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ABSTRACT: Copper (Cu) oxidation-state distribution controls its toxicity Aqueous (@ g 1. Cu redox speciation:
and mobility in natural systems and is affected by its interaction with redox- cul e e & surface # Aqueous
reactive mineral surfaces such as magnetite. By combining aqueous chemical w 2. Fe(ll) recharge effect
analysis, X-ray absorption spectroscopy and aqueous speciation modeling,

this study provides detailed mechanistic insights regarding Cu redox

speciation in solution and at the surface of 10 nm-sized magnetite
nanoparticles with varying stoichiometries (0.1 < R = Fe(II)/Fe(1ll) < I oz Lo N L0 S,
0.5), versus pH (4 to 9) and initial Cu(II) concentration ([Cu(IL)],,; = 25 ' :
and 500 M), with 10 mM NaCl. Cu(II) generally prevailed at the magnetite :

surface, with co-occurring Cu(I) from a smaller extent to an equal extent. Conversely, in the aqueous solution (i.e., after filtration),
Cu(I) prevailed at pH > S, hence evidencing that solution and surface redox speciation may differ. Reduction to Cu(0) was only
partial and detected under the most reducing condition (for R = 0.5) at high [Cu(II)];,;, because it was limited by Cu(II)- and
Cu(I)-magnetite binding. Significant oxidation Fe(II) to Fe(III) was shown to be responsible for this partial reduction process,
which could be overcome by adding Fe(II) ions to recharge the magnetite surface, hence promoting further copper reduction to

Cu(0). This study provides fundamental insights into copper—magnetite interactions and enables improved predictions of copper
speciation and fate in environmental systems.

KEYWORDS: magnetite, copper, speciation, redox, surface, X-ray absorption spectroscopy

H INTRODUCTION Magnetite is both abundant in anoxic environments and

) . . . 14 . . .
Copper (Cu) occurs at trace levels in natural systems, with a exhibits high Cu sorption capacity, " making it environ-

complex biogeochemical cycle characterized by its multiple eV : :
valence states (Cu(Il), Cu(I), and Cu(0)) and dynamic tunable stoichiometry (R = Fe(Il)/Fe(IIl)), which directly

mentally relevant for Cu transformations. Additionally, its

interactions with biological and geological systems." While controls suspension redox potential (Eh), makes it an ideal
Cu(Il) is essential for metabolic processes, elevated Cu(II) model system for investigating Fe(II)-mediated Cu(II)
concentrations may be harmful for living organisms. In reduction mechanisms.''® The stoichiometry ranges from
addition, the oxidation state of Cu dictates its toxicity, because 0.5 in stoichiometric magnetite to 0 in fully oxidized
Cu(I) is much more toxic than Cu(I).”’ Iron-bearing maghemite, with natural systems typically exhibiting inter-
minerals, which dominate redox processes in anoxic and mediate values (0 < R < 0.5)."”'® The magnetite
suboxic environments, exert primary control over Cu fate and stoichiometry controls reductive transformations of various
transport through surface-mediated electron transfer reac- trace elements and radionuclides, including U(VI), Cr(VI),

tions.”” Fe(III)-oxide minerals such as goethite (a-FeOOH),
hematite (a-Fe,0;), and lepidocrocite (y-FeOOH) exhibit
limited reductive capacity, predominantly stabilizing Cu(II) as
surface complexes without significant transformation.”” Some
Fe(II)-bearing minerals demonstrate substantial Cu(II)
reduction: pyrite (FeS,) reduces Cu(II) to Cu(I) independent
of pH,*” while Fe(II)-rich smectite and green rust are capable

Re(VII), or V(V),"*7*" as well as organic contaminants.'* By
analogy, Cu(II) reduction to either Cu(I) or Cu(0) might
depend on the magnetite stoichiometry, which in turn is
controlled by the prevailing redox, pH, (geo)chemical

s oo A . 22-24
conditions, and microbial activity in the environment.

of fully reducing Cu(II) to Cu(0).'>"" In the case of magnetite Received: October 16, 2025
(Fe(II)Fe(111),0,), the situation is unclear as preliminary Revised:  January 21, 2026
evidence suggests Cu(II) reduction to Cu(I) or Cu(0),">"” but Accepted:  January 22, 2026

the lack of systematic investigation across environmental Published: January 29, 2026

conditions prevents reliable prediction of Cu speciation in
magnetite-bearing systems.
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This study investigates Cu-magnetite interaction mecha-
nisms across controlled stoichiometries (0.1 < R < 0.5), initial
Cu(II) concentrations (25—500 uM), and pH conditions (4—
9). By coupling advanced spectroscopic techniques, X-ray
absorption spectroscopy (XAS) at Cu L,;-edges and X-ray
magnetic circular dichroism (XMCD) at Fe L, ;-edges, with
comprehensive solution-phase analyses under rigorous anae-
robic conditions, this work quantifies coupled Fe(II) oxidation
to Fe(IlI) and Cu(II) reduction to Cu(I) or Cu(0) at the
magnetite surface. Because Cu(I) is substantially more toxic
and bioavailable than Cu(Il), these mechanistic insights are
essential for predicting Cu environmental fate and ecotoxico-
logical impacts in Fe(II)-rich systems commonly found in
subsurface environments.

B EXPERIMENTAL SECTION

Chemicals

Iron(III) chloride hexahydrate (FeCl;6H,0; 98—102%), iron(1I)
chloride tetrahydrate (FeCl,-4H,0 > 99%), copper chloride (CuCl,-
6H,0; 95%) and hydrogen peroxide (H,0,), hydrochloric acid (HCl
> 37%), sulfuric acid (H,SO,; 95—97%) sodium hydroxide (NaOH ;
98%), 1—10-phenanthroline monohydrate (97%), and hydroxylamine
hydrochloride were obtained from Sigma-Aldrich. Sodium chloride
(NaCl) was purchased from Avantor Rectapur. Nitric acid (HNO;)
received from Sigma-Aldrich was extrapurified for ICP-MS analysis.
All other chemicals are of analytical grade or better and used directly
without additional purification. All solutions and standards were
prepared with the Milli-Q-Gradient ultrapure water (Millipore, Merck
Darmstadt, Germany specific resistivity 18.2 MQ cm). All the
experiments were performed in an anaerobic chamber (N,-glovebox,
JACOMEX, O, < 1 ppm), and all the solutions were purged with
Ny for at least 12 h before use. The pH of all the samples was also
adjusted by HCIl and NaOH (no buffer was used).

Synthesis and Characterization of Magnetite
Nanoparticles

The synthesis procedure involved chemical coprecipitation at room
temperature under anaerobic conditions, according to a previously
reported method.'”** Stoichiometric magnetite (R0.5) was synthe-
sized and characterized from iron chloride salts (0.5 M FeCl,-4H,0
and 1 M FeCl;-6H,0) added in a 1:2 Fe(II)/Fe(IlI) proportion. The
salts were dissolved in 0.5 M HCI solution and added dropwise into
250 mL of 0.5 M NaOH solution with continuous stirring, leading to
an instantaneous precipitation of ~10 nm average-sized magnetite
nanoparticles at pH 8. The resulting mineral suspension was
magnetically separated and three times washed with ultrapure water
adjusted to pH 8 using NaOH, to avoid Fe(Il) release.”” Partially
oxidized magnetite nanoparticles (R0.4, R0.3, R0.2, and R0.1) were
made by adding known amounts of hydrogen peroxide (approx-
imately 30% H,0,) to R0.5,"” according to the following formula,
which assumes the oxidation of two Fe(II) by one H,0, molecule:

[Fe(II)] — R[Fe(II)]

[F1,0,] = 2(R+ 1)

(1)

where R is the target magnetite stoichiometry, and [Fe(III)] and
[Fe(II)] are the initial concentrations in the stoichiometric magnetite
suspension (mol L7'). Then, resulting mineral suspension was
magnetically separated and washed three times with ultrapure water,
whose pH was adjusted to 8 with NaOH. The stoichiometry of all
synthesized suspensions (Table S1) was measured by dissolving the
synthesized magnetite nanoparticles in S M HC], followed by Fe(II)
content quantification by the 1,10-phenanthroline method.***” Total
Fe was measured after the reduction of Fe®* by hydroxylamine
hydrochloride. This synthesis approach has been demonstrated to be
highly reproducible and produces pure magnetite phases without
structural changes following controlled H,O, treatments by wet
chemistry, XRD, XAS, and XMCD studies by our group'”** and
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others.'#*" Nominal R values and acid digestion results are generally

in excellent agreement, except for R0.1, for which slightly higher value
was measured (0.16 + 0.01), which is due to the relatively higher
stability of a small Fe(II)-rich core in nonstoichiometric magnetite
nanoparticles.”” This discrepancy has no importance for the present
study because the objective of this study is to investigate a range of R
values. The average particle diameter of the pristine magnetite was
found equal to 11.5 + 1.5 nm for R0.5, 10.6 + 2.6 nm for R0.3, and
9.6 + 2.6 nm for R0.1, by measuring 100 particles.”® Assuming
spherical particles, the surface area can be estimated around 100 m*
g L7 After synthesis, the magnetite samples were properly stored in
an anaerobic chamber in airtight bottles.

Sorption Experiments

Batch sorption experiments were conducted under anoxic conditions
to measure the Cu sorption by magnetite nanoparticles. A 1000 mg
L™! Cu(1I) stock solution was freshly prepared in Milli-Q water from
CuCl,-2H,0. Experiments systematically varied solution pH (4—9),
magnetite stoichiometry (R0.1, R0.2, R0.3, R0.4, and RO.S), and
initial Cu concentration ([Cul;; = 25 and 500 uM), while
background electrolyte concentration (10 mM NaCl) and total Fe
concentrations 6.5 mM (equivalent to ~0.5 g L' in case of
stoichiometric magnetite) were set equal for all experiments. NaCl
was selected as the background electrolyte (10 mM), because
common alternative anions such as NO;™ and ClO,~ are oxidants that
could interact with magnetite nanoparticles. Batch experiments were
conducted in S0 mL polypropylene tubes. Dilute HCl and NaOH
solutions were used to regularly adjust the solution pH to the desired
values until the end of the experiments. After 1 month of reaction
time, which was assumed to be enough to reach a steady state, the
solid phase was separated from the liquid phase by magnetic
separation. Then, the liquid phase was passed through 0.22 um
poly(ether sulfone) (PES) filter membranes (Sartorius Minisart).
Aqueous Cu ([Cul,,) and Cu(Il) ([Cu(1I],)) concentrations were
quantified using inductively coupled plasma mass spectrometry (ICP-
MS) and a cupric ion-selective electrode (ISE), respectively. A
quadrupole ICP-MS instrument (Agilent Technologies 7700X) was
used. Before [Cu],q quantification, calibration curves were performed
and validated using certified material references (SLRS-6, National
Research Council; Cu quantitative recovery >95%). A rhodium
solution was used as an internal standard to correct for the
instrumental drift and potential matrix effects. The limit of Cu
quantification was determined to be 0.29 nM (18.59 ppt) (based on
AFNOR specifications). [Cu(II)],, in O, free solutions can reliably be
derived from ISE measurements.”>* Detailed analysis procedure and
calibration protocol are provided in Text S1 and Figure S1 in the
Supporting Information.

XAS and XMCD

XAS and XMCD measurements were performed at the DEIMOS
beamline (SOLEIL synchrotron).’® A fraction of each sample was
transported to the SOLEIL Synchrotron facility in 1 mL tubes and
placed in airtight bottles that had been closed in the N,-glovebox. At
DEIMOS beamline, samples were handled in an Ar-glovebox
(Jacomex O,(g) < 1 ppm) that is connected to the experiments end
station. Samples were prepared by dropping colloidal suspensions on
silicon plates, which were dried at room temperature in the Ar-
glovebox, then placed on a sample holder, which was transferred to
the superconducting magnet as end-station. The XAS and XMCD
spectra at Fe L, ; edges were recorded in total-electron-yield (TEY)
detection mode, at 4.2 K within an ultrahigh vacuum environment
(~107"° mbar). XAS spectra were recorded at Fe L,; edges in the
presence of a +6 T magnetic induction. The circularly polarized X-
rays were provided by an Apple-II HUS2 undulator. The XMCD
signals were recorded by flipping both the circular polarization (left
and right helicity) and the external magnetic field (either H+ = +6.4 T
or H- = —6.4 T). Each isotropic XAS spectra were plotted as the
average oOy,s = (0, + 0_)/2, while XMCD spectra were thereby
acquired by taking the difference oxycp = (6, — 0_), where o, =
[o,(H™) + ox(H")]/2 and 6_ = [61,(H") + ox(H™)]/2. Under the
same experimental conditions, XAS spectra at the Cu L,,;-edges were

https://doi.org/10.1021/acsearthspacechem.5c00315
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also collected without an external magnetic field. XAS measurements
were performed on copper reference standards Cu(0), Cu(OH),, and
CuOH. Pure Cu monocrystal was cleaned by Ar® bombardment
under vacuum. Cu(OH), was synthesized via NaOH-induced Cu**
precipitation. CuOH was synthesized by using the same precipitation
method with hydroxylamine addition to reduce Cu(II) to Cu(I). All
spectra were background-subtracted and then normalized by their
maximum values to enable quantitative comparison.
High-Resolution Transmission Electron Microscopy
(HR-TEM)

Cu-magnetite nanoparticle samples were diluted with ultrapure water,
and droplets were deposited on Cu-free holey carbon films supported
on 200 mesh nickel microgrids (Oxford) and mounted on the sample
holder in the N,-glovebox. Sample had to be exposed to air only few
seconds for the sample transfer to the instrument, as no better
protocol could be found. HR-TEM images were acquired using a
JEOL JEM 2100 LaB6 STEM microscope (80—200 kV) equipped
with CCD cameras (Orius 200D, UltraScan 1000) and probe EDS
(Oxford).

Geochemical Speciation Modeling

Aqueous chemical speciation calculations were performed using
PhreePlot,”" which contains an embedded version of the geochemical
speciation program PHREEQC.?” The “minteq v4” aqueous reaction
database was used for the calculations in which ionic strength effects
on equilibrium constants were calculated by using the Davies
equation. Relevant reaction equations and constants to predict Cu
speciation are summarized in Table S2. Redox potential values in
magnetite suspensions were calculated versus pH and magnetite
stoichiometry with PHREEQC, assuming a binary solid solution
between maghemite and magnetite and by using the Guggenheim
equation,® as described in previous studies.””*>*

B RESULTS AND DISCUSSION

Aqueous Cu Removal by Magnetite Nanoparticles

Cu removal from solution was studied in batch experiments on
magnetite nanoparticles with varying stoichiometries (Nominal
R=0.1,0.3,0.5), pH (4—9), and initial Cu(II) concentrations
([Culy = S00 and 25 uM). As shown in Figure la, a
characteristic sigmoid pH sorption edge was observed
regardless of [Cu];,. At pH 4, negligible Cu sorption occurred,
followed by a sharp increase between pH 4 and 6, ultimately
reaching almost complete removal at pH >7. This pH-
dependent sorption behavior aligns with previously reported
Cu(Il) sorption patterns on iron oxyhydroxydes (e.g.,
goethite””* or lepidocrocite’). By contrast with [Cul,,;
magnetite stoichiometry significantly influenced Cu sorption,
with stoichiometric magnetite demonstrating superior sorption
compared to nonstoichiometric magnetite nanoparticles.
These results are consistent with previous studies, in which
it was reported enhanced Cu sorption onto magnetite with
higher stoichiometry.'>'°

Cu Redox Speciation in the Aqueous Phase

The redox speciation of Cu in aqueous solution is shown in the
pH-Eh predominance (Pourbaix) diagram for [Cu],; = 500
uM in 10 mM NaCl (Figure 1b). Precipitation reactions were
excluded from these calculations to enable direct comparison
with present experimental results, for which aqueous Cu redox
speciation was determined following solid-phase separation.”
The calculated Pourbaix diagram was overlaid with the
theoretical redox conditions occurrin§ in magnetite suspen-
sions exhibiting 0.1 < R < 0.5.** The thermodynamic
calculations predict a distinct pH-dependent transition in Cu
speciation under the redox conditions imposed by magnetite.
Specifically, Cu(II) species dominate for pH < S, while Cu(I)
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Figure 1. (a) Cu removal (%) from the aqueous phase versus pH (4—
9), magnetite stoichiometries (R = 0.1, 0.3, 0.5) and [Cu];,; (500 and
25 uM), for total Fe concentrations of 6.5 mM in 10 mM NaCl. (b)
Predominance pH-Eh (Pourbaix) diagram of Cu without considering
precipitation ([Cu];,; = S00 M, [NaCl] = 10 mM). Lines correspond
to predicted redox conditions in magnetite suspensions for different
stoichiometries.”> (c) Experimental and modeled [Cu(11)],/[Cu-
(I)]aq as a function of pH (4—9), magnetite stoichiometries (R = 0.1,
0.3, 0.5) for [Cul,; = SO0 uM. Lines correspond to predicted
[Cu(II)],/[Cu(I)],q in magnetite suspensions for different stoichio-
metries.

species (predominantly CuCl,”) become thermodynamically
favored at pH > S. Experimental validation of these theoretical
predictions was achieved by using ISE measurements to
quantify [Cu(Il)],¢/[Cu(I)],y in solution following the
interaction with nanomagnetites. Results confirmed that
aqueous Cu predominantly existed as Cu(Il) at pH <S$ (ie.,
[Cu(I1)],o/[Cu(D)],q > 1), irrespective of [Cul,,; (Figure lc
and Figure S3, for 500 and 25 M Cu, respectively). At pH >S5,
[Cu(I1)],¢/[Cu(D)],q declined below unity, indicating Cu(I)
prevalence across all magnetite stoichiometries investigated.
The experimental data aligned relatively well with theoretical
predictions of [Cu(II)],q/[Cu(T)],, with model calculations
capturing the Cu redox speciation trend semiquantitatively for
pH >4.7. However, no significant effect of magnetite
stoichiometry on aqueous Cu redox speciation was detected
under the investigated conditions (Figure 1c). Indeed, for pH
<6, comparable Eh values were measured in all magnetite
suspensions for 0.1 < R < 0.5 (Figure 1b),** and aqueous Cu
was hardly detected at pH >6 because of its strong sorption.

https://doi.org/10.1021/acsearthspacechem.5c00315
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Effect of Magnetite Stoichiometry on Cu Surface Redox
Speciation

XAS at the Cu L;,, edges was employed to determine the redox
speciation of Cu sorbed onto magnetite with different R values
(0.1,0.2,0.3, 0.4, and 0.5) and [Cu);y; (25 and 500 M) at pH
8 (Figure 2). Reference spectra for Cu(OH),, CuOH, and

\ Cu500R0.5
Cu500R0.4
Cu500R0.3

Cu500R0.2
X

- e e ]

) A Cu25R0.5
LA :
i 1

g T,
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] Cu(0)
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Energy (eV)

Figure 2. XAS at Cu L;, edges (solid colored lines) and linear-
combination fitting (dotted black lines) of Cu interacted with
nanomagnetites (R = 0.1, 0.2, 0.3, 0.4, 0.5), for different [Cu];, (25
and 500 uM) at pH 8. Reference spectra of Cu(OH),, CuOH, and
metal Cu are shown for comparison.

metallic Cu(0) are included for comparison, which matches
well in both peak position and line shape with previously
published reports.***” For [Cul,; = 25 M on RO.1, the
spectrum shows an L;-edge peak at 927.4 eV and an L,-edge
peak at 947 eV, which matches well with the Cu(Il) reference
spectrum, indicating that Cu is sorbed in the Cu(II) form. As
stoichiometry increases, the Cu(1I) peak at 927.4 eV decreases
while a new peak at 930 eV emerges, consistent with the Cu(I)
reference, indicating a surface speciation shift from Cu(II) to
Cu(I). At this low Cu concentration (25 yM), no significant
Cu(0) formation was observed even with R0.5. At higher Cu
concentration ([Cul,; = S00 uM), the extent of Cu(II)
reduction was substantially lower for R < 0.3, with only slight
reduction occurred to Cu(I). However, for R0.S, the peak at
930 eV broadens and additional characteristic peaks appeared
at ~934 and ~938 eV. HR-TEM micrographs and EDS
analysis confirmed the occurrence of Cu-rich nanoparticles
alongside magnetite nanoparticles (Figure S3), indicating
Cu(0) nanoparticle formation.

To quantify the surface redox speciation of Cu, linear-
combination fitting (LCF) of Cu L,3-edge XAS spectra was
performed using Cu metal and Cu(Il) and Cu(I) reference
spectra. The result of the fit is shown in Figure 2. The fit was
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performed using Cu Ls-edge only (from 920.5 to 940 eV)
because of its stronger intensity, better-defined peaks, and
smaller sensitivity to background removal procedure than the
L,-edge, for which results are only simulated. For [Cu];,; = 25
#M, Cu surface redox speciation varied systematically from
predominantly Cu(II) (82%) to Cu(I) (70%) with increasing
magnetite stoichiometry (Figure 3a). For [Cul,; = 500 uM,
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Figure 3. Linear-combination fit results of XAS. Oxidation-state
distribution of Cu at pH 8 versus magnetite stoichiometry for (a)
[Culpi = 25 uM and (b) [Cul,; = S00 pM. Oxidation-state
distribution of Cu on R0.5 versus pH for (c) [Cu];, = 25 #M and (d)
[Cu];y; = S00 uM.

similar trends were observed for 0.1 < R < 0.4 (Figure 3b).
The RO.1 surface retained predominantly Cu(II), consistent
with [Cul,;, = 25 uM. The fraction of surface Cu(I)
progressively increased across intermediate stoichiometries,
from ~30% on R0.3 to ~70% on R0.4 surfaces. Notably, R0.5
exhibited a more complex oxidation-state distribution with
nearly equivalent proportions of Cu(Il), Cu(I), and Cu(0).
These results demonstrate that R0.5 can drive Cu reduction to
metallic Cu(0), but only at high [Cu],,; (500 uM, equivalent to
~32 mg L"), characteristic of severely contaminated mining
sites (up to 200 mg L™1).** This indicates that Cu(II) and
Cu(I) surface species remain stable under most environmental
conditions, with Cu(0) formation being limited to highly
contaminated scenarios. The concentration-dependent for-
mation of Cu(0) can be related to the degree of saturation in
the aqueous phase, as illustrated by the larger stability field of
Cu(0) at high [Cu]aq compared to low [Cu]aq in pH-Eh
diagrams (Figure S4).

Effect of pH on Cu Redox Speciation at the Surface of
Stoichiometric Magnetite

The effects of pH (4—9) on Cu redox speciation at the R0.5
surface have also been investigated by XAS for both [Cu];y
(Figure SS). As similar features were observed in the spectra,
the LCF procedure was applied to the Cu L;-edge spectra for
[Culiy = 25 pM (Figure 3c) and 500 uM (Figure 3d). For
both [Cul,,; the fraction of surface Cu(Il) is similar: it prevails
(>80%) at low pH but its proportion relative to other
oxidation states decreases down to ~30% at pH 8.

A particularly noteworthy finding emerged from comparison
of Cu redox speciation distributions between sorbed (Figure
3c,d for [Culy,; = 25 and 500 uM, respectively) and aqueous
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phases (Figure S2 and Figure 1c for [Cu];, = 25 and 500 uM,
respectively). While Cu(I) prevails in the solution for pH >S5,
Cu(II) prevails at the RO.S surface up to pH 7. This differential
oxidation-state distribution between surface and solution, also
observed for other redox-sensitive elements,**~** indicates that
Cu(Il) forms more stable species at the magnetite—water
interface (e.g., surface incorporation, surface complexes,
nanoclusters, or Cu(II) hydroxides precipitate), over Cu(I)
species. This difference between solution and surface redox
speciation is particularly striking at pH 9, where a strong
Cu(II) surface stabilization is observed for both [Cu],,;, which
might arise from the formation of new surface species involving
Cu(Il) at high pH values, e.g, via the formation of ternary
surface-Cu(II)—~OH complexes, as observed on other Fe-
oxides.’

The Cu(0) formation on the R0.S surface depends on both
pH and initial Cu concentration. At [Cu];,; = 25 uM, Cu(II)
reduces only to Cu(I) across all pH values, with no Cu(0)
detected (Figure 3c). At [Cu];, = S00 M, Cu(0) amounts for
~20% of [Culimeq at pH 6, increasing to ~30% at pH 8
(Figure 3d). Thermodynamic pH-Eh predominance diagrams
(Figure S4) predict enhanced reduction at high [Cu];, but
substantially overestimate Cu(0) formation. This discrepancy
highlights a critical limitation of thermodynamic calculation
omitting surface species, which strongly stabilizes Cu(II) and
Cu(I) species and prevents further reduction to Cu(0). This
also suggests that Cu redox speciation is mineral-specific and
depends on both the reduction capacity of the mineral and
distinct surface reactivities toward Cu(II) and Cu(I). For
instance, the high Fe(II) content of green rust may provide
exceptional reducing capacity, leading to complete reduction of
Cu(II) to Cu(0)."" By contrast, on the surface of pyrite, Cu(II)
reduction proceeds to Cu(I), which has high affinity for
reduced sulfur species, with only limited Cu(0) formation.*’
The present study shows that the magnetite surface stabilizes
Cu(Il) and Cu(I) species, with Cu(0) formation occurring
only for high Cu surface loadings.

Effects of Cu(ll) Reduction on Magnetite Stoichiometry

Cu(II) reduction to Cu(I) or Cu(0) is primarily controlled by
structural Fe(II) (eq 2—3) thereby lowering Fe(Il)/Fe(IlI),
which can be probed by XMCD at Fe L;-edge (Figure 4a):

Fe(II) + Cu(II) — Fe(IlI) + Cu(I) 2)
Fe(II) + Cu(I) — Fe(Il) + Cu(0) 3)

The XMCD spectra of RO.5 at the Fe L;-edge exhibit three
main peaks: peak S1 at ~712.9 eV corresponding to both
Fe(II) and Fe(III) in octahedral (Oh) sites, but is dominated
by Fe(Il); peak S2 at ~ 714.0 eV corresponding to the
contribution of Fe(III) in tetrahedral (Td) sites; and peak S3
at ~714.7 eV is attributed to Fe(IIl) in Oh sites.””** Adding
25 uM Cu(II) leads to a XMCD spectrum very similar to that
obtained for the R0O.S before reaction (Figure 4a), which
suggests no significant difference in Fe redox speciation
because of the small [Cu],,; relative to structural [Fe(1I)]. By
contrast, in the presence of 500 yuM Cu, the diminished S1
peak intensity with a constant S3 peak intensity shows a
significant effect of [Cu];,; on the redox speciation of Fe in
magnetite. Similar observations were also made for the other
stoichiometries (RO.1 to R0.4; see Figure S6). Note that in all
spectra, Cu-nanomagnetite interaction induces subtle shifts in
the L;-edge energies to lower energy across all stoichiometries
by <0.10 eV (Figure 4a and Figure S6), likely reflecting altered
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Figure 4. (a) Normalized XMCD spectra at the Fe Ly-edge of R0.5
interacted with 0, 25, or 500 uM Cu, or 500 uM Cu + 1 mM Fe(II),
pH 8. (b) R values before (initial) and after reaction with Cu, as
calculated from Cu L; XAS (Reyxas) and Fe XMCD (Rge.xmcp) for
[Culyy = 500 M.

local electronic environments around Fe centers,* though the
specific mechanism requires further investigation.

The three XMCD peak intensities can be used to estimate
the magnetite mole fraction (X) in nonstoichiometric
magnetite. The evolution of peak intensities was monitored
using the S indicator:

o (5i+5)

(S, +Sy) (4)

The S indicator was then used to calculate the mole fraction
of magnetite in the magnetite—maghemite mixture (X), which
can then be used to calculate R at the end of interaction
(Rpe-xmcp), according to the method described by Jungchar-
oen et al.:

Yo (S — 0.737)
0.446 (s)

In addition, magnetite stoichiometry can be determined with
a fully independent method: according to eqs 2—3 using results
of the LCF of Cu L,;-edge XAS data from Figure 3:

_ ([Fe(1)] — [Cu(D)] — 2*[Cu(0)])
XA T ([Fe(1ID)] + [Cu(D)] + 2¥[Cu(0)])

(6)
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Uncertainty associated with R, xas was assumed to be equal
to that determined previously for Rp.xmcp (%0.05).
Applications of eq 4—S5 to pristine samples (R0.1 to RO0.S)
confirmed the consistence between nominal and measured
stoichiometry using either acid digestion or XMCD results
(Table S1; except for RO.1, for which slight discrepancies were
previously explained). Accordingly, the initial R values
determined by acid digestion were used for the calculations.
Also note that as the samples were measured during the same
synchrotron beamtime as the Cu-containing samples, this
confirmed that potential O, contamination was successfully
avoided during all experimental steps. For [Cul];,; = 25 uM and
RO.S, 71% Cu(II) was reduced to Cu(I), so the electron
demand (17.8 uM) represents only a minor fraction of the
structural [Fe(II)] (0.8%), resulting in negligible difference in
Fe(II)/Fe(Ill) (Figure 4a and Figure S7). Conversely, for
[Cul;,; = 500 #M and RO.5, the electron demand (503.5 uM)
approaches the same order of magnitude as the available Fe(II)
electron equivalents (23.3%), leading to a measurable lowering
of R. Figure 4b compares the results of Rp, xyep and Rey xas at
pH 8 and [Cu],,; = 500 M versus initial R values. Both values
agree well, which confirms that reactions 2—3 occurred and
shows the consistency between the oxidation-state distribution
of Cu and Fe determined by two distinct methods. After
interacting magnetite with Cu(II), R values (i.e., Rpexycp OF
Reyxas) remain unchanged for lower stoichiometries (R <
0.3), in agreement with the relatively small amounts of Cu(II)
reduced, as observed by XAS (Figures 2a and 3b). For
magnetite nanoparticles with higher stoichiometries (R0.4 and
RO.5), where significant Cu(Il) reduction occurs, R values
decrease to approximately 0.3. Once the magnetite stoichiom-
etry approaches R <0.3, i.e., for [Cu];,; = 500 uM at pH 8, the
remaining structural Fe(II) becomes inaccessible or energeti-
cally unfavorable for further redox reactions, establishing a
threshold beyond which additional Cu(1I) reduction becomes
thermodynamically limited.

Enhanced Cu(ll) Reduction through Fe(ll) Amendment

Oxidized magnetite can be recharged to stoichiometric
magnetite by adding aqueous Fe(II), which restores its redox
properties.’* This recharge process is rapid, enabling
continuous regeneration when aqueous Fe(Il) is present in
excess during contaminant reduction.”” To investigate the
potential of achieving complete Cu(II) reduction to Cu(0),
1000 uM [Fe(II)],, was added to an RO.S suspension at pH 8
for 500 uM Cu. The Cu Ly XAS analysis revealed that Fe(II),
amendment significantly promoted Cu(0) formation to
approximately 79%, with the remaining 21% persisting as
Cu(II) (Figure S). This demonstrates that excess Fe(II) drives
Cu(I) reduction to metallic Cu(0), while Cu(Il) surface
species on magnetite remain stabilized due to the strong
interaction of Cu with magnetite. These results contradict
previous suggestions that stable Cu(I)-hydroxide surface
complexes limit electron transfer and trap Cu in its + I
oxidation state,” indicating that sufficient Fe(II) recharge can
overcome this barrier to Cu(I) reduction.

XMCD analysis confirmed that Fe(II) amendment main-
tained magnetite stoichiometry, with Rpexyucp (using eq S)
and R, xss (using eq 6) approximately equal to 0.5 (Rgexmcp
= 0.55 + 0.05 and Rgyxag = 0.46 + 0.05). Fe(Il) amendment
effectively recharges oxidized magnetite, helping to preserve
magnetite stoichiometry and facilitating substantial Cu(II)
reduction, in agreement with previous studies.'"'”*"*> The

512

Cu500R0.5+excess Fe(IT)

Cu(0) (79%)

Normalized XAS (a.u)

I Cu(ll) (21%)

Cu(l) (0%)

T T
920 925 930 935 940 945 950 955
Energy (eV)

Figure S. (a) XAS at Cu L;, edges (solid colored lines) and linear-
combination fitting (dotted black lines) of RO0.S interacted with 500
uM Cu + 1 mM Fe(ll) at pH 8. The contributions (%) of Cu
references to the sample spectrum are also shown below.

slightly hyperstoichiometric Rp. xpcp (>0.5) indicates surface-
localized Fe(Il) enrichment consistent with previous Fe(II)a\q
recharge studies of magnetite.21 Nevertheless, the normalized
XMCD spectrum (Figure 4a) exhibits decreased S1 and S3
intensities relative to pure R0.S, indicating that Fe(II) recharge
does not remove potential lattice-substituted Cu. The residual
Cu (as substituted Cu(Il) or reduced Cu(0) nanoparticles)
introduces lattice strain and perturbs magnetic exchange,*
enhancing spin canting and thereby lowering the net Fe
magnetic moment. Thus, although oxidation-related defects
are reversible by Fe(II) recharge, heterovalent dopant-induced
lattice modification persists and suppresses XMCD intensity.
Similar behavior has been reported in Co,_,Fe,, O, where
cation substitution and minor stoichiometric changes cause
disproportionate magnetic moment changes via lattice
distortion and enhanced spin canting, confirming that
heterovalent dopants create persistent magnetic disorder not
reversed by simple redox recharge.”’

Environmental Implications

This study reveals new insights into Cu behavior in magnetite-
bearing environments, with direct implications for contami-
nated site assessment and remediation strategies. The observed
pH-dependent Cu(1I)/Cu(I) aqueous speciation in magnetite
suspensions validates existing geochemical models for predict-
ing Cu mobility in natural systems. Cu(I), which exhibits
substantially higher toxicity and bioavailability than Cu(II),
occurs across most experimental conditions, representing a
major environmental concern. At low Cu concentrations (25
uM, typical of moderately contaminated systems), magnetite
promotes Cu(II) reduction to Cu(I) without Cu(0) formation,
potentially increasing Cu toxicity. At high Cu concentrations
(500 uM, characteristic of mining sites), limited Cu(0)
formation occurs only under highly reducing conditions
(RO.S, pH 8), while Cu(I) remains the dominant reduced
species. Differential partitioning behavior between sorbed and
aqueous Cu species reveals that Cu(1I) exhibits greater surface
binding affinity on RO.S surfaces under both strongly acidic
(pH <S) and alkaline (pH 9) conditions, while Cu(I)
dominates in solution regardless of Cu loading. This suggests
that naturally occurring magnetite in mine tailings, contami-
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nated sediments, and industrial sites, can function as both a
Cu(II) sink and Cu(I) producer, fundamentally altering Cu
risk assessment in Fe-mineral-dominated systems. Magnetite
stoichiometry controls Cu reduction capacity: at R <0.3,
structural Fe(Il) sites become limiting for Cu(II) reduction.
This stoichiometry dependence represents a previously
unrecognized control on Cu speciation. However, the
demonstrated ability of aqueous Fe(II) to recharge magnetite
stoichiometry suggests that dynamic Fe cycling may facilitate
Cu reduction. Moreover, engineered systems might consider
Fe(Il) amendment to maximize Cu(0) immobilization,
particularly at sites with elevated Cu concentrations. Overall,
these findings highlight the importance of incorporating
magnetite stoichiometry into environmental Cu speciation
models, to achieve adequate risk assessments and optimal
remediation designs.
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