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Magnetite, a ubiquitous mineral in natural systems, is of high interest for a variety of applications including

environmental remediation, medicine, and catalysis. 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. Here, the effect of dissolved organic ligands (EDTA

(ethylenediaminetetraacetic acid), acetic, lactic and citric acids) on Fe?* solubility and on the

stoichiometry (Fe(i)/Fe(m) of magnetite—maghemite nanoparticles (~10 nm) was investigated. These

ligands were chosen because of their environmental relevance and because they are widely used as

coating agents for nanotechnology applications. Results show an 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(i)— and Fe(i)-ligand complexes. Both ligands selectively bound
Fe(i) over Fe(n), but EDTA was much more selective than citrate. The combined effects of oxidation and

H*- and ligand-promoted dissolution of Fe from magnetite were predicted using a magnetite—
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maghemite solid solution model, accounting for the formation of dissolved Fe()- and Fe(i)-ligand

complexes. Therefore, these results show that citrate and EDTA (i) enhance Fe solubility in the presence

DOI: 10.1039/d3na00240c

rsc.li/nanoscale-advances

1. Introduction

Magnetite nanoparticles have been studied extensively for
various scopes (medicine, high-technology, catalysis, etc.) owing
to intrinsic magnetite properties (magnetic, semi-conductor,
redox, etc.)."™* and their small size leading to a large reactive
surface area. Magnetite is ubiquitous in the Earth's crust, soils,
and sediments,*” and plays an important role as an electron
source or sink for microorganisms in the environment.?
Magnetite nanoparticles are also used in various environmental
remediation and water treatment processes because of their
capacity to degrade or adsorb organic and inorganic
contaminants.®™

Variations in the physico-chemical conditions, such as pH
and redox potential (Ey) variations, can lead to magnetite
(Fe;0,) transformation to maghemite (y-Fe,O; or [Fes;;* [45]
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of magnetite nanoparticles and (i) modify magnetite stoichiometry, which affects its environmental
behavior and its properties for nanotechnology applications.

Fe**0,%"), containing vacant octahedral (Oy,) sites ([J) instead
of Fe*" according to eqn (1) and (2), respectively:

Fe;0, + 2H" = Fe,0; + H,0 + Fe?* (1)
2Fe304 + %02 = 3Fe203 (2)

In addition, magnetite-maghemite solid-solutions can form so
called non-stoichiometric magnetites (Fe; ;04, with 0 < ¢ < 1/
3).2*** The Fe(u) to Fe(m) concentration ratio can be used to
define magnetite stoichiometry (R):

R = [Fe(u)])/[Fe(i)] (3)

R values vary between 0 (maghemite) and 0.5 (magnetite).
Magnetite stoichiometry largely controls the physico-chemical
properties of the nanoparticles, as it affects, for example, (i)
reduction kinetics’” and (ii) adsorption capacity of organic
contaminants'®" and heavy metals.>**!

In soil and groundwater, magnetite nanoparticles might not
only be sensitive to pH and E; but also to the presence of
naturally occurring organic acids. For instance, in the rhizo-
sphere, low-molecular-weight organic acids (LMWOAs) play an
important role in metal tolerance and plant-microbe interac-
tions operating at the root and soil interface.” Some of the
LMWOAs are microbial metabolites and crucial plant exudates.
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It is often considered that acetic and lactic acids are more
emanating from rhizosphere bacteria.”® The LMWOAs are
present in every natural soil but their concentrations may differ
considerably. Furthermore, ligands can be used to modify the
surface of magnetite nanoparticles for various applications. In

particular, citric acid is used in a variety of syntheses*>* and
applications® including wastewater purification,” NMR
imaging,>?* and  biomolecule  extraction.®>  Ethyl-

enediaminetetraacetic acid (EDTA) is one of the most used
chelating agents for environmental treatment*** and medical
therapy,*®*” and is usually used to determine the bioavailability
of elements for plant due to its chelating properties.

Until now, very little has been known about the effects of
organic ligands on Fe release by magnetite and on the magne-
tite stoichiometry. A recent study demonstrated that H'-
promoted dissolution of magnetite is very efficient in modifying
magnetite stoichiometry even under moderately acidic condi-
tions.*® It also suggested that ligands like citrate do not protect
magnetite, as they are supposed to,*** but slightly enhanced
Fe** release, hence favoring magnetite transformation to
maghemite. Such a process could drastically affect magnetite
nanoparticle redox reactivity as well as magnetic properties,
which could have a detrimental effect on various applications
and on the understanding of the magnetite role in biogeo-
chemical reactions in natural systems.

The objective of this study was to determine the effect of
selected organic ligands (acetate, lactate, citrate and EDTA) on
magnetite stoichiometry. For this purpose, Fe solubility was
investigated at various pH and initial magnetite stoichiometry.
Spectrophotometric analysis allowed the investigation of both
Fe(u) and Fe(m) aqueous behavior in the presence of the ligands.
Solid phases were analyzed by soft X-ray absorption spectros-
copy (XAS) and X-ray magnetic circular dichroism (XMCD),
unique tools to separately probe the electronic properties of Fe
as a 3d transition element, thanks to their chemical selectivity
and valence state sensitivity.">'***** The results were used to
test and validate a predictive model of magnetite stoichiometry
in aqueous solutions, by accounting for the effect of Fe(u) and
Fe(m) complexation by dissolved organic ligands. Therefore, the
finding of the present study could have implications in various
fields (medicine, biology, chemistry, environment, etc.), and the
model could be a powerful quantitative tool for many
applications.

2. Materials and methods
2.1 Chemical reagents and materials

All chemicals were of analytical grade or better. Iron(ur) chloride
hexahydrate (FeCl;-6H,0) and iron(u) chloride tetrahydrate
(FeCl,-4H,0O) were purchased from AnalaR NORMAPUR.
Hydrogen peroxide (H,0,), acetate, citrate, lactate, and EDTA
were obtained from Sigma-Aldrich. The sample solutions were
prepared with ultrapure “Milli-Q” water (specific resistivity is
18.2 MQ cm ™). All experiments were carried out in an anaer-
obic chamber (N,-glovebox, JACOMEX, O, < 1 ppm), and all
solutions were purged with N, for at least 12 h inside the
glovebox before use.
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2.2 Synthesis and characterization of magnetites with
various stoichiometries

Magnetite nanoparticle (average size 10 nm) preparation and
characterization were described previously.'® The samples used
in the present study come from the same batch. The synthesis
procedure is repeated for clarity. A stoichiometric magnetite
(R0.5) has been firstly synthesized in a N,-glove box following
a well-known protocol, which produces 10 nm sized parti-
cles.’** Stoichiometric magnetite (R0.5) was prepared by using
a room temperature aqueous precipitation method in an
anaerobic chamber (JACOMEX). A 0.5 M HCI solution (40 mL)
containing 0.5 M FeCl, and 1 M FeCl; (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 samples were
washed at pH 8.5 (using NaOH) to avoid the release of Fe**, as
observed in previous work,'*® and thus, to guarantee the stoi-
chiometry RO.5.

Specific amounts of H,0, were added to R0.5 to produce two
sets of partly oxidized non-stoichiometric magnetites (R0.1 and
R0.3) as described in our previous work." Initial Fe(i)/Fe(m)
ratios (R;,;) were checked by acid digestion, followed by spec-
trophotometric determination of dissolved [Fe(u)] and total [Fe]
(=[Fe(m)] + [Fe(w)]) using the 1-10 phenanthroline colorimetric
method.*” The results were in excellent agreement with values
expected from the amount of added H,O0,, as in previous
studies,***>'® with an error of +0.01 in the determination of
Rini.*°

2.3 Batch studies

Equilibrium studies were conducted for a total of 6.5 mM Fe
(~0.5 g L™* of magnetite) and in 15 mL tubes containing 10 mL
of solution following the same procedure as our previous
studies.”' All magnetite suspensions (R0.1, R0.3 and RO0.5)
were prepared in 10 mM NaCl. Magnetite solubility was inves-
tigated in the presence of 1 mM organic ligand (acetic, lactic,
citric acids, and EDTA), a relevant environmental concentra-
tion, within soil solution at close proximity to plant roots.*® The
Fe solubility was studied under different pH conditions (pH 5-
11) by using HCI 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.® The
samples of all studies were stirred for 20 days in order to
confirm the equilibrium for pH above around 5."* In the
absence of organic ligands (bare magnetite nanoparticles), an
almost complete release of Fe(n) from the magnetite nano-
particles is expected at pH < 5. In addition, equilibrium is hard
to achieve due to strong kinetic inhibition.'* Consequently, the
investigated ligands might hardly show an effect on Fe solu-
bility at pH < 5 in the present study. For these reasons, experi-
ments were limited to pH = 5.

After 20 days, pH and redox potential were measured using
a Pt electrode prior to the sampling of an aliquot for further
analysis. Redox potential reading was converted to E}, by cor-
recting for the electrode potential of the reference Ag/AgCl
electrode. A commercial redox-buffer (220 mV, Hach) was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used for calibration. An equilibrium time of 15 minutes was
applied for all E;, measurements.* The suspension was stirred
prior to the E;, measurements. The electrode surface was peri-
odically cleaned by exposing it to 0.1 M HCI for 1 h.°* After
recording pH and Ej, an aliquot was filtered using 0.2 pm
cellulose acetate filters (Sartorius Minisart). The absence of
magnetite nanoparticles in the filtrates was checked by dynamic
light scattering (DLS; VASCO Flex) in order to confirm that there
is no interference during the measurement of Fe by spectro-
photometry. However, DLS analysis showed that citric acid
increased the colloidal stability of Fe nanoparticles. Hence,
ultrafiltration at 5 kDa (Vivaspin 15RH12, Sartorius) was per-
formed to eliminate Fe nanoparticles in the presence of citric
acid. After (ultra)filtration, [Fe(u)],q and total dissolved [Fe],q
were measured by spectrophotometry using the 1-10 phenan-
throline colorimetric method. The error in [Fe],q determination
was assumed to be equal to 5%. It was possible to calculate the
effective Fe(u)/Fe(m) ratio (Rer) knowing the total [Fe(u)] and
[Fe(m)] in the suspension (i.e. solid + solution) and dissolved
[Fe(m)]aq and [Fe(m)],q after filtration, according to the following

eqn (4).

[Fe(I1)] o — [Fe(ID)],,
7 [Fe(ID)] o — [Fe(IID)],,

(4)

By assuming 5% uncertainty in [Fe(im)].q and [Fe(m)]aq
determination by spectrophotometry, and accounting for the
uncertainty in R;,;, we determine that the absolute error in R
was between 0.02 and 0.04.

The concentrations of organic ligands were determined by
dissolved organic carbon analysis (Shimadzu TOC-L) after
(ultra)filtration in order to quantify ligand adsorption to
magnetite.

2.4 XMCD characterization

Soft X-ray absorption spectra (XAS) and X-ray magnetic circular
dichroism (XMCD) provide key insights into magnetite
stoichiometry.**** The XAS and XMCD signals were recorded at
the Fe L, ; edges (700-730 eV) on the DEIMOS beamline at the
French synchrotron light source SOLEIL.*> The measurement
protocol was detailed in our previous studies'>'***** and is
repeated briefly here for clarity. All samples were transported
and manipulated strictly under anoxic conditions. Colloidal
suspensions of nanoparticles were drop-cast on silicon
substrates. The silicon substrates were transferred into
a superconducting magnet at the end station, under ultra-high
vacuum (UHV-10-10 mbar). All spectra were recorded in Total
Electron Yield (TEY) mode at 4.2 K and under an applied
magnetic field H (H' = +6 Tesla and H~ = —6 Tesla) parallel to
the beam. The beam size was 800 x 800 pum? and the resolution
was 100 meV. Fe L, ; edge XAS and XMCD with TEY detection
probe approximately a 5 nm thick layer at the surface of the
particle, and hence both the bulk and surface of 10 nm-sized
nanomagnetite. XAS and XMCD spectra were plotted by
considering the absorption cross-section measured with left
(01) and right (og) circularly polarized X-rays. XAS spectra were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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plotted as the average of ¢, and ¢_, while XMCD spectra were
plotted as oxycp= (0+ — 0_), where o, = [o.(H') + ox(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 +6 T to
—6 T. XMCD signals were normalized by dividing the raw signal
by the XAS edge jump.

2.5 Characterization by TEM

Transmission Electron Microscopy (TEM; Jeol JEM 1230
microscope) was used for characterization of magnetite nano-
particles after interaction with the organic molecules, specifi-
cally with citrate and EDTA. The aim is to characterize their size
and shape and to determine a potential effect of these organic
molecules on the morphology of magnetite nanoparticles
before a pH change, for R;,; 0.5 and 0.1 at pH 8. 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. The samples were
transported to the microscope in an N, atmosphere using
a hermetic holder and the samples were analyzed at an accel-
eration voltage of 200 kV. At pH 8 after 20 days, the particle size
(about 10 nm) and shape (spherical) did not evolve much in the
presence of citric acid and EDTA (Fig. S1 and Table S17).

2.6 Geochemical modeling

Calculations were made using the geochemical speciation code
PHREEQC (version 2)** and the database “Minteq.v4.dat”.
PHREEQC is a computer code designed to perform speciation
and saturation-index calculations in water. The Davies equation
was used for activity coefficient calculation, being valid up to an
ionic strength of 0.1 M. Previous work demonstrated that non-
stoichiometric magnetite can be considered as a binary solid-
solution between maghemite and magnetite. To use the Gug-
genheim equation, the Feq0,,-FegO;, system is considered. The
Gibbs free energies of formation of the solid-solution (AGgs nano)
of magnetite (mt)-maghemite (mm) nanoparticles is expressed
as:

AGss,nano = XAGmt,nano + (1 - X)AGmm,nano + AGmix (5)

where X, with 0 =< X < 1, defines the fraction of magnetite in the
mixture. The excess free energy of mixing (AGni) can be
expressed according to Guggenheim's expansion series:***

AGmi = aoX(1 — X)RT (6)

where a, is the specific Guggenheim's parameter for the
magnetite-maghemite solid-solution system, which was found
to be equal to —5.49 £ 0.50 in a previous study.'® The Gibbs free
energies of formation of the magnetite and maghemite nano-
particles was calculated from the corresponding values of the
bulk iron oxides (AGmm bulk a0d AGm buik), Surface free energies
(referring to hydrated surfaces, vy = 0.52 £0.10 J m > and ymm
= 0.57 £+ 0.29 ] m 2, according to a previous study)' and
assuming that the surface area was constant (101 m?

Nanoscale Adv., 2023, 5, 4213-4223 | 4215
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g 1).15164546 A]] parameters and thermodynamic constants are
provided in the ESI (Table S21).

Fe(u) and Fe(m) complexation reactions and constants with
all ligands are included in the database “Minteq.v4.dat”.
However, a preliminary test with available citrate reactions gave
unsatisfactory results. Therefore, citrate protonation constants
as well as Fe reactions and constants with citrate were taken
from more recent studies (Table S27).7%°°

3. Results and discussion

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.'®***"% Fig. 1a
compares total dissolved Fe concentration ([Fel,q = [Fe(u)laq +
[Fe(ur)]aq) versus pH measured in solution in the presence of
stoichiometric magnetite (R0.5) and each of the 4 organic
ligands. In the absence of organic ligands (bare R0.5), [Fel.q
increases with decreasing pH due to the proton-promoted Fe(u)
release. The presence of acetic or lactic acid did not increase
[Felaq at any pH value (Fig. 1a) with respect to the corresponding
experiments in their absence. This is due to the weak binding of
Fe to these ligands.®** By contrast, [Fe],q 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, [Fel,q is below the detection limit for magnetite in the
absence of organic ligands or in the 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.®*-%¢ 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,*** while
citrate includes three carboxylic groups and one -OH group that
might also be involved in the complex formation.****7°

The adsorption of ligands on nanomagnetite was deter-
mined and is plotted in Fig. S2.1 No significant adsorption of
acetate and lactate was determined, in line with their weak
binding to iron oxides in general (see e.g. ref. 71) and the very
large surface loadings investigated in the present work) (i.e. 50
m? g~ reactive surface with 10> mol L' of ligand). EDTA
adsorption was also negligible, although it is known to form
strong complexes at mineral surfaces,***”* because of the large
[EDTA] investigated and the formation of aqueous Fe-EDTA
complexes that limit EDTA adsorption. Indeed, according to the
adsorption isotherm data of Blesa et al.*” we estimated that less
than 5% adsorption can be expected under 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 affect Fe solubility in our
study.

Using spectrophotometric methods, it is possible to differ-
entiate dissolved Fe** and Fe®", and hence, to study their
intrinsic solubility versus pH (Fig. 1b and c). In the absence of
ligands, [Fe(m)],q is below the detection limit as shown in

4216 | Nanoscale Adv., 2023, 5, 4213-4223
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Fig. 1 (a) Total dissolved [Fe], (b) dissolved [Fe(m)] and (c) dissolved

[Fe(mn)], as a function of pH for RO.5 in the presence of 1 mM of different
organic ligands (acetic, lactic, citric acids and EDTA) in 10 mM NaCl or
their absence (referred to as “bare R0.5"). Lines correspond to
magnetite—maghemite solid solution modelling results with the same
color as the corresponding symbol.

Fig. 1b, that is, total Fe solubility is due to the preferential
dissolution of Fe(u) over Fe(m) (Fig. 1c).**'** No significant
effect of both acetic and lactic acids on dissolved Fe(u) and Fe(ur)
concentrations is observed (Fig. 1b and c). By contrast, the
solubility of both Fe(u) and Fe(m) was enhanced by their
complexation to citrate and EDTA. While [Fe(m)],q was compa-
rable in the presence of both ligands (Fig. 1b), binding of Fe(u)
to EDTA was much stronger than to citrate (Fig. 1c). Because
Fe(u) solubility is large at pH < 7 in the absence of ligands,'®
Fe(m)-ligand complexation was plotted by subtracting [Fe(i)].q

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Concentrations of Fe(i) and Fe(i) complexed to (a) EDTA and (b) citrate as a function of pH for R0.5 in the presence of 1 mM of each ligand
in 10 mM NaCl. Lines correspond to magnetite—maghemite solid solution modelling results.

released from the bare magnetite modality. The concentration
of Fe(u) bound to EDTA ([Fe(u)-EDTA]) is compared to [Fe(u)-
EDTA] in Fig. 2a. Large values of [Fe(in)-EDTA] are measured at
pH ~ 5.5, by contrast with [Fe(u)-EDTA] values that are close to
0. When pH increases, [Fe(m)-EDTA] drops to 0 for pH values
above 7, whereas [Fe(u)-EDTA] increases up to ~900 uM and
remains nearly constant up to pH = 11. Hence, EDTA more
selectively binds (i) Fe(ur) than Fe(u) at pH ~ 5.5 and (ii) Fe(u)
than Fe(ui) at pH > 7. The concentration of Fe(u) bound to citrate
([Fe(u)-citrate]) is compared to [Fe(m)-citrate] in Fig. 2b. Like
EDTA, citrate more selectively binds Fe(m) than Fe(u) at pH
values around 5.5 because [Fe(u)-citrate] = 0, while the [Fe(ur)-
citrate] value is maximal. [Fe(u)-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 selec-
tively Fe(u) than Fe(u) and become non-selective between pH 7
and 8.

3.2 Solid phase analysis of stoichiometric magnetite

The selective binding of Fe(n) and Fe(m) may influence
magnetite stoichiometry. The effective stoichiometry (R, eqn
(4)) of RO.5 is shown in Fig. 3a versus pH in the absence and
presence of organic ligands. Eqn (4) depends on the solubili-
zation of Fe(u) and Fe(m), which may be ligand-induced and
implicitly depend on pH and ligand concentration. For
instance, the values of R.y¢ of bare magnetite decrease with
decreasing pH because of the solubilization of Fe(u) while that
of Fe(i) is negligible (Fig. 2a).*® Acetic acid and lactic acid had
little effect on the solubility of Fe and, hence, on R.¢ in agree-
ment with results shown in Fig. 2a. For pH < 5.5, where selective
binding of Fe(m) occurs, no clear impact of either EDTA or
citrate on Reg can be noticed because of the very high [Fe(u)].q
found due to the H'-promoted dissolution process. For 5.5 <
pH = 7, citrate only slightly affects R.¢ due to selective binding
of Fe(u) over Fe(m) as discussed above. By contrast, the presence
of EDTA dramatically decreases R.g from 0.5 to 0.3, which
remains then stable at this value at pH above 5.5.

To confirm these observations, solid phases of some samples
were analyzed by XMCD at the Fe L;-edge. XMCD spectra
(Fig. 3b) exhibit three main peaks at the Fe L;-edge. The peak S;
(at 705.5 eV) corresponds to both Fe(n) and Fe(m) on Oy, sites;

© 2023 The Author(s). Published by the Royal Society of Chemistry

from a quasi-maghemite (R0.1), the evolution of this peak is
exclusively due to the Fe(u) on the Oy, site.”* The peak S, (at 706.6
eV) corresponds to the contribution of Fe(i) in tetrahedral sites
while the peak S; (at 707.3 eV) is attributed to Fe(m) in Oy, sites.
S; and S; are coupled antiparallel to S, due to the ferrimagnetic
behavior of the inverse spinel structure of Fe; ;O, nano-
particles. Because the XMCD spectrum of stoichiometric
magnetite with acetate (pH 9) and citrate (ca. pH 7) is similar to
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Fig. 3 (a) Regr as a function of pH for RO.5 in the presence of 1 mM of
each ligand in 10 mM NaCl. Lines correspond to magnetite—maghe-
mite solid solution modelling results. Large symbols correspond to Re¢
determined by X-ray magnetic circular dichroism (XMCD). (b)
Normalized XMCD spectra at the Fe Lz-edge of R0O.5 in the absence
(pH 7) and presence of ligands (citrate and EDTA at pH 7; acetate at pH
= 9). Spectrum of bare R0.1 was taken from previous work.*®
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that of the bare R0.5 at pH = 7, it can be concluded that acetate
and citrate do not significantly affect magnetite stoichiometry,
in agreement with wet chemistry results (Fig. 3a). By contrast,
the presence of EDTA (pH 7) strongly decreased S; intensity
because of the large binding of Fe(u) 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 involving magnetite and maghemite references
from a previous study," Re¢ could be determined and plotted in
Fig. 3a.">'® LCF results are in relatively good agreement with wet
chemistry data, although slightly smaller for EDTA. The
discrepancy between spectrophotometric determination of
dissolved Fe(n) and XMCD might suggest the presence of
a small number of adsorbed Fe(u) ions that are not detected by
XMCD because they are magnetically silent. This might be due
to the presence of ternary magnetite-Fe(n)-EDTA (or magnetite—
EDTA-Fe(u)) complexes.®’

3.3 Effect of organics on magnetite with different
stoichiometries

Magnetites with different initial stoichiometries (R0.1 and R0.3)
were synthesized by oxidizing R0.5 with H,O,. Then, the impact
of initial stoichiometry on dissolved [Fe(m)],q and dissolved
[Fe(u)].q, and the effective stoichiometry of magnetite in the
presence of acetate, citrate and EDTA was studied. The
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adsorption of the ligands to the magnetite surface was also
monitored but the results were found almost independent of
the initial stoichiometry (Fig. S21). Acetate had no significant
impact of Fe solubility in any case in the presence of R0.1 and
R0.3, as previously observed for R0.5 (Fig. S27). Fig. 4a and
b show respectively dissolved [Fe(m)],q and [Fe(u)],q in the
presence of citrate. Both concentrations decrease with
increasing pH for all stoichiometries. Interestingly, [Fe(ur)].q
and [Fe(u)],q are found weakly dependent to the initial magne-
tite stoichiometry in the presence of citrate, which affected Res
values similarly to the experiments with R0.5 (Fig. 4c). By
contrast, in the presence of EDTA, [Fe(ur)],q is found to increase
when magnetite initial stoichiometry decreases (Fig. 4d), while
[Fe(u)].q decreases (Fig. 4e). This can be explained by the
competitive effects between Fe(un) and Fe(ur) for EDTA binding.
Fe(u)-EDTA complexes are favored in the presence of Fe(u)-rich
nanoparticles (i.e. R0.5), whereas, in the presence of a limited
amount of Fe(u) (i.e. R0.1), Fe(m)-EDTA complexation becomes
important. Because variations of both [Fe(ur)],q and [Fe(u)],q
with pH remain relatively small at pH > 6, the corresponding R
values remain constant with pH for each magnetite (Fig. 4f)
according to eqn (4). Indeed, EDTA is a 1: 1 chelating molecule,
so the amount of solubilized Fe(u) is stable as soon as all EDTA
molecules are bound in EDTA-Fe complexes. Therefore, Res
values remain constant for Rj,; = 0.5 and 0.3 at pH > 7. This
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Fig. 4 Fe(m) and Fe(i) solubility, and corresponding Re¢ versus pH in the presence of 1 mM citrate (a—c) or EDTA (d—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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observation also applies to R0.1, but for pH = 5, due to the
limited amount of Fe(u) leading to the formation of Fe(u)-EDTA
complexes. Therefore, the presence of EDTA strongly decreases
the effective stoichiometry of magnetites. This decrease
depends on the amount of Fe(u) initially present within the
magnetite.

3.4 Modeling

Chemical thermodynamic modeling of the magnetite-maghe-
mite solid solution series'® allowed the total solubility of Fe,
dissolved [Fe(m)],q, [Fe(i)]aq, and Reg in the presence of the four
presently investigated ligands. Modeling results are depicted in
each figure of this manuscript, when relevant (Fig. 1-4). As ex-
pected, the model predicts no significant effect of acetate and
lactate on Fe behavior (Fig. 1, 2a and S37).

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)."*7> 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 + 2H" + CitrateH*~ = (=Fe),CitrateH™ + 2H,0(7)

Note that a single reaction is only considered for the sake of
simplicity: the formation of other surface species cannot be
excluded. Because of the very high surface loading, the available
site density was raised from 1.5 to 3 nm~?, which might reflect
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 (Fig. S2bt). Therefore, a single log K value for eqn (7)
was used. The value (27.6) was similar to that of NA on stoi-
chiometric magnetite (25.5). Although (i) [Fe(m)],q is under-
estimated at pH < 6.5 for all R;,; (Fig. 1b, 2b and 4a) and (ii)
[Fe(u)]aq is underestimated for Ri,; = 0.1 (Fig. 4b), the effect of
citrate on Fe(n) and Fe(m) solubility and magnetite stoichiom-
etry (Fig. 3a and 4c) is relatively well captured.

The effect of EDTA is also relatively well predicted. Fe(u)-
EDTA complexation is slightly overestimated (Fig. 1a, ¢, 2a and
4e). However, if the resulting R.¢ is underestimated, the model
R values fall between the wet chemistry and XMCD data
(Fig. 3a). The largest discrepancies are observed for R;,; = 0.1,
where the model predicts a complete release of Fe(u). This has
two consequences: (i) the Fe(n) competitive effect on Fe(i)-
EDTA is too strong so Fe(i) solubility is underestimated and (ii)
Regr drops to 0 for pH > 7.5. As previously shown,'® the complete
release of Fe(n) might be kinetically limited and could take
several years to reach a steady-state, especially for R < 0.1,
which would explain the discrepancies with the model.

The prediction of the redox potential of the magnetite
suspensions was also made in the presence of ligands and
compared to the measured data. As previously suggested for
bare magnetite,® at pH < 7, experimental determination of the
E;, values with a Pt electrode might be achieved thanks to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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large amount of dissolved Fe*" and the small size of the nano-
particles that could react with the electrode.” At pH > 7, Fe>* is
retained in the solid phase, making experimental E}, determi-
nation less reliable and a large scatter is observed (Fig. S41).*%7*
Accordingly, in the presence of all ligands, experimental and
model E;, values agree because magnetite stoichiometry and
Fe(u) dissolution are primarily controlled by the pH. For pH > 7,
experimental data for citrate and acetate might not be reliable.
Under these conditions, the model predicts no significant
difference between Ey, values in the presence or absence of these
ligands. By contrast, in the presence of EDTA, [Fe(u)],q is large.
However, both experimental and calculated E; values were
found larger for bare magnetite, because EDTA stabilizes Fe(u)
aq, notably at pH > 7 (Fig. 2a), and thus, creates less reducing
solution conditions.

3.5 Conclusions

Nanomagnetite particles 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 in soils. In addition, magnetite coating by
organic molecules is widely used to modify the surface prop-
erties and the stability of magnetite suspensions in various
applied fields in chemistry or medicine. This study investigated
the effects of several small organic ligands, which can be found
in soils and soil solutions such as acetate, lactate, and citrate,
and the effect of EDTA which belongs to a group of anthropo-
genic aminocarboxylate chelating agents widely used in envi-
ronmental remediation processes or in agriculture. The results
showed an insignificant effect of 2 organic ligands (acetic and
lactic acid) on the solubility of magnetite. By contrast, citrate
and EDTA can significantly modify magnetite solubility
compared to experiments without organic molecules. Further-
more, citrate and EDTA affect magnetite effective stoichiometry.
By accounting for the complexation of Fe(u) and Fe(m) by citric
acid and EDTA, Fe solubility as well as magnetite stoichiometry
can be well predicted. The results show that Fe release from
magnetite is not only dependent on the pH conditions but
ligand-controlled dissolution processes need to be taken into
account when evaluating the chemical stability of magnetite
(e.g- in natural systems such as redox transition zones). Finally,
these results show that the use of organic ligands 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 the expected
properties of the magnetite nanoparticles. 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.
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