of the synthesis of iron oxide nanoparticles by three different routes.

Techniques Product Benefits Drawbacks
morphology
1.Physical | Electron beam Spheres and | Well- Highly complex
lithography rods controlled machines
(Lin and Samia, 2006) interparticle
spacing
Deposition of gas phase | Spheres and | Easy to Hard to control the
(Roldan Cuenya, 2010) irregular execute size of particles
spheres
2.Chemical | Chemical coprecipitation | Spheres Effective and | Large aggregation

(Ravikumar and
Bandyopadhyaya, 2011;

Wu et al., 2011; Cheng et

easy

al., 2018)
Oxidation Small spheres | Uniform size | Ferrite colloids of
(Woo et al., 2004; small size
Soenen et al., 2009)
Hydrothermal Compact Easily High pressure and
(Wu et al., 2008) irregular controlled temperature

spheres
Electrochemical (Laurent | Spherical Controllable | Inability to reproduce
et al., 2008) nanoparticles, | size
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nanorods,
and fecets
3.Biological | Microbial incubation Irregular and | High yield Slow and laborious
(Narayanan and spherical and low cost
Sakthivel, 2010) spheres

The individual particle size, shape and morphology of biogenic and abiogenic magnetite
nanoparticles can be analyzed by high resolution transmission electron microscopy (HR-TEM).
For instance, Figure 4a,b compares biogenic and abiogenic magnetite nanoparticles with similar
sizes (31 £ 7.2 nm and 22.5 + 12.5 nm, respectively) (Carvallo et al., 2008). The biogenic
nanomagnetite particles had an octahedral shape, the abiotic ones had an undefined spheroidal
shape. Figure 4c,d compares magnetite nanoparticles before (Figure 4c) and after (Figure 4d)
oxidation to maghemite. Both magnetite and maghemite nanoparticles show rounded shapes and
relatively similar sizes (7 = 2 nm and 6 £ 2 nm, respectively). The results suggested that the
nanomagnetite transformation to maghemite nanoparticles did not affect much the particle size
(Demangeat et al., 2018). These comparisons also show that (HR)TEM cannot differentiate

magnetite and maghemite nanoparticles.
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Figure 4. HR-TEM images of (a) magnetite obtained upon anaerobic reduction of lepidocrocite
by Shewanella putrefaciens, (b) abiogenic magnetite produced from lepidocrocite, (c)
stoichiometric magnetite produced from iron salts (FeCl, and FeeCls; by coprecipitation), and (d)
maghemite nanoparticles produced from through the oxidation of the magnetite by adding 5 wt%
of NaOCIl. (a-b pictures are from (Carvallo et al., 2008) and c-d pictures are from (Demangeat et

al., 2018).
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Powder-X ray diffraction (XRD) is commonly used for crystallinity and unit cell
parameters determination of minerals. XRD pattern of magnetite is typically characterized by
several well-defined reflections. Figure 5 shows the eight peaks have been labeled with their
crystallographic planes (hkl). Between stoichiometric magnetite (R=0.5), non-stoichiometric
magnetite (R=0.25), and maghemite (R=0), similar crystal structure and unit-cell length are
determined ( 8.394 A, 8.366 A, and 8.339 A, respectively) as shown in Figure 5 (Gorski and
Scherer, 2010), which makes the distinguishing between magnetite and maghemite nanoparticles
from XRD quite difficult (Kim et al., 2012). However, relationships between cell parameters and

stoichiometry have been evidenced (Gorski and Scherer, 2010; Pearce et al., 2012).
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Figure 5. Powder-X ray diffraction (pXRD) of stoichiometric nanomagnetite (R=0.5), partially

oxidized (R= 0.25), fully oxidized (R=0.00) (Gorski and Scherer, 2010).
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X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) are
commonly used synchrotron techniques to investigate the composition of iron oxide nanoparticles
because it allows distinguishing between different oxidation states, and local geometry of iron ions
and their local environment in the crystal lattice (Pellegrin et al., 1999; Signorini et al., 2006;
Carvallo et al., 2008; Coker et al., 2008; Jiménez-Villacorta et al., 2011; Kuzmin and Chaboy,
2014; Peng et al., 2018; Stoerzinger et al., 2019). In the case of magnetite, investigations at the Fe
L-edge, which corresponds to a dipole-allowed 2p = 3d transition, are particularly interesting.
Owing to the longer core hole lifetimes at these energies, the particular spectral resolution is higher
than that measured at the corresponding metal K-edge XAS (Pearce et al., 2012). Figures 6a show
the XAS spectra at the Fe L-edge of nanomagnetite with different diameters (5, 9, 12, 16, and 22
nm) in the comparison of two references (both bulk y-Fe>O3 and Fe3;O4) (Park et al., 2004). The L-
edge is split into the L3 to L edges, as a result of spin-orbit coupling because of the 2p core hole.
Both edges provide the same information (see the insert in Figure 6a), although the Ls-edge is
more intense. The Fe L3-edge show two main contributions corresponding to Fe(II) on Oy sites,
and Fe(III) on On and Ty sites, respectively. Magnetite spectrum also exhibits small pre-peaks
visible in both L3- and Lr-edges (arrows in Figure 6a). Accordingly, the Fe(Il) signal disappears
for maghemite. In the presently chosen example (Park et al., 2004), XAS spectra of nanomagnetite
with different diameters (5, 9, 12, 16, and 22 nm) exhibit features of both magnetite and
maghemite. Their stoichiometry can be determined by a linear combination fit using magnetite
and maghemite reference spectra, when assuming a form of (y-Fe203)1-x(Fe3O4)x. X-ray magnetic
circular dichroism (XMCD), another synchrotron technique derived from XAS analysis, is a
unique tools to distinguish the tetrahedral (Tq) and octahedral (Oy) iron and their oxidation state in

magnetic compounds. XMCD originates from a coupling between the photon spin and the atomic
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magnetic moment. In practice, the sample is placed in an external magnetic field and two XAS
spectra are recorded by polarizing the incident photon beam parallel (p+) or antiparallel (p-) to the
magnetic field (Signorini et al., 2006) (insert in Figure 6b). The XMCD spectrum is obtained by
the difference between both XAS spectra (Ap = p+ — p-) and presents three main peaks at the L3
edge (Figure 6b). The peak A corresponds to both Fe(II) and Fe(III) on Oy, sites, but is dominated
by Fe(Il), the peak B corresponds to the contribution of Fe(Ill) in Ty sites while the peak C is
attributed to Fe(III) on Oy sites. A and C are coupled antiparallel to B due to the ferromagnetic
behavior of the inverse spinel structure of Fes.504 nanoparticles. In the presently chosen example
(Park et al., 2004), XAS, XMCD spectra of nanomagnetite with different diameters (5, 9, 12, 16,
and 22 nm) exhibit features of both magnetite and maghemite as shown in Figure 6b. It allows the
determination of magnetite composition according to the formula

[Fez™ Fels »x)/3 O(1-x)/3lon FeFi05~. Another advantage of XAS and XMCD analysis is that

the total electron yield (TEY) used as detection mode is sensitive to the surface of the
(nano)particles (~4-5 nm) (van der Laan and Figueroa, 2014). For this reason reasons, XAS and
XMCD at the Fe L>3-edges were used in several studies to elucidate the structure and properties
of magnetite surfaces (Pellegrin et al., 1999; Signorini et al., 2006; Carvallo et al., 2008; Coker et
al., 2008; Jiménez-Villacorta et al., 2011; Kuzmin and Chaboy, 2014; Peng et al., 2018;
Stoerzinger et al., 2019). For instance, when investigating the interaction of Fe?* with magnetite
in aqueous solution, redistribution of electron equivalents between bulk and the outermost surface

of particles have been observed (Peng et al., 2018).
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Figure 6. Characterization of magnetite and maghemite nanoparticles with different sizes (5 to
22 nm) by measuring (a) Fe L2 3-edge XAS and (b) XMCD spectra of iron oxide nanoparticles in
comparison with those of reference bulk materials (y-Fe>O3 and Fe3O4). The insert pictures show
(a) the magnified L, region XAS spectra and (b) p+ and p— represent the absorption coefficients
for the photon helicity vector parallel and antiparallel to the magnetization direction of these

nanoparticles, respectively (adapted from (Park et al., 2004)).



1.5 Physicochemical surface properties

A link between composition, size, structure and morphology of metal oxide nanoparticles
and the surface properties has been widely demonstrated (e.g. (Hiemstra and van Riemsdijk, 2007;
Boily and Kozin, 2014). When the size decreases, the surface-to-volume ratio increases, which
leads to a larger surface area. In addition, unique nanoscale features, which occur for diameters
less than 20-30 nm (Carvallo et al., 2008; Gorski and Scherer, 2009, 2010; Auffan et al., 2009;
Gorski et al., 2010), affect the interfacial reactivity and the intrinsic properties of nanoparticles
(Usman et al., 2014). For instance, in the nano-size range, the interfacial properties of nanoparticles
such as dissolution, oxidation, adsorption/desorption, electron transfer, redox cycles, Fenton
reactions and surface acido-basicity can drastically differ from larger particles (Carvallo et al.,
2008; Auffan et al., 2009; Gorski and Scherer, 2010; Weissleder et al., 2014; Nidheesh, 2015;
Usman et al., 2018). Metal oxides can expose different crystallography planes to the solution,
which exhibit different arrangements of atoms and, hence, different physico-chemical properties
(Gaboriaud and Ehrhardt, 2003; Boily and Kozin, 2014). The morphology of the particle controls
the proportion of the different exposed planes. Therefore, because magnetite nanoparticles exhibit

different morphologies (Faivre et al., 2005), it may drastically affect its surface reactivity.

Besides the effect of size, structure and morphology on surface reactivity, which is
observed of many metal oxides, the composition of magnetite nanoparticles, especially its
stoichiometry (R = Fe(II)/Fe(IIl)) plays a crucial role both on its redox and adsorption properties.
For instance, Figure 7 shows that the adsorption of organic contaminants, such as quinolone
antibiotics, only depended on the pH for R < 0.4. However, Figure 7 shows that, at pH = 8, the
percentage of nalidixic acid adsorbed to nanomagnetite increased from 0 to 100% when R varied

from 0.4 to 0.5 (Cheng et al., 2018). This studysuggested that the magnetite surface is oxidized for
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R < 0.4, hence exhibiting adsorption capacity independent to R, whereas surface enrichment in
Fe(IT) occurred when R increased above 0.4, which modified magnetite adsorption properties. The
removal mechanism of uranium from solution in presence of magnetite depended on R (Figure 7).
For R below ca. 0.3, U(VI) was found at the magnetite surface whereas, for larger R values, U(IV)
reduction U(IV) occurred (Latta et al., 2012). The reduction rate constant of nitroaromatic
compounds at pH = 7.2 also drastically increased with R (Gorski et al., 2010). For instance, the
reduction rate constant of nitrobenzene to aniline was found to increase exponentially with R
(Figure 7). Therefore, even if the surface is oxidized (e.g. R <0.4), electron transfer from the bulk

to the surface can occur.

The redox behavior of the magnetite remains relatively poorly understood. The
measurement of redox potential in terms of the open circuit potential (Eocp) of a variety of
magnetite with different stoichiometry confirmed that stoichiometric magnetite (R=0.5) had the
lowest redox potential, while the fully oxidized (R = 0) had the highest redox potential. However,
prediction of the redox potential is still not possible probably because more than one redox-active
species with different standard redox potentials might be present in magnetite at the same time
which can lead to mixed potentials (Usman et al., 2018). In addition, the magnetite water interface
is highly dynamic. Previous studies showed that partially oxidized magnetite can be converted into
stoichiometric magnetite by dissolved Fe(Il) amendment (Gorski and Scherer, 2009; Gorski et al.,
2010; Cheng et al., 2018). Further complex surface reactions can take place when stoichiometric
magnetite is equilibrated with dissolved Fe(II), such as rapid atomic exchange (Gorski et al., 2012),
redistribution of electron equivalents between bulk and the outermost surface of particles (Peng et
al., 2018), and surface-mediated electron transfer with redox-sensitive species in solution (Marsac

et al., 2017). It is, therefore, necessary to thoroughly characterize both the bulk and surface of

30



magnetite to accurately evaluate the surface reactivity changes through oxidation-recharge

processes. It is also necessary to develop numerical models able to predict the impact of magnetite

and, in particular, its stoichiometry on the fate of contaminants in the environment.
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Figure 7. Percentage of (i) U(VI) reduced to U(IV) (Latta et al., 2012) and (ii) nalidixic acid

(quinolone antibiotic) (Cheng et al., 2018) adsorbed at the surface of magnetite nanoparticles, and

pseudo-first-order rate constant for the reduction of nitrobenzene (CsHsNO3) to aniline (C¢HsNH3)

(Gorski et al., 2010) by magnetite as a function of magnetite stoichiometry (R = Fe(II)/Fe(III)).
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1.6 Environmental factors affecting magnetite stoichiometry

The oxidation of magnetite to maghemite is well documented and, in the presence of

oxygen, can be formulated as:
4 Fe304s) + Ozg) = 6 FerOss) (2)

This transformation is, however, not that straightforward because intermediate solid-solutions can
form. Currently, no aqueous speciation models can predict the effect of the partial pressure of Oa,
or the redox potential (En versus SHE) on magnetite stoichiometry. H"-promoted dissolution of

magnetite leads to the release of Fe?* ions into the solution and leaves Fe*" in the solid phase:
FesO4(s) + 2 H'(ag) = Fe2035) + Fe*' ag) + H20q) 3)

Despite the apparent importance of nano-magnetite stoichiometry concerning its reactivity,
the transformation of nano-magnetite to non-stoichiometric nano-magnetite via Equation 3 has
only been characterized in acidic solutions (e.g. pH < 3) (Jolivet and Tronc, 1988), with large
magnetite particles (> 100 nm) (White et al., 1994), at high temperature (Sweeton and Baes, 1970)
or in presence of O> (Ahmed and Maher, 2018). In addition, because of the very slow process
observed, only the kinetic aspects of eq.2 were treated, and the experiments were rarely designed
to observe a steady-state (Jolivet and Tronc, 1988; Sun et al., 1998). Therefore, even the effect of
pH on magnetite stoichiometry is poorly characterized.

For practical use, to prevent the oxidation or agglomeration of magnetite nanoparticles, or
to modify the surface properties, they are often modified by organic or inorganic molecules
(Laurent et al., 2008). For instance, this is the case of citric acid used to modify the surface of iron
oxide nanoparticles in a variety of syntheses (Hui et al., 2008; Liu et al., 2009; Jensen et al., 2014)

and applications (Laurent et al., 2008) including wastewater purification (Baseri and Tizro, 2017),
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NMR imaging (Fan et al., 2010; Mazario et al., 2015; Lee et al., 2015), and biomolecule
extraction(Nigam et al., 2011). These molecules are ligands that might adsorb to the surface by
forming surface complexes, which is the desired process, but they might also complex Fe in
solution by forming aqueous complexes. In natural systems, magnetite nanoparticles might interact
with a large variety of ligands. For instance, in the rhizosphere, Low-Molecular-Weight Organic
Acids (LMWOASs), including citric acid, and siderophores play an important role in metal
tolerance and plant-microbe interactions operating at root and soil interface (Lopez-Bucio et al.,
2000). They can be used to solubilize Fe and increase its bioavailability. However, the impact of

such ligand on magnetite solubility and stoichiometry has been largely overlooked.
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1.7 Problematic, objectives, and thesis plan

Magnetite nanoparticles are not stable in presence of oxygen and acidic conditions, and some
organic ligands in aqueous solutions might also affect its stoichiometry. Although most of the
physico-chemical properties of magnetite, including its reactivity towards a large variety of
contaminants, largely depend on its stoichiometry, the effect of pH and organic ligands on
magnetite stoichiometry has been largely overlooked. Currently, no quantitative model can predict
the effect of environmental factors such as pH, En, and the presence of ligands on magnetite
stoichiometry. Therefore, the thesis focuses on the solubility of magnetite NPs in different pH
conditions, in the presence of H>O», dissolved Fe(Il), and organic acids (acetate, lactate, citrate,
and EDTA). It aims at providing a new predictive model of magnetite nanoparticles (10 nm)

stoichiometry evolution with environmental conditions.

Chapter 2 aims to assess the physicochemical conditions (oxidation and recharge processes of
nanomagnetite by using H>O> and dissolved Fe(II), respectively) and to probe accurately the bulk
and surface of magnetite nanoparticles by different techniques (wet chemistry, XRD, XAS, and
XMCD). In particular, the impacts of recrystallization processes induced by H»O, oxidation or
Fe(IT) amendment on spin canting were carefully addressed to determine the Fe(Il)/Fe(IlI) ratio

from XMCD data.

Chapter 3 aims to study the effect of oxidation and pH on magnetite solubility and
stoichiometry in aqueous solutions. Long term kinetic studies were conducted in order to attest the
establishment of a chemical equilibrium. A thermodynamic solid-solution model for the
magnetite-maghemite system was develop to predict the combined effects of pH and En on

magnetite stoichiometry.

34



Chapter 4 aims to characterize the effect of some organic ligands (acetate, lactate, citrate and
EDTA) on magnetite stoichiometry. In order to deeply understand the determinant factors for the
magnetite solubility, the effect of each organic molecule was investigated individually. The
solubilities of magnetite with different stoichiometry in the absence and presence of the organic
ligands as a function of pH were analyzed by the coupling of several methods (wet chemistry,
XRD, XAS, and XMCD). The predictive capacity of the thermodynamic solid-solution model for

the magnetite-maghemite system was verified in the presence of organic ligands.

For these reasons, the project investigated the behavior and surface of magnetite nanoparticles
with different stoichiometries under various environmental conditions (pH, H>O>, dissolved Fe(Il),
and the presence of ligands (acetate, lactate, citrate, and EDTA) by experimentation using wet
chemistry, XRD, XAS, and XMCD analysis, as well as geochemical speciation modeling. In
addition, the outcomes of this thesis will assist to develop the decision support tools for strategies
of soil remediation based on saving time and minimizing risks to the natural environments and

human health.
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Chapter 2 Probing the effects of redox conditions and
dissolved Fe?" on nanomagnetite stoichiometry by wet

chemistry, XRD, XAS and XMCD
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Abstract. Magnetite nanoparticles, commonly found in subsurface environments, are extensively
used in various applications such as environmental remediation, catalysis, electronics and
medicine. However, the oxidative transformation of magnetite (mixed-valent Fe-oxide) into
maghemite (Fe(Ill)-oxide) that drastically affects magnetic, catalytic and redox properties of the
mineral, is still poorly understood. In the present study, a thorough characterization of both particle
core and surface of magnetite was performed to accurately assess the relationship between mineral
composition and reactivity within the magnetite/maghemite core-shell structure. Previous work
showed that X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism (XMCD) can
provide key insights into magnetite stoichiometry (R = Fe(II)/Fe(IIl)) of 10 nm sized particles, as
compared to wet chemistry and X-ray diffraction (XRD). In the present study, XMCD signals have
been used to further characterize the complex reactions involved in the magnetite/maghemite
system upon oxidation and recharge processes, e.g. decreasing R from 0.5 to 0.1 using H>O> or
increasing from 0.1 to 0.5 through dissolved Fe?" amendment. Indeed, surface recrystallization
processes, induced by oxidation as well as Fe?* diffusion into the solid phase and/or redistribution
of electron equivalents between the aqueous solution and the magnetite bulk, led to decreased spin
canting effects, altering XMCD signals. This study provides a fundamental understanding of the
processes occurring in the magnetite/maghemite system upon the alteration of the redox conditions

and offers a more accurate method for the determination of magnetite stoichiometry by XMCD.
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Résumé. Les nanoparticules de magnétite, fréquemment présentes dans les environnements
souterrains, sont largement utilisées pour diverses applications telles que la dépollution de
l'environnement, la catalyse, 1'électronique et la médecine. Cependant, la transformation de la
magnétite (oxyde de Fe a valence mixte) en maghémite (oxyde de Fe(IIl)) par oxydation affecte
considérablement les propriétés magnétiques, catalytiques et redox du minéral, mais est encore
mal comprise. Dans cette étude, une caractérisation approfondie du cceur et de la surface de
particules de magnétite a été réalisée pour évaluer avec précision la relation entre la composition
du minérale et la réactivité¢ de la structure cceur-coquille de magnétite/maghémite. Des travaux
antérieurs ont montré que la spectroscopie d'absorption (XAS) et le dichroisme magnétique
circulaire des rayons X (XMCD) peuvent fournir des informations clés sur la steechiométrie (R =
Fe(IT)/Fe(IlI)) de particules de magnétite de 10 nm, par rapport aux analyses chimiques en solution
et a la diffraction des rayons X. Dans cette étude, les spectres XMCD ont été utilisés pour
caractériser davantage les réactions complexes impliquées dans le systéme magnétite/maghémite
lors des processus d'oxydation et de recharge, par exemple, en diminuant R de 0,5 4 0,1 par ajout
de H>0; ou en I’augmentant a nouveau de 0,1 4 0,5 par ajout de Fe?* dissous. En effet, les processus
de recristallisation de surface, induits par 'oxydation ainsi que la diffusion de Fe** dans la phase
solide et/ou la redistribution d’équivalents d’électrons entre la solution aqueuse et le coeur de la
magnétite, conduisent a une diminution des effets liés a 1’inclinaison des spins (« spin canting »,
en anglais), altérant le signal XMCD. Cette étude fournit une compréhension des processus
fondamentaux se produisant dans le systeme magnétite/maghémite lors de l'altération des
conditions redox et offre une méthode plus précise pour la détermination de la steechiométrie de

la magnétite par XMCD.
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2.1 Introduction

Magnetite nanoparticles have recently aroused great interest due to their large reactive surface
area, good inherent magnetism, and redox properties (Usman et al., 2018). They have been
evaluated as promising materials in various fields including, for instance, cancer diagnosis
(Weissleder et al., 2014) and therapy (Li, 2014; Zanganeh et al., 2016), energy storage (Wang et
al., 2010; Zhu et al., 2011), catalysis science (Rossi et al., 2014), and water treatment(Xu et al.,
2012; Nidheesh, 2015). Furthermore, magnetite (Fe3O4) is a corrosion product of elemental iron
and has recently been shown to control the surface properties and reactivity of nanosized zero-
valent iron used for soil and groundwater remediation (Deng et al., 2020). Magnetite is ubiquitous
in the earth’s crust, soils, and sediments and exists under various particle sizes, morphologies, and
stoichiometries (Cornell and Schwertmann, 2003; Lippert, 2008; Ahmed and Maher, 2018). It also
plays an important role as electron source or sink for microorganisms (Byrne et al., 2015). The
stoichiometry of the particles (R) is one of the most important factors in controlling the reactivity
of magnetite, e.g. (i) reduction kinetics of nitroaromatic compounds (Gorski et al., 2010), (ii)
adsorption capacity of organic compounds (Cheng et al., 2018), and (iii) sorption and redox

speciation of inorganic contaminants (Latta et al., 2012). R can be defined as follows:
R = Fe(Il)/Fe(11) (1)

R equals 0.5 for a perfectly stoichiometric (Fe3O4) magnetite and 0 for maghemite (y-Fe2O3), the
fully oxidized form of magnetite, whose chemical formula can also be written Feg;304 by analogy
with that of magnetite. Partial oxidation of magnetite can lead to the formation of non-
stoichiometric magnetite (Fe3.s04) with 0 <R < 0.5 (0 <6 < 1/3). If non-stoichiometric magnetite

is exposed to a source of dissolved Fe(I), perfectly stoichiometric magnetite (i.e. R = 0.5) can be
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restored through oxidation of a Fe(Il) ion adsorbed at the surface and reduction of underlying
octahedral Fe(Ill) in the magnetite structure, as previously demonstrated using bulk
characterization techniques such as Mdssbauer spectroscopy, X-ray diffraction (XRD) or wet

chemistry (Gorski and Scherer, 2009).

Heterogeneous redox reactions may occur at the magnetite-water interface with the potential
formation of magnetite-maghemite core-shell structures (Ahmed and Maher, 2018). The surface
properties of magnetite can be altered upon Fe(II)-recharge. Indeed, complex surface reactions can
take place when stoichiometric magnetite is equilibrated with dissolved Fe(Il), such as rapid
atomic exchange (Gorski et al., 2012), redistribution of electron equivalents between bulk and the
outermost surface of particles (Peng et al., 2018), and surface-mediated electron transfer with
redox-sensitive species in solution (Marsac et al., 2017). It is, therefore, necessary to thoroughly
characterize both the bulk and surface of magnetite to accurately evaluate the surface reactivity
changes through oxidation-recharge processes, which cannot be done by Mossbauer, XRD or wet
chemistry. Thanks to their chemical selectivity and valence state sensitivity, X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) are unique tools to
separately probe the electronic properties of the 3d transition element Fe. The total electron yield
(TEY) used as detection mode is sensitive to the surface of the (nano)particles (~4-5 nm) (van der
Laan and Figueroa, 2014). Isotropic XAS, i.e. obtained in the absence of a magnetic field, can be
used to probe the Fe(Il)/Fe(Ill) ratio of Fe-oxides but is not specific to spinel structures like
magnetite. By contrast, XMCD enables to distinguish the tetrahedral (Tq) and octahedral (Oy) iron
and their oxidation state in magnetic compounds. XMCD spectra of magnetite typically show two
negative peaks due to Fe(Il) and Fe(III) on a Oy, site, and a positive one due to Fe(III) on a Tgq site,

whose relative intensities allow determining the magnetite stoichiometry. For these reasons, XAS
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and XMCD at the Fe L»3-edges were used in several studies to elucidate the structure and
properties of magnetite surfaces (Pellegrin et al., 1999; Signorini et al., 2006; Carvallo et al., 2008;
Coker et al., 2008; Jiménez-Villacorta et al., 2011; Kuzmin and Chaboy, 2014; Peng et al., 2018;

Stoerzinger et al., 2019).

The XMCD signal of nanostructured magnetically ordered materials is also sensitive to spin
canting (Brice-Profeta et al., 2005; Signorini et al., 2006; Darbandi et al., 2012; Graf et al., 2015),
which results from structural disorder, either in the interior or at the surface, giving rise to the
misalignment of atomic magnetic moments. The spin canting effect is visualized in XMCD spectra
through the decrease in the intensity of the peaks of Fe(Il)on and Fe(Ill)on relative to that of
Fe(IlT)1q (Brice-Profeta et al., 2005; Signorini et al., 2006; Graf et al., 2015). The fact that the
XMCD signal is not only sensitive to the Fe oxidation state but also to spin canting may hamper
the determination of magnetite surface stoichiometry. Because spin canting globally minors the
signal of Fe(II) relative to that of Fe(Ill), its effect might be wrongly attributed to partial oxidation
of magnetite. Conversely, in a recent study, (Peng et al., 2018) the Fe(II) signal of a stoichiometric
magnetite in aqueous suspension was shown to increase upon addition of dissolved Fe?*, which
suggested the formation of hyperstoichiometric or “cation-excess” magnetite. However, because
recrystallization processes can decrease spin canting at the magnetite surface, (Signorini et al.,
2006; Graf et al., 2015) an alternative interpretation to the formation of hyperstoichiometric
magnetite (Peng et al., 2018) might be the decrease in spin canting effect upon Fe**-induced
recrystallization at the magnetite surface. Therefore, the latter hypothesis deserves further

investigation.

The aim of this study is to assess the oxidation and recharge processes of nanosized magnetite

(~ 10 nm), using H>O» and dissolved Fe(Il), respectively, as well as the impact of the presence of
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a dissolved Fe(II) excess on the magnetite surface and bulk structure using a combination of
techniques: wet chemistry, XRD, XAS, and XMCD. In particular, the impacts of recrystallization
processes induced by H>O: oxidation or Fe(Il) amendment on spin canting were carefully
addressed to determine the Fe(Il)/Fe(Ill) ratio from XMCD data. This study provides a
comprehensive understanding of the behavior and reactivity of magnetite nanoparticles and paves
the way for developing more accurate methods to determine magnetite stoichiometry in aqueous
solution. As a result, these findings will have strong implications in various research fields

including medicine, catalysis, electrochemistry, and environmental research and applications.
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2.2 Materials and methods

2.2.1 Materials

All chemicals were of analytical grade or better and were purchased from Sigma-Aldrich. The
sample solutions were prepared with ultrapure “MilliQ” water (specific resistivity 18.2 MQ cm).
All experiments were carried out in an anaerobic chamber (N»-glovebox, JACOMEX, Oz < 1

ppm), and all solutions were purged with Ny for at least 12 h inside the glovebox before use.

2.2.2 Synthesis of magnetites with various stoichiometries

Stoichiometric magnetite (R0.5) has been synthesized in an N»-glovebox following a well-
known room temperature aqueous precipitation method, which produces ~10 nm particles
(Massart, 1981; Demangeat et al., 2018). A 0.5 M HCI solution (40 mL) containing a 0.5 M FeCl»
and 1 M FeCls (1:2 molar ratio) was added dropwise into a 0.5 M NaOH solution (250 mL) while
continuously stirring, leading to instantaneous precipitation of magnetite particles. After the
synthesis, the pH of the suspension was adjusted to pH 8.5. Then, the solid phase was washed three
times with ultrapure water, pH 8.5 (adjusted using NaOH) to avoid the release of Fe?*, as observed
in previous work (Marsac et al., 2017; Cheng et al., 2018), and thus, to guarantee a stoichiometry
of R0.5. Specific stoichiometric amounts of H>O, were added to R0.5 to produce different sets of
partly oxidized non-stoichiometric magnetites (R0.1, R0.2, R0.3, R0.4) (Gorski and Scherer, 2010;
Cheng et al., 2018). The non-stoichiometric magnetites were washed with ultrapure water (at pH
= 8.5) to remove residual H,O,.

Effective Fe(II)/Fe(I1I) ratios (Refr) of all magnetites (R0.1, R0.2, R0.3, R0.4, and R0.5) were

determined by acid digestion of magnetites in 0.6 M HCIl during 3 days, followed by
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spectrophotometric determination of dissolved [Fe(IT)] and total [Fe] (= [Fe(III)] + [Fe(IT)]) using
the 1-10 phenanthroline colorimetric method (Fortune and Mellon, 1938). Results were in
excellent agreement with values expected from the amount of added H20, as in previous studies
(Gorski and Scherer, 2009, 2010; Cheng et al., 2018). Repetition of acid digestion followed by

spectrophotometry led to an error of £0.01 on the determination of Refr.

2.2.3 Batch studies

All magnetite aqueous suspensions were prepared for a total Fe concentration of 6.5 mM (~0.5
g L' of magnetite) in 10 mM NaCl solutions, in 15 mL polypropylene tubes containing 10 mL of
solution. HCI and NaOH were used to adjust pH to a final value of 8.5 (no buffer was used). The
impact of dissolved Fe(Il) addition on the recharge of RO.1 to R0.2, R0.3, R0.4 or R0O.5 was
investigated by adding small amounts of a 100 mM FeCl; solution. The impact of the presence of
an excess of Fe(IT) on R0.5 was investigated by adding 250, 500, 1000, and 2500 pM Fe?* to R0.5.
Although magnetite interaction with Fe?* proceeds within less than one day at pH > 7 (Gorski and
Scherer, 2009; Cheng et al., 2018), a reaction time of 20 days was applied to ensure chemical
equilibrium. pH was controlled and adjusted regularly if needed. After 20 days, a fraction of the
solid phase was separated from the solution using a magnet to determine Resr by acid digestion
followed by spectrophotometry. An aliquot of the suspension was filtered using 0.2 pm cellulose
acetate filters (Sartorius Minisart). The absence of Fe nanoparticles in the filtrate was checked by
dynamic light scattering (VASCO Flex). Dissolved [Fe(Il)] was measured by spectrophotometry
(dissolved Fe(I1T) was never detected). The error on [Fe] determination was assumed equal to 5 %.
Knowing the total [Fe(Il)] and [Fe(Ill)] in the initial suspension (i.e. solid and solution) and

dissolved [Fe(II)]aq after filtration, Resr could be calculated according to the following equation:
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Retr = ([Fe(IT)]Tota — [Fe(IT) Jaq)/([Fe(TIT) ] Total) (2)

Refr determined by acid digestion or by measurement of [Fe(I1)]aq using eq. 2 were in excellent
agreement.

All syntheses were carried out at Geosciences Rennes. A fraction of samples was transported
to the SOLEIL Synchrotron facility at the DEIMOS beamline (Ohresser et al., 2014) in 1 mL tubes,
placed in airtight bottles that had been closed in the Nz-glovebox. At SOLEIL, samples were
handled in an Ar-glovebox connected to the end station of DEIMOS. To ensure that no sample
oxidation occurred during transport, the samples were brought back to Geosciences Rennes after
analysis at the DEIMOS beamline, and the Fe(II)/Fe(III) ratio of the suspension was checked by

acid digestion.

2.2.4 Characterization

Transmission electron microscopy (TEM; Jeol JEM 1230 microscope) was used for magnetite
nanoparticles characterization. A small aliquot of magnetite suspension was diluted with ultrapure
water (at pH = 8.5) and sonicated for 20 min. A droplet of the diluted suspension was deposited
on a carbon-coated 200 mesh copper grid and dried inside the anaerobic chamber. Samples were
transported to the microscope under an N> atmosphere using a hermetic holder and the samples
were analyzed at an acceleration voltage of 200 kV. Average particle diameters were determined
by measuring 100 particles.

Powder X-ray diffraction (XRD) was performed on a Bruker D8 Advance diffractometer
working with a monochromatized Cu Ko radiation (A = 1.5406 A) and equipped with a LynxEye
fast detector enabling a photon energy selection and thus the removal of Fe-fluorescence
background signal. Magnetite suspension was placed on a misoriented Si single crystal holder and

dried for 2 h in an anaerobic chamber. To avoid the oxidation of magnetite during the XRD
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analysis, the dried samples were covered by a drop of glycerol. The samples were scanned in the
26 range from 20° to 120° with steps of 0.02° and an integration time of 716 s per step. Rietveld
refinement of the XRD patterns, using the FullProf software (Rodriguez-Carvajal, 1993), enabled
to determine (i) the cell parameters of the phase and (ii) the average crystallite size by fitting the
Lorentzian broadening of the peaks compared to a standard corundum sample and deconvoluting
the instrumental contribution from the total FWHM using a Thompson-Cox-Hastings profile
function (Rodriquez-Carvajal and Roisnel, 2004).

XAS and XMCD signals were recorded at the Fe L3 edges (700 — 730 eV) on the DEIMOS
beamline at the synchrotron light source SOLEIL (Ohresser et al., 2014). The measurement
protocol was detailed in previous studies(Daffé et al., 2018; Sartori et al., 2019). Colloidal
suspensions of nanoparticles were drop-casted on silicon substrates and dried at room temperature,
in the Ar-glove box (O2) < 1 ppm) connected to the end station. The silicon substrates were fixed
on a sample holder and transferred into the cryomagnet, under ultra-high vacuum (UHV-10-1°
mbar). All spectra were measured in Total Electron Yield mode (TEY) at 4.2 K under UHV
conditions and an applied magnetic field H (H" = +6 Tesla and H = -6 Tesla). The beam size was
800*800 um? and the resolution was 100 meV. XAS and XMCD spectra were plotted by
considering the absorption cross-section measured with left (o) and right (or) circularly polarized
X-rays. Isotropic XAS were plotted as oxas= (o+ + 6.)/2 and XMCD spectra were plotted as
oxMcp= (o+ - 6.) where 6+ = [oL(H") + or(H)]/2 and - = [ou(H") + or(H")]/2. The circularly
polarized X-rays are provided by an Apple-II HU-52 helical undulator for both XAS and XMCD
measurements and by sweeping the magnetic field from +6T to -6T. Both isotropic XAS and

XMCD signals were normalized by dividing the raw signal by the edge jump of the isotropic XAS.
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2.3 Results and discussion

2.3.1 Effects of oxidation on magnetite characteristics

The individual sizes and shapes of magnetite nanoparticles were measured by TEM
imaging (Figure S1). The synthesized magnetite and oxidation products displayed nearly spherical
shapes and similar sizes with diameters of ca. 10 nm (i.e. between 8.9 = 2.1 and 11.5 £ 1.5 nm;
Table S1). This agrees with previous work (Demangeat et al., 2018) where the oxidation of iron
nanoparticles (magnetite to maghemite) did not affect much the magnetite particle size. The XRD
patterns of magnetite nanoparticles have previously been shown to depend on the stoichiometry of
the nanoparticles (Gorski and Scherer, 2010). Cell parameters of stoichiometric magnetite range
from 8.39 to 8.40 A (Cornell and Schwertmann, 2003; Goti¢ et al., 2009). XRD analysis confirmed
the purity of R0.5 (8.3976 A; Table S1 and Figure. S2). Oxidation of R0.5 leads to non-
stoichiometric magnetite with smaller cell parameters (e.g. 8.3685 A for R0.1; Table S1 and
Figure. S2) (Yang et al., 2004; Gorski and Scherer, 2010; Pearce et al., 2012). Cell parameters of
these samples fall between that of magnetite and maghemite (8.34 A)(Cornell and Schwertmann,
2003) which confirms that these samples are magnetite-maghemite solid-solutions. It is interesting
to note that R does not seem to evolve linearly with the cell parameter in the present work, by
contrast with Gorki et al.’s findings (Gorski and Scherer, 2010) but in agreement with (Pearce et
al., 2012) (Figure S3). However, given the small discrepancies between all these studies, results
might be considered in relatively good agreement (Gorski and Scherer, 2010; Pearce et al., 2012).
Bragg peaks enlargement observed on XRD patterns (Figure S2) was treated during Rietveld
refinements as “crystallite size” effect. This led to ca. 6.3-9.4 nm crystallites, in relatively good

agreement with TEM when keeping in mind that differentiating between size effect,
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crystallographic defects or internal strains by XRD is difficult for nanoparticles (Balzar et al.,
2004).

Figure 1a shows the isotropic XAS spectra at L>3 edges of stoichiometric nanomagnetite
(RO.5) and oxidation products (RO.1 to R0.4) at pH 8. They are typical spectra of ferrite spinel
structures (Pellegrin et al., 1999; Signorini et al., 2006; Carvallo et al., 2008; Coker et al., 2008;
Jiménez-Villacorta et al., 2011; Kuzmin and Chaboy, 2014; Peng et al., 2018). The Fe L3-edge
show two main contributions at 706.9 eV (I1) and 707.2 eV (I2) that correspond to Fe(Il) on On
sites (I1), and Fe(IIT) on Oy and Tgq sites at 707.2 eV (1), respectively. The evolution of the Ii/1»
ratio versus the R provides information about the amount of Fe(Il) at the surface of the
nanoparticles. In addition, the series of pre-edge-peaks between 703 and 705 eV, increased with
increasing R, which is attributed to the increase in the amount of Fe(II) in the near-surface region
of the nanoparticles from R0.1 to R0.5. Corresponding XMCD spectra, illustrated in Figure 1b,
present three main peaks at the L3 edge. The peak S; corresponds to both Fe(Il) and Fe(III) on Op
sites, but is dominated by Fe(Il), the peak S> corresponds to the contribution of Fe(III) in Tq sites
while the peak S3 is attributed to Fe(IIT) on Oy sites. Si and Sz are coupled antiparallel to S; due to
the ferromagnetic behavior of the inverse spinel structure of Fes.s04 nanoparticles. A very low
intensity of S; (R0.1) with an oscillation between S; and S> corresponds to an iron oxide spinel
structure with deficiency in Fe(II) atoms, that is, a structure very close to maghemite (Pellegrin et
al., 1999; Park et al., 2004; Kuzmin and Chaboy, 2014). However, the XMCD of R0.1 also shows
characteristic features of magnetite such as pre-peaks between 703 and 705 eV, which confirms
the presence of Fe(II) in the structure (Pellegrin et al., 1999). The increase of S; versus R indicates

the increase of the amount Fe(II) in the structure.
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The decrease in S; intensity with constant S3 intensity explains the decreasing Fe(II)
content from R0.4 to RO.1. However, the intensities of both negative peaks S; and S3 are smaller
for R0.5 than for R0.4 (inset to Figure 1). This is consistent with previous investigations, which
have ascribed this phenomenon to surface spin canting effects with increased spin disorder
occurring preferentially at the octahedral sites (Signorini et al., 2006; Grafet al.,2015). The growth
process of maghemite is mediated by Fe?* cations and vacancy diffusion that can give rise to
structural reorganization and a lower degree of structural disorder. This mechanism could thus
result in a smaller spin canting of partially oxidized magnetite compared to the pristine

stoichiometric magnetite (Signorini et al., 2006).
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Figure 1. (a) Isotropic XAS and (b) normalized XMCD spectra of stoichiometric magnetite (R0.5)
and its oxidation products (R0.1, R0.2, R0.3, and R0.4). XAS was normalized to the jump of edge

and XMCD was normalized to the peak S,.
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2.3.2 Impact of an oxidation-recharge cycle on the magnetite surface structure

Previous studies showed that partially oxidized magnetite can be converted into
stoichiometric magnetite by dissolved Fe(Il) amendment (Gorski and Scherer, 2009; Gorski et al.,
2010; Cheng et al., 2018). Accordingly, a complete uptake of dissolved Fe(Il) by R0.1 was
observed when appropriate amounts of Fe(Il) were added to reach Rerr = 0.2, 0.3, 0.4, and 0.5, at
pH = 8.5. XRD and XAS analyses revealed, that the cell parameter and Ii/I> ratio of the magnetite
with Refr = 0.5 produced by the addition of Fe(Il) to RO.1 was similar to that of the pristine
stoichiometric magnetite (Table S1, Figures S2 and S4), and TEM evidenced no significant size
or morphological evolution of the nanoparticles upon recharge (Figure S1). The XMCD spectra of
samples obtained by the recharge of R0.1 were very similar to those obtained for the corresponding
magnetites produced by oxidation of R0.5 (Figure 2). However, the S; and S3 peak intensities in
the XMCD spectrum of the recharged R0.1 to R0.5 are larger than those of stoichiometric
magnetite (R0.5). This might be attributed to decreased spin canting after the oxidation-recharge
cycle. Indeed, two mechanisms could explain the recharge of partially oxidized magnetite into
stoichiometric magnetite. Firstly, Mossbauer spectroscopy investigations showed that adsorption
of Fe(II) is followed by an electron transfer, leading to the reduction of the octahedral Fe** atoms
in the underlying magnetite to octahedral Fe** atoms (Gorski and Scherer, 2009). Secondly,
isotopic exchange experiments suggested a fast Fe atom exchange between magnetite and the
aqueous solution (Gorski et al., 2012). Both Fe?* cations diffusing into the solid phase and/or the
redistribution of electron equivalents between the aqueous solution and the interior of magnetite
may involve recrystallization, as previously shown (Hansel et al., 2005; Handler et al., 2009; Jones
et al., 2009; Yang et al., 2010). This scenario is supported by the Bragg peaks enlargement

observed on XRD patterns (Figure S2). The determined apparent crystallite size by Rietveld
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refinements, whose determination is affected by crystallographic defects or internal strains for
nanoparticles (Balzar et al., 2004), increases from 6.3 nm to 9 nm after recharging RO.1 up to
R =0.5. In fact, because the size of the particles hardly changes during the oxidation/recharge
process (9.6 + 2.3 nm for R0.1, 11.3 £ 2.0 nm for the recharged sample; Figure S1; Table S1),
narrower peaks (and apparently larger crystallite size) after the recharge process indicate a higher
crystallinity compared to the initial material. Because surface spin canting affects the XMCD
signal of poorly-crystalline magnetite nanoparticles (Brice-Profeta et al., 2005; Darbandi et al.,
2012), our data suggest that the recrystallization processes induced by the oxidation-recharge cycle

lead to decreased spin canting i.e. decreased structural disorder.
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Figure 2. Normalized XMCD spectra of non-stoichiometric magnetite (R0.1) amended with

dissolved Fe?* to increase Refr. Data are compared with pristine stoichiometric magnetite (R0.5).
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2.3.3 Effects of Fe*"excess on magnetite surface properties

Fe atom exchange and redistribution of electron equivalents between the aqueous solution
and the interior of magnetite may not only occur during the recharge of partially oxidized
magnetite but also the reaction of pristine stoichiometric magnetite with an excess of aqueous
Fe(IT) (Gorski et al., 2012; Peng et al., 2018). Therefore, “overloading” stoichiometric magnetite
with dissolved Fe(Il) may also affect the surface atomic ordering and related spin canting. To test
this hypothesis, R0.5 was reacted with 250-2500 uM Fe(II) at pH 8.5. Complete uptake of Fe(II)
by R0.5 was observed by spectrophotometric analysis, which leads to an apparent increase of Rer
with increasing added [Fe(Il)]aq (Table S1). Accordingly, XAS spectra exhibited an increase in I
compared to that of R0.5 (Figure 3a). This peak became predominant for [Fe(Il)] = 2500 uM
(Figure 3a), where the solid phase exhibits an Rerr = 0.93. Such a very intense 11 peak suggests
precipitation of a Fe(Il)-solid phase. In the normalized XMCD spectra (Figure 3b), both the
intensity of S; and S3 increased with an increasing amount of added Fe(II) up to 1000 pM. Thus,
spin canting effects decreased, allowing an increase of the magnetic properties. However, a large
excess of Fe(IT) (2500 uM) did not further affect the normalized XMCD signal, which confirms
the formation of magnetically silent Fe(Il)-solid phase at the magnetite surface. A comparable
process was observed during the synthesis of titanomagnetites nanoparticles at large Fe(Il)
concentrations, when Fe(II) could not enter the titanomagnetite structure (Pearce et al., 2012). We
suspect that, given our experimental conditions, that Fe(II) oxide or hydroxide formed. The cell
parameter determined by XRD analysis did not significantly differ between the overloaded
magnetite (2500 uM) and the pristine R0.5 (Table S1), probably because of the amorphous
structure of the Fe(II)-containing layer. TEM confirmed the formation of an amorphous layer at

the magnetite surface (Figure S1). The presence of this Fe(Il)-containing precipitate onto the
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magnetite surface explains the strong increase of I;, while the normalized XMCD spectrum

remained unchanged (Figure 3b).
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Figure 3. (a) Isotropic XAS and (b) normalized XMCD spectra of stoichiometric magnetite

reacted with an excess of dissolved Fe?* (250-2500uM).
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2.3.4 Determination of nanomagnetite stoichiometry using XMCD

The determination of the magnetite stoichiometry - or the mole fraction (X) of magnetite in
the magnetite (Fe3O4)/maghemite (Feg304) solid solution - by XMCD is often based on linear

combination fits (LCF) involving maghemite and stoichiometric magnetite references:

Int(Sample) = X x Int(Magnetite) + (1-X) x Int(Maghemite) 3)

where “Int” is the XMCD signal intensity of the sample or a reference at a given energy, and the

relationship between X and Resr being given by the following equation where “n” refers to

quantities of matter (moles):

X = n(Fe304)/(n(Fe304)+n(Fes304)) = 8Resr/(3+2Refr) “4)

However, the present results show that the XMCD signal of nanomagnetite does not only depend
on its stoichiometry but it can also be affected by the crystallinity at the nanoparticle surface and
related spin canting effects. Hence, the XMCD signal depends on the alternation of redox
conditions, because oxidation and reaction with Fe(II) lead to recrystallization at the nanoparticle

surface. This may hamper the determination of magnetite stoichiometry by XMCD.

Given the size (around 10 nm) of the presently studied Fes. O4 nanoparticles, the TEY used as
surface detection mode, is also sensitive to the core of the nanoparticles. By making the
approximation that the TEY probes the entire particle, although more sensitive to the surface, it is
possible to use experimental values of Refr measured by spectrophotometry (eq. 2) to estimate the
respective XMCD signals of magnetite and maghemite by a least-square fit. Normalized XMCD
spectra and Regr of the four non-stoichiometric magnetites produced by oxidation of R0.5 were
used for this purpose. The calculated spectrum of maghemite (RO) is qualitatively consistent with
literature data (Pellegrin et al., 1999; Park et al., 2004; Kuzmin and Chaboy, 2014) and the intensity
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of peak S3 is similar to that of the calculated spectrum of magnetite (R0.5), as expected in the
absence of spin canting effects (Figure 4). Interestingly, if the XMCD spectrum of the pristine
stoichiometric magnetite R0.5 is affected by spin canting, the oxidation-recharge cycle or the
overloading with 1000 uM Fe(II) improved the XMCD signal and lead to similar spectra as the
calculated one (Figure 4). This comparison suggests that this spectrum corresponds to the spin
canting-free stoichiometric magnetite nanoparticles (~10nm), and then can be used as a good

reference to determine magnetite stoichiometry by LCF of XMCD data.

Conversely, when neglecting spin canting effects, attempts to re-evaluate Refr of the
stoichiometric magnetite subjected to a complete oxidation-recharge cycle using the XMCD
spectrum of the pristine stoichiometric magnetite, can be made with equations 3-4 and a least-
square fit, in which the maghemite term is set to 0. The fitted spectrum over the energy range 700-
715eV (Figure 4b) accurately predicts the intensity of the Fe(Il)on peak while only slightly
overestimating that of the Fe(IlI)on and Fe(Ill)1q peaks, respectively, hence providing a reasonable
estimate for the present purpose. The corresponding value of Resr equals 0.57. Repeating the same
exercise for the overloaded stoichiometric magnetite with 1000 pM Fe(II) leads to Refr = 0.61 (not
shown). These larger values than 0.5 might suggest the formation of hyperstoichiometric or
“cation-excess” magnetite, as previously suggested (Peng et al., 2018). Therefore, although the
presently observed spin canting effect is relatively small, this demonstrates that its omission has

important consequence for the determination of the magnetite stoichiometry.
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Figure 4. (a) Normalized XMCD spectra of pristine stoichiometric magnetite (R0.5), amended
RO.1 with Fe(II) (“oxidation and recharge”), amended R0.5 with 1000 pM Fe(II) (“overloading™),
and comparison with the calculated spectra of maghemite and stoichiometric magnetite
(“calculated” RO and RO.5, respectively). (b) Normalized XMCD spectrum of the stoichiometric
magnetite subjected to a complete oxidation-recharge cycle (data) fitted using equations 3-4 and

the XMCD spectrum of the pristine stoichiometric magnetite (model).
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Another approach can be used to estimate magnetite stoichiometry. An indicator (S) was
defined in order to follow the evolution of peak intensities versus stoichiometry (Brice-Profeta et

al., 2005):

S=(S1+S2)/(S2+ S3) (5)

This approach can also be used to compare our results with literature data. The value of S is plotted
against X determined by acid digestion in Figure 5 for X < 1 (other data are given in Table S1).
An error of 5% is assumed on the determination of S. Measured values (Pellegrin et al., 1999) or
presently estimated ones for maghemite (X = 0) agree relatively well (S = 0.69 and 0.75,
respectively). The presently synthesized pristine stoichiometric magnetite exhibits S
approximately equal to 1.15, in excellent agreement with about 10 nm stoichiometric magnetite
particles synthesized by coprecipitation(Peng et al., 2018) or with few nanometer thin films
(Pellegrin et al., 1999). Spectra recorded after an oxidation-recharge cycle, in the presence of
excess Fe(Il) and the calculated spectrum of RO.5 lead to S = 1.22, in agreement with the
experimental study (Peng et al., 2018) which contained stoichiometric magnetite with 1000uM
Fe(IT) (S = 1.25). The following relationship was graphically found to estimate X (+ 0.05 X units)

from the S value:

X = (S —0.737) / 0.446 (6)

However, it appears that very different XMCD spectra were published for stoichiometric
magnetite, leading to a broad range of S values, from 1.15 to 1.46 (Table S2) (Pellegrin et al.,
1999; Signorini et al., 2006; Carvallo et al., 2008; Coker et al., 2008; Jiménez-Villacorta et al.,
2011; Kuzmin and Chaboy, 2014; Peng et al., 2018). Such a large variation cannot be attributed to

a variable Fe(Il) content between the studied magnetites. Instead, we suspect that the synthesis
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procedures can affect the morphology and surface characteristics of stoichiometric magnetite
(Ravikumar and Bandyopadhyaya, 2011; Unni et al., 2017). For instance, biogenic magnetite
nanoparticles (20-30 nm) are more crystalline than abiotic ones (Carvallo et al., 2008; Coker et al.,
2008), and produce larger S values (1.30), while magnetite nanoparticles synthesized by thermal
decomposition (5-22 nm) are also well crystallized with large S values (Park et al., 2004; Kuzmin
and Chaboy, 2014) (Table S2). Therefore, the determined reference stoichiometric magnetite
XMCD spectrum (eq. 3) and the present calibration using X versus S (eq. 6) might be only used
to determine the stoichiometry of about 10 nm-sized precipitated particles. Further studies are
required to quantify the combined effects of magnetite stoichiometry, particle size, and

crystallinity on the XMCD spectra.
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Figure 5. S ratio (eq. 5) versus the mole fraction of magnetite (X) for all samples presently
analyzed by XMCD. S values are compared with that obtained from previous studies (Pellegrin et

al., 1999; Peng et al., 2018) and presently calculated spectra of RO and R0.5 (eq. 3).
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2.4 Conclusions

Magnetite nanoparticles have broad implications in geochemistry, environmental science,
and materials science, due to their large reactivity, good inherent magnetism, and redox properties.
Although the surface reactivity of Fe; 504 nanoparticles is extensively investigated, knowledge
regarding the transformation of magnetite into maghemite, and vice versa, is limited. In the present
study, magnetite stoichiometry was tuned in aqueous suspension by adding appropriate amounts
of H>O» or dissolved Fe?*. The experimental dataset presented in this work confirmed that XMCD
analysis may be used to follow the Fe(Il)/Fe(III) ratio (Pellegrin et al., 1999; Carvallo et al., 2008;
Pearce et al., 2012; Peng et al., 2018) but caution with respect to spin canting or the degree of
structural order of the minerals is required (Signorini et al., 2006; Graf et al., 2015). Indeed,
oxidation as well as Fe?" diffusion into the solid phase and/or redistribution of electron equivalents
between the aqueous solution and the magnetite bulk implied surface recrystallization processes,
thereby affecting XMCD signals. This was evidenced through an oxidation-recharge cycle of the
pristine magnetite and by adding an excess of dissolved Fe(II) to a stoichiometric magnetite
suspension. The implication of the present work is twofold. First, it provides a more
comprehensive examination of the dynamic behavior of the magnetite-maghemite system in
aqueous solutions. Second, these results uncover a more accurate method for the determination of
the stoichiometry of nanosized magnetite particles (~ 10 nm) by XMCD. Therefore, for future
studies, the present results might be useful to further elucidate, for instance, the impact of
magnetite stoichiometry on the redox transformation of various organic and inorganic pollutants

or the role of microorganisms for magnetite stoichiometry.
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Figure S1. TEM images of synthetic magnetite nanoparticles with various stoichiometries ((a)
RO.1, (b) RO.2, (c) RO.3, (d) R0O.4, (e) RO.5), () the addition of Fe(II) to RO.1 to reach R = 0.5, and

(g) overloading of R0.5 with 2500 uM Fe(II).
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RO.1+Fe(Il)=R0.5

R0.5+2500um Fe(ll) 1

Figure S2. Selected angular domain of the Rietveld refined XRD patterns of the different
magnetite samples presented in Table S1. The experimental diffractograms are plotted in red
symbols, the calculated pattern in black line, and the difference between them as lower blue line.

The vertical ticks indicate the Bragg peak positions for the cubic magnetite structure. The strong
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background observed below 60° is due to the glycerol used to protect the powders against oxidation

1n air.
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Figure S3. Cell parameter versus magnetite stoichiometry (R). Presently measure values are

compared with calculated ones in previous studies (Gorski and Scherer, 2010; Pearce et al., 2012).
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Figure S4. Isotropic XAS of the dissolved Fe?* addition on non-stoichiometric magnetite (R0.1)

to increase the stoichiometry at pH 8, and measured at B= 6 T and T=4 K at the Fe-L>3-edge.
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Table S1. Effective Fe(II)/Fe(I1I) ratio Refr obtained from chemical analysis, cell parameter and
Crystallite size from XRD pattern refinements, average particle size by TEM and determined S
value by XMCD for stoichiometric nanomagnetite (R0.5), oxidized products (RO.1 to R0.4),
recharged sample (R0.1 + Fe(II) = R0.5) and overloaded samples (R0.5 + 250-2500 uM Fe(II)).

“nd” means “non-determined”.

Sample Rerr in | Cell Crystallite | Particle S value
solid parameter | size by XRD | size by
phase A) (nm) TEM (nm)

RO.1 0.11 8.3685(4) 6.3 9.6+2.3 0.87

RO.2 0.20 8.3814(3) 7.1 8.9+2.1 0.95

RO.3 0.30 8.3932(3) 7.7 10.6+2.3 1.06

RO.4 0.40 8.3964(3) 94 11.1£2.0 1.14

RO.5 0.50 8.3976(4) 8.0 11.5¢1.5 1.15

RO.1+Fe(I1)=R0.5 0.50 8.3983(2) 9.0 11.3£2.0 1.19

R0.5+250 uM Fe(II) 0.54 nd nd nd 1.16

R0.5+500 uM Fe(II) 0.58 nd nd nd 1.17

R0.5+1000 uM Fe(Il) | 0.65 nd nd nd 1.22

R0.5+2500uM Fe(II) 0.932 8.3951(5) 8.3 12.9+1.8 1.17
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Table S2. Literature values of the S ratio of magnetite and maghemite nanoparticles and methods

of syntheses.

References Smagnetite | Smaghemite | Sizes and methods of synthesis

This study 1.15 - 10 nm. Co-precipitation in NaOH

(Pellegrin et al., 1999) 1.15 0.69 4 nm. Thin film

(Peng et al., 2018) 1.15 - 10 nm. Co-precipitation in NH4OH.
Sample at pHS

(Park et al., 2004) 1.30 0.65 5-22 nm. Thermal decomposition

(Kuzmin and Chaboy, 1.30 0.68 9 nm. Thermal decomposition

2014)

(Carvallo et al., 2008) 1.30 - 31 + 7.2 nm. Biogenic magnetite

(Coker et al., 2008) 1.35 - 20-30 nm. Biogenic magnetite

(Signorini et al., 2006) 1.46 0.76 5-13 nm. Iron/iron oxide granular
nanostructures obtained by cold
compacting core-shell nanoparticles

(Jiménez-Villacorta et 1.42 0.75 12 nm. Iron-iron oxide nanostructured

al., 2011)

under frozen state at low temperature
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Chapter 3 How stable are stoichiometric magnetite

nanoparticles in aqueous solutions?
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Abstract. Magnetite (Fe(III)2Fe(I1)O4) is a fascinating mineral in many scientific disciplines. The
most interesting properties (magnetic, electronic, catalytic, redox, etc) of magnetite nanoparticles
do not only arise from the “nano-effect” but also from the Fe** ion in its structure. Although the
stability of these nanosized particles is often touted as a key technological advantage, here, we
show that 10 nm-sized stoichiometric magnetite particles (Fe(Il)/Fe(IIl) = 0.5) are not stable in
aqueous solutions under a biologically or environmentally relevant pH range. In the absence of Oa,
the H"-promoted dissolution process was responsible for the preferential release of Fe(IT) over
Fe(III) to the solution, which led to the partial transformation of magnetite into maghemite. If a
small magnetite core is hardly affected over a few years in acidic conditions (pH < 5), a thin shell
at the surface can be formed even at circumneutral pH and rapidly equilibrates with the aqueous
solution. Finally, we propose a thermodynamic model for the magnetite-maghemite solid-solution
capable of predicting the stability and redox-reactivity of nano-magnetite. These results call for
the reconsideration of how to assess the properties of magnetite nanoparticles before

nanotechnological applications in water.

Résumé. La magnétite (Fe(Il1)2Fe(I1)O4) est un minéral fascinant dans de nombreuses disciplines
scientifiques. Les propriétés les plus intéressantes (magnétiques, électroniques, catalytiques,
redox, etc...) des nanoparticules de magnétite ne sont pas seulement liées a « I’effet nano » mais
également a la présence d'ion Fe** dans leur structure. Bien que la stabilité de ces particules
nanométriques soit souvent présentée comme un avantage technologique clé, nous montrons ici
que les particules de magnétite stoechiométriques (Fe(IT)/Fe(II)= 0,5) de 10 nm ne sont pas stables
dans des solutions aqueuses sur une gamme de pH couramment rencontrée dans 1'environnement.

En l'absence d'O», le processus de dissolution, favorisé par la présence de H*, est responsable de
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la libération préférentielle du Fe(Il) par rapport au Fe(Ill) dans la solution, ce qui conduit a la
transformation partielle de la magnétite en maghémite. Si un cceur de magnétite peut persister
pendant plusieurs années dans des conditions acides (pH < 5), une couche de maghémite peut se
former a la surface en s'équilibrant rapidement avec la solution aqueuse méme a pH neutre.
Finalement, nous proposons un modele thermodynamique pour la solution-solide magnétite-
maghémite capable de prédire la stabilité et la réactivité redox de nano-magnétites. Ces résultats
appellent a reconsidérer la maniére d'évaluer les propriétés des nanoparticules de magnétite en

phase aqueuse pour des applications en nanotechnologie.
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3.1 Introduction

Magnetite is a mixed-valence iron oxide with an inverse spinel structure. Its formula is
Fe;0s, or [Fe?* Fe3*],, Fe3t 02, where high spin Fe?" and Fe** can be found in octahedral (Oh)
and tetrahedral (Td) coordination. Fast electron hopping between Fe ions on Oh sites leads to the
high bulk electron conductivity of magnetite. Special magnetic properties are due to the Fe3;
because the magnetic moments of both types of Fe* ions cancel each other (Cornell and
Schwertmann, 2003). Magnetite can be useful for the reduction and oxidation of chemical
compounds (Peterson et al., 1997; Gorski et al., 2010; Latta et al., 2012; Liu et al., 2015; Usman
etal.,2018; Pan et al., 2020). Electrons, released during Fe**-Fe** transformation may reduce other
chemical species. Conversely, Fe?* in magnetite can catalyze the formation of highly oxidative
radicals in presence of O2 or H2O> leading to the oxidation of other chemical compounds (e.g.
Fenton-like reactions (Gao et al., 2007). The redox properties make magnetite an excellent
“battery” for humans activities(Lininger et al., 2018) and microorganisms (Byrne et al., 2015).

Most of the interesting properties (magnetic, redox, electronic, catalytic, medical,
environmental, etc.) of magnetite are due to the presence of Fe?" ions in the magnetite structure.

Oxidation reactions transform magnetite into maghemite (Fe>Os or [F es3/+3l:|1 s3lonF est 027).

Maghemite is isostructural to magnetite but contains vacant Oh sites (0) instead of Fe?*. Partial
oxidation largely affects magnetite properties, such as its reduction capacity for heavy metals and
radionuclides (e.g. U(VI) to U(IV)) (Latta et al., 2012; Pan et al., 2020), reduction rates of organic
compounds (e.g. nitrobenzene) (Gorski et al., 2010) or adsorption of organic molecules (e.g.
quinolone antibiotics), (Cheng et al., 2018) as illustrated in Figure 1. The oxidation of magnetite

to maghemite is well documented and, in the presence of oxygen, can be formulated as:
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4 Fe304s5) + Oze) = 6 FeaOss) (1

This transformation is, however, not that straightforward because intermediate solid-solutions
form, so-called non-stoichiometric magnetites, [Fex* Fels' 5x) /3 O—xy/3lon Fe3405™, where X
is the mole fraction of magnetite in the solid (0 < X < 1). Note that magnetite stoichiometry is
often characterized by the ratio R = Fe(Il)/Fe(III), which ranges from R = 0 (pure maghemite) to
R =0.5 (pure magnetite) (Cornell and Schwertmann, 2003; Lilova et al., 2012; Usman et al., 2018).
In addition, many applications of magnetite nanoparticles involve their suspension in aqueous
solution (medicine (Stephen et al., 2011; Revia and Zhang, 2016), biology (Faivre and Godec,
2015; Byrne et al., 2015), chemistry (Laurent et al., 2008; Polshettiwar et al., 2011), environment
(Ahmed and Maher, 2018; Kobayashi et al., 2018), etc). H"-promoted dissolution of magnetite

leads to the release of Fe?* ions into the solution and leaves Fe** in the solid phase:
FesO4(s) + 2 H'(ag) = Fe2035) + Fe*' ag) + H20q) (2)

Despite the apparent importance of nano-magnetite stoichiometry concerning its reactivity,
the transformation of nano-magnetite to non-stoichiometric nano-magnetite via eq.2 has only been
characterized in acidic solutions (e.g. pH < 3), (Jolivet and Tronc, 1988) with large magnetite
particles (> 100 nm),(White et al., 1994) at high temperature, (Sweeton and Baes, 1970) or in
presence of Oz. (Ahmed and Mabher, 2018) In addition, because of the very slow process observed,
only the kinetic aspects of eq.2 were treated, and the experiments were rarely designed to observe
a steady-state (Jolivet and Tronc, 1988; Sun et al., 1998). By contrast, environmental or biological
conditions in which magnetite may be found or used are characterized by low O> content and
circumneutral pH. Because magnetite often occurs in environmental systems experiencing
fluctuating pH and redox conditions, knowledge of the sign and magnitude of the free energy
change is required to judge which direction eqns. 1-2 would take. Because of the lack of knowledge
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on the chemical behavior of magnetite nanoparticles in water, experiments under inert (“O»-free”)
atmosphere are often limited to neutral and alkaline conditions, to limit Fe?* release to the solution
(e.g. (Peterson et al., 1997; Gorski et al., 2010; Latta et al., 2012; Marshall et al., 2014; Cheng et
al., 2018; Morelova et al., 2020)). Alternatively, the impact of eq.1 is simply neglected and
magnetite nanoparticles subjected to different pH values are considered to remain “as prepared”
(e.g. (Gao et al., 2007; Liu et al., 2015; Schwaminger et al., 2015; Gumpelmayer et al., 2018)).
Unwanted or unexpected chemical transformation of magnetite may potentially explain
contradictions between different studies, such as in the case of the Fenton-like (discussed as
peroxidase-like) activity of nano-magnetites at pH = 3.5 (Gao et al., 2007; Gumpelmayer et al.,
2018). Given the extensive use of magnetite nanoparticles and their importance in many biological
and environmental context, it become urgent to fully characterize the impact of physico-chemical
conditions, and especially the pH on magnetite stoichiometry, and the consequences on magnetite
redox and surface reactivity in aqueous systems.

Here an extensive dataset on the solubility of magnetite nanoparticles in aqueous
suspension is presented, in which long-term kinetic investigations (560 days) shed light on
overlooked aspects of the dissolution processes and allowed to determine physico-chemical
conditions in which a chemical equilibrium was reached. Based on these data we develop the first
chemical thermodynamic model for nano-magnetite stoichiometry in aqueous solutions, capable
of predicting the composition of nano-magnetite as a function of aqueous solution characteristics
(especially dissolved Fe** concentration, pH, and redox potential, cf. eqns.1-2). These findings

will help predicting or tuning the redox and surface reactivity of magnetite nanoparticles.
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Figure 1. Percentage of (i) U(VI) reduced to U(IV) (Latta et al., 2012) and (ii) nalidixic acid
(quinolone antibiotic) (Cheng et al., 2018) adsorbed at the surface of magnetite nanoparticles, and
pseudo-first-order rate constant for the reduction of nitrobenzene (CsHsNO3) to aniline (C¢HsNH3)
(Gorski et al., 2010) by magnetite as a function of magnetite stoichiometry (R = Fe(Il)/Fe(III)).
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3.2 Materials and methods

3.2.1 Chemicals

Iron(III) chloride hexahydrate (FeCls-6H>O) and Iron(II) chloride tetrahydrate
(FeCl,'4H>O) were purchased from AnalaR NORMAPUR. Hydrogen peroxide (H203),
hydrochloric acid (HCI), and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich. The
sample solutions were prepared with ultrapure “MilliQ” water (specific resistivity which is 18.2
MQcm™). All experiments were carried out in an anaerobic chamber (N2-glovebox, JACOMEX)
and all solutions were purged from Oy prior to use. All samples were also adjusted pH by HCl

and NaOH (no buffer was used).

3.2.2 Synthesis of magnetites with various stoichiometries

Magnetite nanoparticles (10 nm) preparation was described in Chapter 2 of this thesis
(Jungcharoen et al., 2021). Samples used in the present chapter come from the same batch. The
synthesis procedure is repeated for clarity. The procedure involves a room temperature aqueous
precipitation and following the method of (Chapter 2) (Massart, 1981; Demangeat et al., 2018;
Jungcharoen et al., 2021). Briefly, a 0.5 M HCI solution (40 mL) containing a 0.5 M FeCl, and 1
M FeClz (1:2 molar ratio) was added dropwise into a 0.5 M NaOH solution (250 mL) with
continuous stirring, leading to instantaneous precipitation of magnetite particles. After the
synthesis, the solid phase was washed three times with ultrapure water whose pH was adjusted to
8.5 (using NaOH) to avoid the release of Fe?*, as observed in previous work (Marsac et al., 2017;
Cheng et al., 2018), and thus, to guarantee the stoichiometry of 0.5. Known amounts of H,O> were
added to R0.5 to produce different sets of non-stoichiometric magnetites (R0.1, R0.2, R0.3, R0.4)

(Gorski and Scherer, 2010; Cheng et al., 2018). Then, mother solutions were washed with ultrapure
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water (at pH = 8.5) in order to remove residual H>O,. Initial Fe(II)/Fe(III) ratios (Rini) of these
(non-)stoichiometric magnetites were determined by acid digestion in 0.6 M HCI during 3 days,
followed by spectrophotometric determination of dissolved [Fe(Il)] and total [Fe] (= [Fe(Ill)] +
[Fe(II)]) using the 1-10 phenantroline colorimetric method (AFNOR NF T90-017), (Fortune and
Mellon, 1938) as well as by X-ray Magnetic circular dichroism (XMCD, Chapter 2) (Jungcharoen
et al., 2021). Repetition of acid digestion followed by spectrophotometry led to an error of £0.01
on the determination of Refr. Results were in excellent agreement with expected values from the
amount of H,O added, as expected from previous studies (Gorski and Scherer, 2009, 2010; Cheng

et al., 2018).

3.2.3 Batch studies

All experiments were conducted with 10 mM NaCl as background electrolyte. Fe dissolution
kinetic studies were at pH 4, 5.5 and 8 for Rini= 0.5, and at pH 4 for Rini = 0.1 and 0.3. Iron total
concentration in the suspension was 6.5 mM, corresponding to ~0.5 g L' of magnetite, in 100 mL
suspension in 250 mL HDPE bottle. pH was controlled and adjusted regularly over a 560-days
period using HCI and NaOH. Equilibrium studies were conducted in 10 mM NaCl solutions and
in 15mL polypropylene tubes containing 10 mL of solution. Reaction time was 20 days (for Rini =
0.5), 60 days (Rini = 0.3, 0.4) or 320 days (Rini = 0.1, 0.2). The impact of dissolved Fe(Il) addition
on the recharge of RO.1 was investigated by adding small amounts of a 100 mM FeCl» solution.
The impact of the presence of an excess of Fe(Il) on R0.5 was investigated by adding 0.25, 0.5 or

1 mM Fe?* to RO.5.

After a given reaction time, pH and ORP were measured and the suspension was passed
through a 0.2 um cellulose acetate filter (Sartorius Minisart), followed by dissolved [Fe(II)] and
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[Fe(IIT)] determination by spectrophotometry. The error on [Fe] determination was assumed equal
to 5 %. The absence of Fe nanoparticles in the filtrate was checked by dynamic light scattering
(VASCO Flex). pH and redox potential (Eh) were recorded in both magnetite and Fe(II)-amended
magnetite suspensions using a portable multiparameter electrode (pH, Eh and T; Hach,
sensION+5045). The pH electrode was calibrated with 3 standard buffers (pH 4, 7, and 10). The
Pt electrode combined with a Ag/AgCl reference electrode, used for redox potential measurements,
was calibrated using a commercial redox buffer (220 mV vs Ag/AgCl). Raw data were converted
into Eh vs standard hydrogen electrode (SHE) by correcting for the potential of the reference
electrode. An equilibrium time of 15 minutes was applied for all E;, measurements (Marsac et al.,
2015). The suspension was stirred prior to the En measurements. The electrode surface was

periodically cleaned by exposing it to 0.1 M HCI for 1 h. (Teasdale et al., 1998).

3.2.4 Characterization by TEM and XMCD

Transmission electron microscopy (TEM; Jeol JEM 1230 microscope) was used for magnetite
nanoparticles characterization. Briefly, A small aliquot of magnetite suspension was diluted with
ultrapure water and sonicated for 20 min. A droplet of the diluted suspension was deposited on a
carbon-coated 200 mesh copper grid and dried inside the anaerobic chamber. Samples were
transported to the microscope under an N> atmosphere using a hermetic holder and the samples
were analyzed at an acceleration voltage of 200 kV. Average particle diameters were determined

by measuring 100 particles.

XMCD signals were recorded at the Fe L3 edges (700 — 730 eV) on the DEIMOS beamline
at the synchrotron light source SOLEIL as previously described (Chapter 2) (Daffé et al., 2018;

Sartori et al., 2019; Jungcharoen et al., 2021). Briefly, samples were transported to the SOLEIL
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Synchrotron facility at the DEIMOS beamline (Ohresser et al., 2014) in 1 mL tubes, placed in
airtight bottles that had been closed in the N»-glovebox. Colloidal suspensions of nanoparticles
were drop-casted on silicon substrates and dried at room temperature, in an Ar-glove box (Ozg) <
1 ppm) connected to the end station. The silicon substrates were fixed on a sample holder and
transferred into the cryomagnet, under ultra-high vacuum (UHV-10'° mbar). All spectra were
measured in Total Electron Yield mode (TEY) at 4.2 K under UHV conditions and an applied
magnetic field H (H* = +6 Tesla and H = -6 Tesla). The beam size was 800*800 um? and the
resolution was 100 meV. XMCD spectra were plotted by considering the absorption cross-section
measured with left (o) and right (or) circularly polarized X-rays. XMCD spectra were plotted as
oxMcp= (0+ - 6.) where o+ = [oL(H") + or(H)]/2 and o- = [o(H) + or(H")]/2. The circularly
polarized X-rays are provided by an Apple-II HU-52 helical undulator for XMCD measurements
and by sweeping the magnetic field from +6T to -6T. XMCD signals were normalized by dividing

the raw signal by the height of the maximum.
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3.3 Results and discussion

3.3.1 Fast and slow Fe2+ release processes from magnetite

When maintaining stoichiometric magnetite nanoparticles (0.5 g L'!) at pH = 8 in 10 mM
NaCl solution, a marginal release of Fe into solution is observed, evidencing the stability of
magnetite at these conditions. In contrast, at pH = 5.5, a fast release of Fe?* occurred after 1 day
(aqueous Fe** below detection limit). This incongruent dissolution process impacts the effective
magnetite stoichiometry (Resr; Fig. 2a), which may be calculated from the initial stoichiometry
(Rini, here equal to 0.5), the total concentration of Fe(Ill) in both the aqueous and solid phases

([Fe(TT)]ior) and the measured aqueous Fe?" concentration ([Fe?*]ag):
Refr = Rini - [Fez+]aq/[Fe(III)]tot (3)

Accordingly, Rer drops from 0.5 to 0.36 within 1 day. At this value, Resr remains constant over
time, suggesting chemical equilibrium.

Exposing magnetite to a pH 4 solution leads to a rapid release of Fe** within the first two
days, which progressively slows down after this initial step. Concomitantly, Refr dropped from 0.5
to 0.2 within two days. The decrease of Refr slowed down when approaching 0.1, but seems to tend
to 0 over longer time scales (Fig. 2a). To confirm that at least two processes were involved when
Refr was above or below 0.1, nano-magnetites of defined stoichiometries (Rini = 0.1, 0.3 and 0.5)
were prepared from the stoichiometric magnetite sample, by addition of H>O>, to study their
transformation kinetics at pH 4 (Fig. 2b). As expected, a fast initial Fe?" release was observed for
Rini = 0.3 then the reaction slows down when Refr approaches 0.1, whereas the process is slow from
the beginning for Rixi = 0.1. As previously suggested, (Jolivet et al., 2004) the initial release of

Fe(IT) from the near surface region may be fast due to electron transfer from the interior of the
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particle to the surface. This, however, causes a charge imbalance inside the particle, which must
be compensated by the movement of Fe-ions and concomitant generation of Oh vacancies. Recent
diffraction investigations (Yuan et al., 2019) demonstrated oxidation-induced strain in magnetite
particles, an effect that may likely correlate with these interpretations. This process is likely much
slower, and may even slow down further as the Fe(Il)-depleted outer rim grows thicker while the
core shrinks (White et al., 1994; Ahmed and Maher, 2018). When applying a shrinking-core model
to the data obtained for Rini = 0.1 at pH = 4 (Fig. 2b) — conditions where only the slow process was
observed — a complete release of Fe(Il) (or Resr < 0.01) is expected after around 1800 days (~5

years).

3.3.2 Reaction products of magnetite with H*, H>O; or Fe?*

No significant evolution of the particle size and shape was observed between the pristine
stoichiometric magnetite at pH = 8 (Rini = 0.5; Fig. 2c¢), after acid treatment at pH =4 (Refr= 0.13;
Fig. 2d), oxidation by H>Ox (e.g. Rini = 0.1; Fig. 2¢) and subsequent recharge with dissolved Fe**
(Fig. 2f). The structure of these magnetites were probed by synchrotron X-ray magnetic circular
dichroism (XMCD) spectroscopy, which enables to distinguish Fe**on, Fe**14 and Fe**on according
to their distinct characteristic peaks (Fig. 2g) (Pellegrin et al., 1999). The intensity of the Fe**on
peak relative to that of Fe’**1q and Fe**on decrease with decreasing pH or after oxidation of the
pristine magnetite with H,O» at pH 8. XMCD spectra of magnetite exposed to H,O> and showing
Rini = 0.1 and 0.3 were quite similar to those of stoichiometric magnetite equilibrated at pH 4 and
5.5 during 300 days. As observed in previous studies, a complete Fe** uptake proceeded within 1
day when equilibrating a non-stoichiometric magnetite (Rixi = 0.1) at pH = 7 with an appropriate

amount of dissolved Fe?* to fully restore Resr = 0.5 (Gorski and Scherer, 2009; Gorski et al., 2010;
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Cheng et al., 2018). Although Fe** uptake by oxidized magnetite led to surface recrystallization
(Chapter 2) (Jungcharoen et al., 2021), similar reactivity of the pristine magnetite and the oxidized
then recharge one concerning contaminants reduction (Gorski et al., 2010) and surface

complexation support the assumption of a reversible process (Cheng et al., 2018).
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Figure 2. (a) Transformation kinetics of stoichiometric magnetite (Rini = 0.5) at different pH values
(4, 5.5 and 8). Closed and open symbols refer to Refr calculated using eq.3 and measured after acid
dissolution, respectively. (b) Dissolution kinetics of different magnetites (Rini = 0.1, 0.3 and 0.5)
at pH 4. The line represents calculations using the shrinking-core model. (c,d,e,f) HRTEM images
of the pristine magnetite (Rini = 0.5; ¢), equilibrated at pH = 4 (Resr = 0.13; d), or oxidized with
H>0: (Rini = 0.1; €) followed by the addition of Fe*"aq) (Rer = 0.5; f). (g) Normalized XMCD
spectra of stoichiometric magnetite (R0.5) equilibrated at different pH values (4, 5.5 and 8)

compared with those of stoichiometric maghemite oxidized by H>O> (R0.1 and R0.3) at pH 8.
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3.3.3 Impact of pH and partial oxidation on magnetite stoichiometry

The apparent establishment of an equilibrium at pH > 5.5 after one day, which might be
extended to pH > 5 after 20 days, (Sun et al., 1998) and the similar reaction products of magnetite
with H', H,O, or Fe?" further motivated investigation of magnetite solubility at chemical
equilibrium. Stoichiometric magnetite suspensions (0.5 g L) were equilibrated at different pH
values during 20 days (Fig. 3a, in black). Samples at pH <5 (Resr < 0.1) did not reach equilibrium
during the experimental time-frame, but are also shown (Fig. 3a). A linear combination fit
involving magnetite and maghemite references (Chapter 2) (Jungcharoen et al., 2021) was used to
calculated Rerr from the XMCD results, which were found in excellent agreement with wet
chemical analysis (large diamonds in Fig. 3a). In agreement with eq.2, [Fe(Il)].q increases with
decreasing pH, and Resr decreases from 0.5 at pH = 7 to 0.18 at pH = 5.5. These results show that
the studied magnetite nanoparticles cannot be considered as stoichiometric after contact with
aqueous solution under mildly acidic conditions (pH < 7). Attempts to maintain magnetite
stoichiometry by supersaturating the system failed: (i) by working with 5 times more concentrated
magnetite suspensions (2.5 g L), similar Resr values were obtained although about 5 times larger
[Fe(II)]ag were measured (Fig. 3a, in red), and (i1) addition of dissolved Fe(II) excess (0.25-1 mM)
to a stoichiometric magnetite did not significantly affect Rer at pH < 7 (Fig. S1). In fact, in all the
experiments at pH < 7, suspensions were composed of non-stoichiometric magnetites with aqueous

Fe(ID).
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Figure 3. (a) Effect of pH (3-10) and magnetite concentration (0.5 and 2.5 g L!) on Fe(II)
solubility (open symbols) and corresponding magnetite effective stoichiometry (for Rixi = 0.5; full
symbols). Large diamonds correspond to Resr determined by X-ray magnetism circular dichroism
(XMCD). (b) Effect of pH on Refr of magnetites exhibiting different initial stoichiometries (0.1 <
Rini £0.5), and of a non-stoichiometric magnetite (Rini = 0.1) to which dissolved Fe(Il) was added
in order to reach an overall (solid+solution) Fe(IT)/Fe(III) ratio of 0.5. Open symbols refer to no
equilibrium data (pH < 5). (c) Comparison between measured and calculated redox potential in
magnetite suspensions. (d) pH-En predominance diagram of Fe in the magnetite-maghemite-H>O

system (10 nm particles, [Fe304] = 0.5 g L', in 10 mM NaCl).
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We further investigated the behavior of magnetites exhibiting different initial
stoichiometries (Rini =0.1, 0.2, 0.3, 0.4 and 0.5). These were obtained from the same stoichiometric
magnetite sample by addition of H>O,. Reaction time was increased to 60 days (Rini = 0.3, 0.4) and
320 days (Rini = 0.1, 0.2) in order to ensure that chemical equilibrium is achieved at pH > 5. As
for Rini = 0.5, H -promoted Fe?* release leads to a decrease of Resr with decreasing pH (Fig. 3b).
Interestingly, Resr values of all initial magnetites follow the same trend, once pH falls below a
certain value (e.g. at pH < 5.5, Resr values are equal for magnetites with Rin; = 0.3, 0.4 and 0.5),
evidencing the strong relationship between Rerr, pH, and aqueous Fe?', and suggesting fully
reversible release/uptake of Fe(II) by magnetite. The latter was confirmed over a large pH range
by adding Fe?" to a suspension of non-stoichiometric magnetite (Rini = 0.1) in order to reach an
overall (solid+solution) Fe(IT)/Fe(Ill) ratio of 0.5 (Fig. 3b). Thus, over the whole pH range
investigated, final Resr values did not significantly differ from those obtained by release of Fe?*

from pristine stoichiometric magnetite.

3.3.4 Chemical thermodynamic modeling of the magnetite-maghemite system

If variations of magnetite stoichiometry cannot be avoided, quantitative prediction of this
phenomenon becomes crucial. For this purpose, we consider non-stoichiometric magnetite as a
binary solid-solution between maghemite (X = 0) and magnetite (X = 1). In order to describe the
thermodynamic equilibrium between a magnetite-maghemite solid-solution and an aqueous
solution, it is necessary to ensure that one ion on one structural position is exchanged in the mixing

process. Hence, the magnetite oxidation reaction can be formulated as:

[F923+ Fe33+]0h Fe33¥d0f2_ +2H" = [F953+ D]OhFes?;dOfZ_ + Fe** + H, 4)
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The Gibbs free energies of formation of the solid-solution (AGss,nano) of magnetite (mt)-maghemite

(mm) nanoparticles is expressed by:
AGss,nano = XAGmt,nano + (l'X)AGmm,nano + AGmix (5)

The excess free energy of mixing (AGmix) can be expressed according to Guggenheim’s expansion

series:
AGmix = X(1-X)RT(ao + a1(2X-1) + ....) (6)

Where ao, ai, etc. are adjustable so called non-dimensional Guggenheim parameters (Glynn and
Reardon, 1990; Glynn, 2000). Tabulated Gibbs free energies of the bulk iron oxides (AGmm,puik
and AGmpuik) were used (NEA, 2020). Additionally, it was found necessary to consider adjusted
surface free energies (referring to hydrated surfaces, ymm and yme in J m?) of the end-member
phases to determine the AG of the maghemite and magnetite nanoparticles (AGmmnano and
AGmtnano), in order to precisely match the experimental solubility data (Hiemstra, 2015). Because
particle size determined by TEM (Fig. 2¢c,d,e,f) and crystallite size previously determined by XRD
(Chapter 2) (Jungcharoen et al., 2021) did not significantly vary in all our experiments, the surface
area was assumed constant (100 m? g'') (Marsac et al., 2017; Demangeat et al., 2018; Cheng et al.,
2018). The large Fe*" solubility dataset produced in our study at various pH and Rini was used to
calibrate this model, discarding the results obtained at pH < 5 that could not be obtained at chemical
equilibrium. The fitting exercise using the geochemical speciation code Phreeplot (PHREEQC-
Phreeplot coupling) (Parkhurst and Appelo, 1999; Kinniburgh and Cooper, 2011) gave ym: = 0.52
+0.10 J m? and ymm = 0.57 + 0.29 J m*? consistent with literature data (respectively 0.79 + 0.28
and 0.57 +0.10 J m2), (Navrotsky et al., 2010) and we found that a single Guggenheim parameter
was required in order to obtain an accurate match between model and data (Fig. 3). A negative

value of ap = -5.49 £ 0.50 confirms the negative AGmix previously reported from oxide melt
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solution calorimetry for 100-300 nm sized magnetites (Lilova et al., 2012). It demonstrates that
non-stoichiometric magnetites are a very special type of solid-solution, in comparison to many
other solid-solutions exhibiting positive AGmix (Glynn and Reardon, 1990; Glynn, 2000). This may
be explained by the fact that mixing of magnetite and maghemite involves generation of vacancies
and electron transfer processes rather than mixing of ionic species on a given crystallographic

position.

3.3.5 Prediction of oxido-reduction potential in magnetite suspensions

In environmental systems, magnetite plays an important role for the redox speciation of
contaminants and, hence, on their fate, transport, bioavailability and toxicity. For instance,
magnetite can (i) immobilize uranium by reducing the rather mobile U(VI) to less mobile U(IV),
(Latta et al., 2012) (ii) reduce Cr(VI) or nitrobenzene to less toxic Cr(III) or aniline (Peterson et
al., 1997; Gorski et al., 2010) or, conversely, (iii) reduce As(V) to a more toxic As(III) (Liu et al.,
2015). Therefore, the redox potential (En, reported versus the standard hydrogen electrode) in
magnetite containing environmental systems is crucial information to predict the behavior and fate
of contaminants. Our model was used to predict Ex in magnetite suspensions versus pH. At pH <
7, when pH decreases, all magnetites tend to exhibit the same stoichiometry (Fig. 3b), which leads
to similar calculated En values (Fig. 3c). Interestingly, the model agreed with experimentally
determined Ey values at a Pt electrode, which might be achieved thanks to the large amount of
dissolved Fe?* and the small size of the nanoparticles that could react with the electrode (Silvester
etal., 2005). At pH > 7, Fe*" is retained in the solid phase, making experimental Ex determination
less reliable and a large scatter is observed (open symbols in Fig. 3¢) (Nordstrom and Campbell,

2014). Nevertheless, calculated En, from +30 mV (Rini = 0.1) to -154 mV (Rini = 0.5) at pH= 7.2,
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compared rather well with expected En values according to the U(VI)/U(IV) redox chemistry
(Latta et al., 2012). This further supports the reliability of the present model. Therefore, our results
allow proposing a new pH-En predominance diagram of Fe in the magnetite-maghemite-H>O
system ([Fe304] = 0.5 g L'!, 10 nm particles, in 10 mM NaCl) accounting for the formation of a
solid-solution (Fig. 3d). The predominance field of quasi-stoichiometric magnetite (R > 0.495) is
rather narrow in the simulated conditions, restricted to circumneutral to alkaline pH (> 6-7

depending on the Epn).

3.4 Discussion
We discussed above how pH controls the redox reactivity of nanomagnetites in aqueous

suspension. However, we suspect that interpretations made in a large number of publications have

been biased by the side reaction of magnetite with H*, or inappropriate handling of magnetite
suspensions at too low pH values. Indeed, the H*-promoted dissolution of magnetite nanoparticles
is a relatively fast process, as the stoichiometry of nanomagnetites is significantly altered after
24h, although a small magnetite core can persist over a few years surrounded by a maghemite
shell. The related Fe?* release should have strong consequences on magnetite surface reactivity.

For instance:

(i) The pH of zero-point charge (pHzc) or the isoelectric point (IEP) of stoichiometric
nanomagnetite, key parameters for the prediction of nanoparticle colloidal properties (e.g.,
aggregation or dispersion), potential coatings or contaminant removal capabilities, are often
reported at pH = 6 (e.g. (Sun et al., 1998; Jolstera et al., 2012)); a pH value that might be hard

to investigate experimentally with stoichiometric magnetite.
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(i1) Adsorption studies of chemicals onto magnetite nanoparticles at pH < 7 (e.g. (Liu et al., 2015;
Schwaminger et al., 2015)) may in fact refer to (quasi-)maghemite surface.

(ii1) Investigations of the reduction or Fenton-like (or “peroxidase-like”) reactions at pH < 7 do
not involve magnetite (Gao et al., 2007; Gumpelmayer et al., 2018) but take advantages of the
catalytic activity of maghemite surface, which can be supplied by dissolved Fe**(Marsac et
al., 2017).

(iv) Ligands often used for magnetite surface coatings might also enhance Fe dissolution via the
formation of aqueous complexes and, depending on the ligand relative affinity for Fe(II) and
Fe(I1I), affect Refr.

In general, appropriate manipulation of magnetite (e.g. in applied research fields) or prediction of

magnetite behavior (e.g. in natural environments, bio/physiological fluids, etc...) must consider

various chemical equilibria occurring in aqueous solution because several physico-chemical

factors might affect magnetite stoichiometry (En, pH, [ligand], etc.).
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3.5 Conclusion

“Is it really magnetite?” The systematic and long-term investigations of the effect of pH and
oxidation on magnetite stoichiometry in this study clearly show that this is a highly relevant
question when interested in magnetite nanoparticles suspended in water: our results show that
stoichiometric nanomagnetites are not stable at pH < 7. Because Fe?" content largely controls the
physical and chemical properties of magnetite, nanotechnological applications or environmental
investigation of magnetite behavior should consider the impact of combined physico-chemical
conditions (e.g. pH and Epn, as discussed here) on magnetite stoichiometry. For this purpose, an
equilibrium model is proposed to predict these effects. The benefit of such modeling development
is beyond the prediction of magnetite stoichiometry in complex aqueous systems because it could

also be used to predict physico-chemical properties of magnetite nanoparticles.
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Figure S1. Effect of pH (3-6.5) and addition of dissolved Fe(II) excess (0.25 to 1 mM) on

magnetite effective stoichiometry (for Riyi = 0.5).
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Chapter 4 Influence of organic ligands on the

effective stoichiometry of magnetite nanoparticles
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Abstract. Magnetite, a ubiquitous mineral in soil and groundwater systems, is of high interest for
a variety of applications including environmental remediation, medicine, and catalysis. Its unique
properties are mainly due to the presence of Fe?* in its structure. If the transformation of magnetite
to maghemite through the oxidation of Fe?* has been well documented, mechanisms involving
dissolution processes of Fe?" in aqueous solutions have been overlooked. In the present study, the
effects of dissolved organic ligands (EDTA, acetic, lactic and citric acids) on Fe?* solubility and
on the stoichiometry (Fe(Il)/Fe(Ill)) of magnetite-maghemite nanoparticles (~10 nm) was
investigated. These ligands were chosen for their environmental relevance and because they are
widely used as coating agents for nanotechnology applications. Results show insignificant effect
of 2 organic ligands (acetate and lactate) on the dissolution of Fe. By contrast, citrate and EDTA
enhanced Fe solubility because of the formation of dissolved Fe(II)- and Fe(IlI)-ligand complexes.
Both ligands selectively bound Fe(II) over Fe(IIl), but EDTA was shown much more selective
than citrate. This had drastic impact on magnetite stoichiometry, which dropped from 0.5 to 0.3 in
neutral to alkaline pH conditions. The combined effects of oxidation, H"- and ligand-promoted
dissolution of Fe from magnetite could be predicted by using a previously developed
magnetite/maghemite solid solution model and by accounting for the formation of dissolved
Fe(II)- and Fe(IlI)-ligand complexes. Therefore, these results show that citrate and EDTA can (i)
enhance Fe solubility in presence of magnetite nanoparticles and (ii) modify magnetite
stoichiometry, which should drastically effect its properties and might be detrimental for

nanotechnology applications.
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Résumé. La magnétite, un minéral omniprésent dans les sols et les eaux souterraines, présente un
grand intérét pour une variété d'applications, notamment la remédiation environnementale, la
médecine et la catalyse. Ses propriétés uniques sont principalement dues a la présence de Fe?* dans
sa structure. Si la transformation de la magnétite en maghémite par oxydation de Fe** a été bien
documentée, les mécanismes impliquant des processus de dissolution de Fe?" dans des solutions
aqueuses ont été négligés. Dans cette étude, les effets des ligands organiques dissous (EDTA,
acides acétique, lactique et citrique) sur la solubilité du Fe?* et sur la steechiométrie (Fe(I1)/Fe(III))
des nanoparticules de magnétite-maghémite (~10 nm) ont été étudiés. Ces ligands ont été choisis
pour leur abondance dans 1’environnement et parce qu'ils sont largement utilisés pour 1I’enrobage
de nanoparticules pour des applications en nanotechnologie. Les résultats montrent un effet
négligeable de 2 ligands organiques (acétate et lactate) sur la dissolution de Fe. En revanche, le
citrate et 'EDTA augmentent la solubilité du Fe en raison de la formation de complexes dissous
Fe(II)-ligand et Fe(IlI)-ligand. Les deux ligands complexent sé¢lectivement le Fe(II) par rapport au
Fe(IlI), mais I'EDTA s'avére beaucoup plus sélectif que le citrate. Cela a un impact drastique sur
la steechiométrie de la magnétite, qui chute de 0,5 a 0,3 dans des conditions de pH neutre a
basiques. Les effets combinés de I'oxydation, des H* et de la dissolution de Fe induite par les ligand
peuvent étre prédits en utilisant le modele de la solution-solide magnétite/maghémite développé
précédemment, en tenant compte de la formation de complexes dissous entre le ligands, le Fe(II)
et le Fe(III). Par conséquent, ces résultats montrent que le citrate et 'EDTA peuvent (i) améliorer
la solubilité du Fe en présence de nanoparticules de magnétite et (ii) modifier la steechiométrie de
la magnétite, ce qui devrait affecter considérablement ses propriétés et pourrait étre préjudiciable

aux applications nanotechnologiques.
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4.1 Introduction

Magnetite nanoparticles have been studied extensively for various scopes (medicine, high-
technology, environmental treatment, catalysis, etc.) owing to intrinsic magnetite properties
(magnetic, semi-conductor, redox, etc.) (Sherman, 1987; Goss, 1988; Walz, 2002; Usman et al.,
2018) and their small size leading to a large reactive surface area. Indeed, magnetite nanoparticles
are potentially important roles in various environmental remediations such as degradation or
sorption of organic and inorganic contaminants (Klausen et al., 1995; Huber, 2005; Gorski and

Scherer, 2009; Singer et al., 2012).

The environmental conditions, such as pH and redox potential (En) can lead to magnetite

(Fe304) transformation to maghemite (Fe>Os3) according to equations 1 and 2, respectively:
Fe;O4 + 2H' 2 Fe O3 + Ho0 + Fe?* (D)
2 Fes04 + % 02 = 3 Fey03 )

In fact, magnetite-maghemite solid-solutions can form, so called non-stoichiometric magnetites.
The Fe(II) to Fe(III) concentration ratio defines magnetite stoichiometry (R) and varies between 0

(maghemite) to 0.5 (magnetite).
R = Fe(Il)/Fe(11) (3)

Magnetite stoichiometry largely controls the physico-chemical properties of the nanoparticles. The
Fe(IT)/Fe(IlI) ratio affects, for example, (i) reduction kinetics (Gorski and Scherer, 2010) and (ii)
adsorption capacity of organic contaminants (Tombéacz et al., 2013; Cheng et al., 2018), heavy

metals (Catalette et al., 1998; Giraldo et al., 2013).
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When the nanoparticles are released into soil and groundwater, they might not only be
sensitive to pH and Ep but also to the presence of organic acids occurring in the soil and
groundwater. In the rhizosphere, Low-Molecular-Weight Organic Acids (LMWOAs) play an
important role in metal tolerance and plant-microbe interactions operating at root and soil interface
(Lopez-Bucio et al., 2000). Some of LMWOASs are microbial metabolites and crucial plant
exudates. It is often considered that acetic and lactic acids are more emanating from rhizosphere
bacteria (Jones, 1998). The LMWOAs are present in all natural soils but their concentrations may
differ considerably. Furthermore, citric acid is efficiently used ligand to modify the surface of iron
oxide nanoparticles in a variety of syntheses (Hui et al., 2008; Liu et al., 2009; Jensen et al., 2014)
and applications (Laurent et al., 2008) including wastewater purification (Baseri and Tizro, 2017),
NMR imaging (Fan et al., 2010; Mazario et al., 2015; Lee et al., 2015), and biomolecule extraction
(Nigam et al., 2011). Because it can make the complex water-soluble, stable, and dispersed for
further applications. In addition to this, EDTA is one of the most chelating agents for
environmental treatment (Keny et al., 2005; Xu et al., 2011; Wang et al., 2012) and medicine
therapy (Yi et al., 2014; Daoush, 2017) and usually used to determine the bioavailability of

elements for plant due to its chelating behavior analogous to (phyto-)siderophores.

The functional groups of organic molecules might affect and modify the reactivity of
magnetite entirely or partially (Borghi et al., 1989; Xu etal., 2011; Magdalena et al., 2018). Indeed,
the magnetite nanoparticles and their magnetic characteristics are significantly affected by
carboxylates. LMWOAs and EDTA contain 1 or more carboxylic groups. For example, the citric
acid molecule is used to functionalized magnetite surface by utilizing the coordination of
carboxylate functionalities of the citrate depending on the steric necessity and curvature of the

surface (Sahoo et al., 2005; Dheyab et al., 2020). Hence, the changes induced by citric acid
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molecules adsorbed on the nanoparticle surface are considerable to understand its mechanism. The
addition of EDTA to form EDTA-functionalized magnetite nanoparticles were also investigated

to change the mechanism of nucleation and nanostructure growth (Magdalena et al., 2018).

Until now, very a little is known about the effects of biomolecules of plants or microbial
origin on Fe release by magnetite and on the magnetite stoichiometry. In order to deeply
understand the determinant factors for the magnetite solubility, the effect of each organic needs to
be investigated individually. Moreover, no predictive model of the effect of the environmental
factors with the presence of organic molecules has been developed yet with magnetite. The
objective of this study was to determine the effect of organics on Fe solubility of stoichiometric
magnetite and on magnetite nanoparticles with different stoichiometries and compare geochemical
modeling under various environmental conditions in presence of 4 organic acids:acetate, citrate,
lactate which are all naturally presented in soils (Feng et al., 2005), and EDTA, an organic

molecule model for chelating agents like (phyto-)siderophores.

95



4.2 Materials and Methods

4.2.1 Chemical reagents and materials

All chemicals were of analytical grade or better. Iron(IIT) chloride hexahydrate (FeClz-6H20)
and Iron(Il) chloride tetrahydrate (FeCl,-4H>O) were purchased from AnalaR NORMAPUR.
Hydrogen peroxide (H>0O>), acetate, citrate, lactate, and EDTA were obtained from Sigma-Aldrich.
The sample solutions were prepared with ultrapure “Milli-Q” water (specific resistivity which is
18.2 MQcm). All experiments were carried out in an anaerobic chamber (N:-glovebox,
JACOMEX, O < 1 ppm), and all solutions were purged with N for at least 12 h inside the

glovebox before use.

4.2.2 Synthesis and characterization of magnetites with various stoichiometries

A stoichiometric magnetite (R0.5) has been firstly synthesized in N»>-glove box following a
well-known protocol, which produces ~10 nm particles (Demangeat et al., 2018; Jungcharoen et
al.,2021). Stoichiometric magnetite (R0.5) was prepared by involving a room temperature aqueous
precipitation method in an anaerobic chamber (JACOMEX). After the synthesis, washing was
made at pH 8.5 (using NaOH) to avoid the release of Fe*", as observed in previous work (Marsac
et al., 2017; Cheng et al., 2018), and thus, to guarantee the stoichiometry RO0.5.

Specific stoichiometric amounts of H>O> were added to R0.5 to produce two sets of partly
oxidized non-stoichiometric magnetites (R0.1 and R0.3) (Gorski and Scherer, 2010; Cheng et al.,
2018). The non-stoichiometric magnetites were washed with ultrapure water (at pH = 8.5) to
remove residual H,O,. Effective Fe(Il)/Fe(III) ratios (Refr) were determined by acid digestion of

magnetites in 0.6 M HCI during 3 days, followed by spectrophotometric determination of dissolved
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[Fe(Il)] and total [Fe] (= [Fe(IlI)] + [Fe(II)]) using the 1-10 phenanthroline colorimetric method
(Fortune and Mellon, 1938). Repetition of acid digestion followed by spectrophotometry led to an
error of £0.01 on the determination of Refr. Results were in excellent agreement with values
expected from the amount of added H>O», as in previous studies (Gorski and Scherer, 2010; Cheng

et al., 2018; Jungcharoen et al., 2021).

4.2.3 Batch studies

Equilibrium studies were conducted for a total of 6.5 mM of Fe (~0.5 g/L of magnetite)
and in 15mL tubes containing 10 mL of solution following the same procedure as our previous
study (Jungcharoen et al., 2021). All magnetite suspensions (R0.1, R0.3 and R0.5) were prepared
in 10 mM NaCl. Magnetite solubility was investigated in the presence of 1 mM organic ligand
(acetic, lactic, citric acids, and EDTA). The Fe solubility was studied in different pH conditions
(pH 5-11) by using HC1 and NaOH for pH adjustment (no buffer was used). Results in the absence
of dissolved ligands, denoted as “bare magnetite”, were taken from our previous study
(Jungcharoen et al., 2021). The samples of all studies were stirred during 20 days in order to
confirm the equilibrium for pH above around 5 (Sun et al., 1998; Jungcharoen et al., 2021). In the
absence of organic ligands (bare magnetite nanoparticles), an almost complete release of Fe(II)
from the magnetite nanoparticles is expected at pH < 5. In addition, strong kinetic limitations make
equilibrium study difficult to perform (Chapter 3). Consequently, the investigated ligands might
hardly show an effect on Fe solubility at pH < 5 in the present study. For these reasons, experiments
were limited to pH > 5.

After 20 days, pH and ORP were measured using Pt electrod prior to the sampling of an

aliquot for further analysis. ORP reading was converted to En by correcting for the electrode
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potential of the reference Ag/AgCl electrode (Eref). A commercial redox-buffer (220 mV, Hach)
was used for calibration. An equilibrium time of 15 minutes was applied for all E, measurements
(Marsac et al., 2015). The suspension was stirred prior to the E, measurements. The electrode
surface was periodically cleaned by exposing it to 0.1 M HCI for 1 h (Teasdale et al., 1998). After
recording pH end En, an aliquot was filtered using 0.2 um cellulose acetate filters (Sartorius
Minisart). The absence of magnetite nanoparticles in the filtrates were checked by dynamic light
scattering (DLS; VASCO Flex) in order to confirm no interferences during the measurement of Fe
by spectrophotometer. However, DLS analysis showed that citric acid increased the colloidal
stability of Fe nanoparticles. Hence, ultrafiltration experiments at SkDa (Vivaspin 15RHI12,
Sartorius) were additionally performed to eliminate Fe nanoparticles. After (ultra)filtration,
[Fe(Il)] and total [Fe] were measured by spectrophotometry using the 1-10 phenantroline
colorimetric method. The error on [Fe] determination was assumed equal to 5 %. It was possible
to calculate the effective Fe(Il)/Fe(III) ratio (Resr) knowing the total [Fe(Il)] and [Fe(III)] in the
suspension (i.e. solution) and dissolved [Fe(Il)]aq and [Fe(III)]aq after filtration, according to the
following Equation 4.
Ret= ([Fe(II)]tota— [Fe(11)]aq)/ ([Fe(III)]Tota-[ Fe(I1I)]aq) 4)
Concentration of organic ligands were determined by dissolved organic carbon analysis

(Schimadzu TOC-L) after (ultra)filtration in order to quantify ligands adsorption to magnetite.

4.2.4 XMCD characterization

X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism (XMCD) provide key
insights into magnetite stoichiometry (R=Fe(II)/Fe(Ill)) (Pellegrin et al., 1999; Carvallo et al.,

2008; Coker et al., 2008; Jiménez-Villacorta et al., 2011; Peng et al., 2018). The XAS and XMCD
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signals were recorded at the Fe L»3 edges (700 — 730 eV) on the DEIMOS beamline at the
synchrotron light source SOLEIL. The measurement protocol was detailed in our previous studies

(Sartori et al., 2019; Jungcharoen et al., 2021).

4.2.5 Geochemical modeling

Calculations were made using the geochemical speciation code PHREEQC (version 2)
(Parkhurst and Appelo, 1999) and the database “Minteq.v4.dat”. According to a previous study,

the magnetite oxidation reaction can be formulated as:
[Fe3" Fe3*lon Fe3740f; + 2 HY = [Fed* OlonFe3t,07; + Fe?* + H, (5)

The Gibbs free energies of formation of the solid-solution (AGgsnano) 0of magnetite (mt)-maghemite

(mm) nanoparticles is expressed by:
AGss,nano = XAGmt,nano + (l'X)AGmm,nano + AGmix (6)

Where X, with 0 < X < 1, defines the fraction of magnetite in the mixture. The excess free energy
of mixing (AGmix) can be expressed according to Guggenheim’s expansion series (Guggenheim,
1937; Glynn, 2000) :

AGmix = a0 X(1-X)RT (7)

Where ag is the specific Guggenheim’s parameter for the magnetite-maghemite solid-solution
system. The Gibbs free energies of formation of the magnetite and maghemite nanoparticles was
calculated from the corresponding values of the bulk iron oxides (AGmmpuik and AGmgbuik), surface
free energies (referring to hydrated surfaces, ymm and ym in J m) and assuming that surface area

was assumed constant (100 m? g'!) (Marsac et al., 2017; Demangeat et al., 2018).
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Fe(IT) and Fe(II) complexation reactions and constants with all ligands are included in the database
“Minteq.v4.dat”. However, preliminary test with available citrate reactions gave unsatisfactory
results. Therefore, reactions and constants with citrate were taken from a more recent study (Table

S1) (Vukosav et al., 2012).

4.3 Results and discussion

4.3.1 Effect of organics on the dissolution of stoichiometric magnetite

The solubility of iron strongly depends on pH both in the absence and the presence of
organic ligands (Borghi et al., 1989; Keny et al., 2005; Yi et al., 2014; Jungcharoen et al., 2021).
Figure 1a compares total dissolved Fe concentration ([Fe]w: = [Fe(Il)]aq + [Fe(Ill)]aq) versus pH
measured in solution in presence of stoichiometric magnetite (R0.5) and each of the 4 organic
ligands. In the absence of organic ligands (bare magnetite nanoparticles), [Fe]w: increases with
decreasing pH due to the proton-promoted Fe(II) release. The presence of acetic or lactic acid did
not increse [Fe]w: at any pH value (Figure 1a). This is due to the weak binding of Fe to these
ligands (Goti¢ and Musi¢, 2008; Zhao et al., 2009). By contrast, [Fe]w increased in the presence
of citric acid at circum-neutral pH (6-8), and in the presence of EDTA, at any pH investigated (5-
11). For instance, at pH = 7, [Fe]o is below detection limit for magnetite in the absence of organic
ligand or in presence of acetic acid and lactic acid, but it is equal to ca. 200 uM for citric acid and
900 uM for EDTA. Fe release was larger with EDTA than with citrate because the former is a
stronger Fe chelating agent (Alderman et al., 2009; Mies et al., 2006;Holmén & Casey, 1996;
Kalinowski et al., 2000). This can be related to the number of binding groups in the molecule:
EDTA may form hexadentate complexes with metal ions as it contains four carboxylic groups and

two amines (Blesa et al., 1984; Shailaja and Narasimhan, 1991; Yi et al., 2014), while citrate
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Figure 1. (a) Total dissolved [Fe], (b) dissolved [Fe(IIl)] and (c) dissolved [Fe(II)], as a function

of pH for R0.5 in presence of 1 mM of each ligand in 10 mM NaCl. Lines correspond to magnetite-
maghemite solid solution modelling results.

The adsorption of ligands on nanomagnetite was determined and plotted in Figure S1. No
significant adsorption of acetate and lactate was determined, in line with their weak binding to iron
oxides in general (see e.g. (Norén and Persson, 2007)) and the very large surface loadings
investigated in the present work (i.e. 50 m? g'! of reactive surface with 10> mol L' of ligand).
EDTA adsorption was also negligible, although it is know to form strong complexes at mineral
surfaces (Borghi et al., 1989; Keny et al., 2005; Yi et al., 2014), because of the large [EDTA]
investigated and the formation of aqueous Fe-EDTA complexes that limit EDTA adsorption.
Indeed, according to the sorption isotherm data of Blesa et al. (1984), we estimated that less than
5% adsorption can be expected in the presently investigated conditions. By contrast with other
ligands, citrate adsorption was significant and equal to about 10% over the whole pH range
investigated. This phenomenon must be taken into account because it is expected to affects Fe
solubility in our study.

Thanks to spectrophotometric method, it is possible to differentiate dissolved Fe** and Fe?*,
and hence, to study their intrinsic solubility versus pH (Figures 1b,c). In the absence of ligand,
[Fe(III)]aq is below the detection limit as shown in Figure 1b, that is, total Fe solubility is due to
the preferential dissolution of Fe(II) over Fe(IIl) (Figure 1c) (Jolivet and Tronc, 1988; Sun et al.,
1998) (Chapter 3). No significant effect of both acetic and lactic acids on dissolved Fe(II) and
Fe(III) concentrations is observed (Figures 1b,c). By contrast, the solubility of both Fe(Il) and
Fe(IIT) was enhanced by their complexation to citrate and EDTA. While [Fe(III)] was comparable

in the presence of both ligands (Figures 1b), Fe(Il) binding to EDTA was much stronger than to
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citrate (Figures 1c). Because Fe(Il) solubility is large at pH < 7 in the absence of ligand (Chapter
3), Fe(II)-ligand complexation was plotted by subtracting [Fe(II)] released from the bare magnetite
modality. The concentration of Fe(Il) bound to EDTA ([Fe(II)-EDTAY]) is compared to [Fe(III)-
EDTA] in Figure 2a. Large values of [Fe(III)-EDTA] are measured at pH~5.5, by constrast with
[Fe(II)-EDTA] values that are close to 0. When pH increase, [Fe(IIT)-EDTA] it drops to 0 for pH
values above 7 wherease [Fe(II)-EDTA] increases up to ~900 uM and remains nealy constant up
to pH = 11. Hence, EDTA more selectively binds (i) Fe(IlI) than Fe(II) at pH~5.5 and (ii) Fe(II)
than Fe(I1T) at pH>7. The concentration of Fe(II) bound to citrate ([Fe(II)-Citrate]) is compared to
[Fe(III)-Citrate] in Figure 2b. Like EDTA, citrate more selectively binds Fe(III) than Fe(II) at pH
values around 5.5 because [Fe(Il)-Citrate] = 0 while [Fe(III)-Citrate] value is maximal. [Fe(II)-
Citrate] increases with pH and reaches a maximum at pH values between 6 and 7, and decreases
above. At pH 6-7, citrate binds slightly more selectively Fe(Il) than Fe(IIl) and become non-

selective between pH 7 and 8.
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Figure 2. Concentrations of Fe(Il) and Fe(IIl) complexed to (a) citrate and (b) EDTA as a function
of pH for R0.5 in presence of 1 mM of each ligand in 10 mM NacCl. Lines correspond to magnetite-

maghemite solid solution modelling results.
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4.3.2 Solid phase analysis of stoichiometric magnetite

The selective binding of Fe(Il) and Fe(IIl) may influence magnetite stoichiometry. The
effective stoichiometry (Ref, Equation 4) of R0.5 is shown on Figure 3a versus pH in the absence
and presence of organic ligand. Equation 4 depends on the solubilization of Fe(Il) and Fe(III),
which may be ligand-induced and implicitly depend on pH and ligand concentration. For instance,
values of Refr of bare magnetite decrease with decreasing pH because of the solubilization of Fe(II)
while that of Fe(III) is negligible (Figure 2a, Chapter 3). Acetic acid and lactic acid had little effect
on the solubility of Fe and, hence, on Refr in agreement with results shown in Figure 2a. For pH <
5.5, where selective binding of Fe(Ill) occurs, no clear impact of either EDTA or citrate on Resr
can be noticed because the very high [Fe(IT)]aq found due to the H -promoted dissolution process.
For 5.5 <pH < 7, citrate only slightly affects Refr due to selective binding Fe(Il) over Fe(III) as

discussed above. By contrast, the presence of EDTA dramatically decreases Refr from 0.5 to 0.3

which remains then stable at this value at pH above 5.5.
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Figure 3. (a) Refr as a function of pH for R0.5 in presence of 1 mM of each ligand in 10 mM NaCl.
Lines correspond to magnetite- maghemite solid solution modelling results. Large symbols

correspond to Refr determined by X-ray magnetism circular dichroism (XMCD). (b) normalized
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XMCD spectra at the Fe Lsz-edge of R0.5 in absence (pH 7) and presence of ligands (citrate and

EDTA at pH 7; acetate at pH = 9).

To confirm these observations, solid phases of some samples were analyzed by XMCD at
the Fe Lsz-edge. XMCD spectra (Figure 3b) exhibit three main peaks at the L3-edge. The peak S;
(at 705.5 eV) corresponds to both Fe(II) and Fe(III) on Oy sites, but is dominated by Fe(II). The
peak S> (at 706.6 eV) corresponds to the contribution of Fe(III) in Ty sites while the peak S; (at
707.3 eV) is attributed to Fe(IIl) in Oy sites. S; and S; are coupled antiparallel to S» due to the
ferromagnetic behavior of the inverse spinel structure of Fes.s04 nanoparticles. Because XMCD
spectrum of stoichiometric magnetite with acetate (pH 9) and citrate (ca. pH 7) are similar to the
bare one at pH = 7, acetate and citrate do not significantly affect magnetite stoichiometry, in
agreement with wet chemistry results (Figure 3a). By contrast, the presence of EDTA and
magnetite nanoparticles (pH 7) strongly decreased S; intenstity because of the large binding of
Fe(II) in solution. XMCD spectra were recorded at different pH values for citrate (5.5, 7, 8 and 9)
and EDTA (5.5, 7 and 10.5). By using a linear combination fit (LCF) procedure, Resr could be
determined and plotted in Figure 3a (Jungcharoen et al., 2021). LCF results are in relatively good
agreement with wet chemistry data, although slightly smaller for EDTA. The discrepancy between
spectrophotometric determination of dissolved Fe(II) and XMCD might suggest the presence of a
small amount of adsorbed Fe(II) ions that are not detected by XMCD because magnetically silent.
This might be due to the presence of ternary magnetite-Fe(I[)-EDTA (or magnetite-EDTA-Fe(11))

complexes (Blesa et al., 1984).
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4.3.3 Effect of organics on magnetite with different stoichiometries

Magnetites with different initial stoichiometries (R0.1 and R0.3) were synthesized by
oxidizing R0O.5 with H>O». Then, the impact of initial stochiometry on the dissolved [Fe(III)],
dissolved [Fe(Il)], and effective stoichiometry of magnetite in the presence of acetate, citrate and
EDTA was studied. The adsorption of the ligands to the magnetite surface was also monitored but
the results were found almost independent to the initial stoichiometry (Figure S1). Acetate had no
significant impact of Fe solubility in any case in presence of R0.1 and R0.3, as previously observed
for RO.5 (Figure S1). Figures 4a and 4b show respectively dissolved [Fe(Ill)] and [Fe(II)] in the
presence of citrate. Both concentrations decrease with increasing pH for all stoichiometries.
Interstingly, [Fe(IIl)] and [Fe(II)] are found weakly dependent to initial magnetite stoichiometry
in presence of citrate, which affected Refr values similarly to the experiments with R0.5 (Figure
4c). By contrast, in presence of EDTA, [Fe(Ill)] is found to increase when magnetite initial
stoichiometry decreases (Figure 4d), while [Fe(II)] decreases (Figure 4e). This can be explained
by the competitive effects between Fe(Il) and Fe(IIl) for EDTA binding. Fe(II)-EDTA complexes
are favored in presence of Fe(Il)-rich nanoparticles (i.e. R0.5) whereas, in presence of a limited
amount of Fe(Il) (i.e. R0O.1), Fe(III)-EDTA complexation becomes important. Because variations
of both [Fe(IlI)] and [Fe(IT)] with pH remain relatively small at pH > 6, corresponding Resr values
remain constant with pH for each magnetite (Figure 4f) according to Equation 4. Indeed, EDTA is
a 1: 1 chelating molecule, involving the solubilization of 1 mM Fe per | mM EDTA. Thus, the

amount of solubilized Fe*" is stable as soon as all EDTA molecules are already under complexes
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EDTA-Fe form. Therefore, Retr values remain constant for Rin = 0.5 and 0.3 at the pH upper to 7.

Concerning Rini 0.1, Refr is also stable but at almost the same value that at the beginning of the

experiment, due to the limited amount of Fe(Il) leading to the formation of Fe(Ill)-EDTA

complexes. Therefore, the presence of EDTA strongly decreases the effective stoichiometry of

magnetites
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Figure 4. Fe(III) and Fe(II) solubility, and corresponding Refr versus pH in the presence of ImM

citrate (a,b,c) or EDTA (d,e,f) and magnetites with different initial stoichiometries (R0.1, R0.3 and

R0.5) in 10 mM NaCl. Lines correspond to magnetite-maghemite solid solution modelling results.
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4.3.4 Modeling

As an attempt to account for citrate adsorption to magnetite, we used a surface
complexation model, previously developed for the adsorption of another organic molecule
(nalidixic acid, NA) (Cheng et al., 2018; Deng et al., 2020). We applied the same formalism and
equations by assuming that citrate binds to two surface hydroxyl groups by involving two of its
carboxylates, while the third carboxylic groups and the alcohol groups are, respectively,
deprotonated and protonated:

2 =FeOH + 2 H" + CitrateH*> = (=Fe),CitrateH" + 2 H,O (8)

Because of the very high surface loading, the available site density was raised from 1.5 to 3 nm?,
which might traduce the involvement of sites that are not necessary at lower loadings investigated
for NA. The present work did not provide enough data to model an effect of magnetite
stoichiometry on citrate adsorption (Figure S1b). Therefore, a single log K value for Equation 8
was used. The value (27.6) was similar to that of NA on stoichiometric magnetite (25.5).

Thanks to the chemical thermodynamic modeling of magnetite-maghemite at solid solution
(Chapter 3), it was possible to predict the solubility of total Fe, dissolved [Fe(III)], [Fe(II)], and
Refr in the presence of the ligands. Modeling results are depicted in each figure of this manuscript,
when relevant (Figures 1-4). As expected, the model predicts no significant effect of acetate and
lactate on Fe behavior (Figures 1, 2a and S2). Although (i) [Fe(Il)]aq is underestimated at pH <
6.5 for all Rini (Figures 1b, 2b and 4a) and (ii) [Fe(II)]aq is underestimated for Rini = 0.1 (Figure
4b), the effect of citrate on Fe(II/III) solubility and magnetite stoichiometry (Figures 3a and 4c) is
relatively well captured. The effect of EDTA is also relatively well predicted. Fe(I[)-EDTA
complexation is slightly overestimated (Figures 1a, 1c, 2a, 4e). However, if the resulting Resr is

underestimated, the model falls between the wet chemistry and XMCD data (Figure 3a). The
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largest discrepancies are observed for Rin = 0.1, where the model predicts a complete release of
Fe(IT). This has two consequences: (i) Fe(Il) competitive effect on Fe(Il)-EDTA is too strong so
Fe(III) solubility is underestimated and (ii) Resr drops to 0 for pH > 7.5. As previously shown,
(chapter 3) the complete release of Fe(Il) might be kinetically limited and could take several years
to reach a steady-state, especially for Refr < 0.1, which would explain the discrepancies with the
model.

Prediction of the redox potential of the magnetite suspensions were also made in the
presence of ligands and compared to the measured data. As previously suggested for bare
magnetite, (chapter 3) at pH < 7, experimental determination of the En values with a Pt electrode
might be achieved thanks to the large amount of dissolved Fe?" and the small size of the
nanoparticles that could react with the electrode (Silvester et al., 2005). At pH > 7, Fe*" is retained
in the solid phase, making experimental Ey determination less reliable and a large scatter is
observed (Fig. S3¢) (Nordstrom and Campbell, 2014). Accordingly, in the presence of all ligands,
experimental and model En values agree because magnetite stoichiometry and Fe(II) dissolution
are primarily controlled by the pH. For pH > 7, experimental data for citrate and acetate might not
be reliable. In these conditions, the model predicts not big difference between En values in the
presence or absence of these ligands. By contrast, in the presence of EDTA, [Fe(Il)]aq is large.
Both experimental and calculated En values were found larger to the bare magnetite modality,

because EDTA binding stabilizes Fe(Il) over Fe(IIl) at pH 7 and make it a weaker reductant.

4.4 Environmental Implications

Nanomagnetite with different stoichiometries may be present in environmental systems and
their compositions are dependent on pH and redox conditions, and the presence of organic ligands
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in soils. This study investigated the effects of several small organic ligands, which can be found
in soils and soil solutions such as acetate, lactate, citrate, and the effect of EDTA which can model
natural chelating agent effects like (phyto-)siderophores. Results showed insignificant effect of 2
organics ligands (acetic and lactic acid) on the solubility of magnetite. By contrast, citrate and
EDTA can modify significantly magnetite solubility, by comparison with experiments without
organic molecules. Furthermore, citrate and EDTA were shown to also affect magnetite effective
stoichiometry because of the stronger complexation with Fe(II) than Felll) by citrate and EDTA
in our experimental conditions. By accounting for the complexation of Fe(II) and Fe(III) by citric
acid and EDTA, Fe solubility is relatively well predicted. The findings suggest that (i) the
solubility of Fe is not only dependent on the pH conditions, (ii) ligand-controlled dissolution
processes should be taken into account for the chemical stability of magnetite. The occurrence of
these organic effects over a range of environmentally relevant conditions recommends that the
ligand- controlled dissolution might be influential in the use of magnetite nanoparticles for
biological Fe acquisition in agriculture, natural systems, and in redox transition zones. Finally,
these results show that the use of organic ligand for some nanotechnological applications of
magnetite (e.g. citrate in order to ameliorate the colloidal stability of stoichiometric magnetite)
should be performed with attention because processes like Fe release could significantly modify

initial surface properties expected.

Appendix
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Table S1. Ferric and ferrous citrate species in aqueous solution by following (Silva et al., 2009)

for the database in PHREEQC.

log K
Fe(IIDLH _ 25.69
Fe(IL>  36.27
Fe(IHHL,* 41.4
Fe(IIHoLo> 47.46
Fe(IDLH-  19.43
Fe(Il)L,>  Not used
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Figure S1. the ligands’ adsorption ([L]ads) on magnetite nanopartiocles as a function of pH for
RO.1, RO.3, and RO0.5 in presence of 1 mM of (a) acetate, (b) citrate, and (c) EDTA in 10 mM

NaCl. Lines correspond to magnetite-maghemite solid solution modelling results.
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with different initial stoichiometries (R0.1, R0.3 and R0.5) in 10 mM NaCl. A large cycle symbol
was determined by XMCD. Colored lines correspond to magnetite- maghemite solid solution
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Chapter 5 Conclusions and perspectives
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Conclusions and perspectives

Magnetite stoichiometry (R = Fe(II)/Fe(III)) strongly controls its magnetic, catalytic, and
redox properties (Usman et al., 2018). Determination of the factors and mechanisms responsible
for its variation is highly relevant owing to its extensive applications in many fields (Wang et al.,
2010; Zhu et al., 2011; Xu et al., 2012; Li, 2014; Nidheesh, 2015; Zanganeh et al., 2016) and the
key role played by magnetite in many environmental systems (Byrne et al., 2015). However, beside
the effect of oxidants (e.g. O2 or H20:) on the transformation of magnetite into maghemite, the
effect of several other environmental factors has been overlooked (Gorski and Scherer, 2009;
Gorski et al., 2010). Consequently, the thesis aims at developing a numerical model for the
magnetite-maghemite solid solution capable of the prediction of the stability and redox reactivity
of nanomagnetite in aqueous solution. To do so, the combined effects of oxidation, H*- and ligand-
promoted dissolution of Fe from magnetite were investigated and an accurate characterization of

magnetite nanoparticles.

5.1 Conclusions

Chapter 2 examined the effect of redox conditions and dissolved Fe?* on nanomagnetite
stoichiometry by wet chemistry, XRD, XAS, and XMCD (Jungcharoen et al., 2021). In particular,
XMCD signals have been used to further characterize the complex reactions involved in the
magnetite/maghemite system upon oxidation and recharge processes (Pellegrin et al., 1999;
Signorini et al., 2006; Carvallo et al., 2008; Coker et al., 2008; Jiménez-Villacorta et al., 2011;
Kuzmin and Chaboy, 2014; Peng et al., 2018; Stoerzinger et al., 2019), e.g. decreasing R from 0.5
to 0.1 using H,O; or increasing from 0.1 to 0.5 through dissolved Fe?" amendment, or interaction
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of stoichiometric magnetite (R0.5) with an excess of aqueous Fe?*. The results show a significant
increase in XMCD signals upon these three processes. This was attributed to surface
recrystallization processes, induced by oxidation as well as Fe?" diffusion into the solid phase
and/or redistribution of electron equivalents between the aqueous solution and the magnetite bulk,
leading to decreased spin canting effects that altered XMCD signals (Signorini et al., 2006; Graf
et al., 2015). The major outcome of this chapter is that XMCD analysis cannot easily determine
molar fraction of magnetite because it depends on both R and surface spin canting (Brice-Profeta
etal., 2005; Signorini et al., 2006; Grafet al., 2015). A more accurate method for the determination
of magnetite stoichiometry by XMCD is proposed for the presently investigated 10 nm magnetite

(Jungcharoen et al., 2021).

Chapter 3 investigated the combined effects of oxidation and pH on the solubility of Fe
from nanomagnetite (= 10nm) in aqueous suspensions. While Fe(IIl) was not significantly
dissolved, aqueous Fe(Il) concentration increased with decreasing pH and increasing initial
stoichiometry (Rini) of the magnetite (Gorski et al., 2012; Peng et al., 2018). It could be concluded
that corresponding effective stoichiometry (Refr) of magnetite could be effectively controlled by
pH, redox condition, and recharge (Gorski and Scherer, 2009; Gorski et al., 2010; Cheng et al.,
2018). In particular, results show that stoichiometric magnetite cannot actually exist at pH < 7
because of the incongruent dissolution on Fe(II) with respect to Fe(Ill) (Gao et al., 2007; Liu et
al., 2015; Schwaminger et al., 2015; Gumpelmayer et al., 2018). The long-term (~1.5 year) kinetic
results indicated two stages concerning Fe(II) release from magnetite. The H'-promoted
dissolution of Fe(II) is relatively fast (i.e. it proceeds within few days) until the maghemite shell
at the nanoparticle surface becomes large enough, which occurs for Rer = 0.1 (Jolivet and Tronc,

1988). The Fe(Il) release process becomes much slower for Rerr < 0.1, and even slows down further
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as the Fe(II)-depleted outer rim grows thicker while the core shrinks (Jolivet and Tronc, 1988; Sun
et al., 1998). Nevertheless, because reaction products of magnetite with H*, H,O2 or Fe** were
similar, an equilibrium was assumed for all samples reaching Resr > 0.1 after 20 days(Sun et al.,
1998). Hence, a thermodynamic model for the magnetite-maghemite solid-solution was developed

to predict the combined effects of oxidation and pH on magnetite stoichiometry.

Chapter 4 aimed to determine the effect of organic ligands (acetate, lactate, citrate and EDTA) on
the stoichiometry of magnetite. These ligands were chosen because of their environmental
relevance because (i) they can naturally be found in soils as common LMWOA (e.g. produced in
the rhizosphere) (Jones, 1998), (ii) they can be used for environmental remediation (e.g. citrate,
EDTA) and (iii) they are often used as coating agents to modify the surface properties of
nanoparticles (Keny et al., 2005; Xu et al., 2011; Wang et al., 2012; Baseri and Tizro, 2017).
Results showed insignificant effect of 2 organics ligands (acetic and lactic acid) on the solubility
of magnetite (Goti¢ and Musi¢, 2008; Zhao et al., 2009). By contrast, citrate and EDTA can modify
significantly magnetite solubility (Alderman et al., 2009; Mies et al., 2006;Holmén & Casey, 1996;
Kalinowski et al., 2000), by comparison with experiments without organic molecules.
Furthermore, citrate and EDTA were shown to also affect magnetite effective stoichiometry
because of the stronger complexation with Fe(II) than Fe(III) in our experimental conditions. By
accounting for the complexation of Fe(Il) and Fe(IIl) by citric acid (Hamm et al., 1954; Racuciu
et al., 2006; Vukosav et al., 2012) and EDTA (Blesa et al., 1984; Shailaja and Narasimhan, 1991;
Yi et al., 2014), Fe solubility is relatively well predicted using the magnetite-maghemite solid-
solution model. The findings suggest that the solubility of Fe is not only dependent on the pH
conditions, but ligand-controlled dissolution processes should be considered for the chemical

stability of magnetite.

118



5.2 Implications

This fundamental research revealed the prediction of magnetite solubility and the
stoichiometry of magnetite under a wide range of environmental conditions (the presence of
oxygen, redox condition, Fe*" ions content and the presence of some organic ligands). The findings
from this thesis insight our understanding of the impact of the environmental conditions on the
stoichiometry of magnetite nanoparticles, demonstrate that it is possible to tune the stoichiometry
of magnetite by modifying pH, redox conditions and Fe(II) concentrations, and reveal that the
stoichiometric nano-magnetite suspension is no more than a quasi-maghemite phase with dissolved
[Fe(I)] at pH < 7. Hence, like the stoichiometry plays a key role on the physico-chemical
properties of magnetite, nanotechnological applications (environmental remediation, drug
delivery, and catalyst) or environmental investigations of magnetite behavior should consider the
impact of combined physico-chemical conditions (e.g. pH and En, as discussed here) on magnetite
stoichiometry. Moreover, the magnetite-maghemite solid solution model could be an essential tool
for the use of organic ligand (e.g. citrate and EDTA) in order to ameliorate the colloidal stability
of stoichiometric magnetite and for biological Fe acquisition in agriculture, natural systems, and
in redox transition zones. Hence, these results call for the reconsideration of how to assess the
properties of magnetite nanoparticles before nanotechnological applications in solution under the
influence of a variety of conditions. In addition, the benefits of this thesis will help to enhance any
decision support tools for environmental remediation in field scale, drug design, and other

nanotechnology applications.

119



5.3 Perspectives

5.3.1 Perspective in the short term

Although the research scope of this thesis focused on the impacts of environmentally
relevant conditions on the stoichiometry of magnetite nanoparticles in aqueous solution (batch
scale), it should be more studied with complex molecules. For example, refractory natural organic
matters (NOMs) present in soils and natural systems like humic substances. Humic substances
represent a pool of NOMs which is more complex and richer in acidic functional groups and
certainly able to impact the solubility of magnetite as citric acid studied in this work. In addition,
NOM can play a role of electron donor or acceptor depending on its oxidation state (Kliipfel et al.,
2014). Therefore, magnetite in the presence of humic substances should be studied under various
pH and Eh conditions. In particular, special attention of how NOM can affect magnetite

stoichiometry should be taken.

In addition, the transport of nanomagnetite should be considered in order to determine its
fate and that of associated elements when applied in soil remediation. The present work suggests
that the effect of stoichiometry of magnetite nanoparticles on its transport in soils should be
investigated. The transformation of magnetite nanoparticles may affect aggregation and dispersion
processes during the transport due to the modification of its surface during the release of Fe(II) in
soils. In addition, further characterization of nano-particles surface state and structure, especially
the determination of their surface charge because it is one of the key parameters for the prediction
of nanoparticle colloidal behavior, might be required to interpret the results and to develop reactive

transport models. Investigations of the transport of magnetite in soils via column experiments
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might be an interesting step before applying in the field scale, in order to develop upscaling

approaches.

5.3.2 Perspective in the long term

Ideal laboratory conditions for various applications of magnetite nanoparticles have been
investigated already. Although many fundamental aspects have to be discovered, as it is the case
in this manuscript, investigations at the field scale are also required to solve any problems in the
real world. For example, magnetite nanoparticle can be injected by geoprobe (Zhang et al., 2019)
in order to treat groundwater contaminations. The most significant factors of groundwater
properties are pH, organic ligands, carbon content, Eh and microbes which might affect the
transformation of contaminants. However, if many studies showed that magnetite if a powerful
nanotechnological tool in environmental remediation strategies, the present work showed that
much caution should be taken when handling it because it might rapidly be transformed to
maghemite, even in reducing conditions, if pH is too low or organic ligand concentration is too
high. The findings of the present work might be used to optimize the used of magnetite
nanoparticles. For instance, the removal efficiency of magnetite nanoparticles and nano zero valent

iron on heavy metals and chlorinated compounds could be compared.

In another context, the interesting applications of magnetite nanoparticles are drug design
for cancer therapy (Liu et al., 2013; Bauer et al., 2016) and magnetic resonance imaging (Wei et
al., 2017). Due to magnetite modification by various complex organic ligands and/ or polymers, it
might reduce or increase the stoichiometry of magnetite and its properties. Therefore, the efficient

way is to predict the optimal parameters (concentration of ligands, magnetite suspension, and pH
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condition, etc.) from the solid solution model in order to save time, reduce the cost of chemicals

and materials, eliminate the contaminants (zero waste as we can), allowing a good medical design.
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Impact des conditions environnementales sur la stcechiométrie de nanoparticules de magnétite

Mots clés :
géochimique, XMCD.

Résumé : Les nanoparticules de magnétite (MNs,
10 nm) sont présentes au cceur de la Zone Critique :
le sol. Les MN ont été largement utilisés dans de
nombreuses applications (la dépollution, la catalyse,
le stockage d'énergie, l'imagerie et la thérapie
médicale, etc.) en raison de leurs propriétés
physiques et chimiques (optiques, magnétiques,
semi-conducteurs et large surface spécifique).
Cependant, les MNs stoechiométriques sont
extrémement sensibles a 1’0, et aux conditions de
pH. Ce projet de thése visait a étudier 1’évolution de
la steechiométrie de la magnétite (R = Fe(Il)/Fe(111))
par utilisation du rayonnement synchrotron et a
développer des modeles prédictifs de la solubilité de
la magnétite dans des conditions environnementales
pertinentes (pH, condition redox, concentration en
Fe(Il) dissous et présence de ligands organiques).

magnétite, maghémite, stcechiométrie, solubilité, solution-solide, modéle de spéciation

Bien que la recherche a ce jour ait eu tendance a se
concentrer sur les taux de réduction des
contaminants en fonction de la stcechiométrie initiale
de la magnétite (Rin), aucun travail ne s’est
préoccupé du rapport effectif (Rerr) et de la solubilité
du Fe. Ici, cette thése démontre que les MNs
steechiométriques ne peuvent pas exister a pH < 7
malgré une concentration élevée de magnétite et un
excés de Fe(Il) dissous. L'ajout de molécules
organiques (citrate, EDTA, etc.) peut modifier de
maniére significative les propriétés de surface des
MNs. Par conséquent, des précautions doivent étre
prises lorsque l'on travaille avec des MNs en
présence de ligands.

Impact of the environmental conditions on the stoichiometry of magnetite nanoparticles

Keywords: magnetite, maghemite, stoichiometry, solubility, solid-solution, geochemical speciation model,

XMCD

Abstract: Magnetite nanoparticles (MNs,10 nm) are
present at the heart of the Critical Zone: the soil. MNs
has been broadly used in numerous applications (e.g.
environmental remediation, catalysis, energy storage,
magnetic resonance imaging, medicine therapy) due
to their physicochemical properties (e.g. magnetic,
highly surface areas, optic, semiconductor). However,
stoichiometric MNs are extremely sensitive to the
presence of oxygen and pH condition. This thesis
project aimed to study the evolution of the
stoichiometry of magnetite (R =Fe(Il)/Fe(Ill)) and to
develop predictive models of magnetite solubility
under environmentally relevant conditions (pH, redox
condition, oxidation, recharge, overloading of
dissolved Fe(II), and the presence of organic ligands).

Although the research to date has tended to focus on
the rates of contaminant reduction by initial
magnetite stoichiometry (Rin) rather than the
effective ratio (Refr), no work concerns about the Regr
and solubility of Fe. Here, this study demonstrates
that stoichiometric MNs cannot exist at pH < 7
despite a high magnetite concentration and an excess
of dissolved Fe(Il). Adding of organic molecules
(e.g. citrate, EDTA) can change significantly the
surface properties of MNs. Therefore, caution should
be taken when working with MNs in presence of
ligands.



