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ABSTRACT: Iron sulfide nanoparticles (nano-FeS) have shown
great potential for in situ remediation of Cr(VI) pollution by
reducing Cr(VI) to the less soluble and toxic Cr(III). However,
material oxidation that inevitably occurs during storage and
application alters its reactivity. Herein, we show that partial
oxidation of nanoparticulate mackinawite (FeS) significantly
enhances its capability in sequestering Cr(VI). Oxidation of
nano-FeS increases its binding affinity to Cr(VI), likely due to
preferential inner-sphere complexation of Cr(VI) oxyanions to
ferric over ferrous iron in mackinawite/lepidocrocite (FeS/γ-
FeOOH) nanocomposites. A trade-off is that oxidation mitigates
Cr(VI) reduction by lowering the electron-donating potential of
the material and the electron transfer at a solution−material
interface and consequently hinders the transformation of adsorbed Cr(VI) to Cr(III). Notably, the rate-limiting step of Cr(VI)
sequestration transitions from adsorption to reduction during oxidation, as demonstrated with batch experiments coupled with
kinetic modeling. Thus, an optimum oxidation degree exists, wherein the gain in the overall performance from enhanced adsorption
overcompensates the loss from inhibited reduction, resulting in maximum sequestration of aqueous Cr(VI) as solid-phase Cr(III).
Our findings inform better assessment and design of nanomaterials for Cr(VI) remediation and may be extended to interactions of
other oxyanions with natural and engineered nanoparticles during oxidative aging.
KEYWORDS: Cr sequestration, iron sulfide nanoparticles, oxidative aging, binding affinity, electron transfer

■ INTRODUCTION
Chromium (Cr) is a prevalent heavy-metal contaminant
released from both natural and anthropogenic sources, such
as weathering of Cr-containing minerals (e.g., chromite and
crocoite) and discharge of industrial wastes.1−3 At present,
annual Cr emissions exceed international guidelines on a global
scale, and the emissions from natural sources alone are over 8.9
× 106 kg per year.1,4,5 As a result, Cr concentrations detected
from various environmental samples, including irrigation water,
secondary effluent, surface water, groundwater, soils, aquatic
organisms, and crops, frequently exceed the safety thresh-
old.6−12 The ecological and health risks of Cr pollution heavily
depend on the oxidation state of Cr.13 Hexavalent chromium,
Cr(VI), is highly soluble and toxic and has been categorized as
a first-class carcinogenic substance,14 while trivalent chromium,
Cr(III), is relatively insoluble and benign.15 Nanoparticulate
iron sulfide (nano-FeS) has shown great potential for in situ
remediation of Cr(VI) pollution as it is highly effective in
reductively sequestering Cr(VI) from the aqueous phase to
form Cr(III)-containing minerals that are not prone to
reoxidation.16−20

Nano-FeS is susceptible to oxidative aging during storage
and utilization,21,22 resulting in altered reactivity toward target

contaminants. Partial oxidation of nano-FeS was observed
when stored in an anaerobic chamber23 and en route to the site
upon exposure to a trace level of oxygen.24 During the
application of nano-FeS for remediating anoxic water
contaminated by trichloroethylene and heavy metals, nano-
FeS gradually transformed into ferric iron-containing minerals,
such as lepidocrocite.25−28 Yet, the reported effects of nano-
FeS oxidation on its contaminant removal efficiencies have
been inconsistent. For example, oxidation of nano-FeS
enhanced the removal of arsenic, antimony, and tungsten,29,30

whereas it decreased the sequestration capacity for molybde-
num and mercury.29,31 Oxidative aging of Fe(0)/FeS nano-
composites slightly promoted the reductive dechlorination of
trichloroethylene, but a sharp decrease in dechlorination
efficiency was observed after an extended period of time.32

To date, the mechanisms governing the interactions between
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oxidized nano-FeS and Cr(VI) remain unclear, which hinders
rational design and accurate performance assessment of these
materials for Cr(VI) remediation.

This study addresses the influence of the oxidative aging
processes of nano-FeS on Cr(VI) sequestration from a
mechanistic perspective under environmentally relevant
conditions (pH 5.0−9.0). We first simulated environmental
oxidation of nano-FeS and obtained FeS/γ-FeOOH nano-
composites with progressing degrees of oxidation (i.e., Lep %).
Pristine and partially oxidized nano-FeS were reacted with
Cr(VI) under different pH conditions, and the experimental
data were fitted to a kinetic model to determine the rate-
limiting step. The adsorption and reduction of Cr(VI) by the
partially oxidized nano-FeS were also assessed using spectro-
scopic and electrochemical techniques, as well as by theoretical
calculations, to elucidate the mechanisms of the enhanced
Cr(VI) sequestration by the nanocomposites, relative to
pristine nano-FeS. Our findings inform the sustainable design
of remediation materials and strategies by advancing under-
standing of the aging effects on nanoparticle−contaminant
interactions.

■ MATERIALS AND METHODS
Synthesis and Characterization of Pristine and

Partially Oxidized Nano-FeS. Nano-FeS was prepared and
oxidized prior to material characterization (see details in the
Supporting Information). The particle morphology and
elemental composition of pristine and partially oxidized
nano-FeS were examined using field-emission transmission
electron microscopy (TEM), energy-dispersive X-ray spectros-
copy, high-angle annular dark field, and elemental mapping
(JEM-2800, JEOL, Japan). The crystal structure was
determined by powder X-ray diffraction (XRD, Ultima IV,
Rigaku, Japan) with Cu Kα radiation (λ = 1.5418 Å), high-
resolution TEM (HR-TEM), and selected-area electron
diffraction (SAED, JEM-2800, JEOL, Japan). Surface elemental
composition was analyzed using X-ray photoelectron spectros-
copy (XPS, Thermo Scientific ESCALAB 250 Xi, Thermo
Fisher, USA) with monochromatic Al Kα radiation. Hydro-
dynamic diameter (Dh), zeta potential, and isoelectric point
(pHpzc) were determined on a particle size analyzer (Litesizer
500, Anton Paar, Austria). Specific surface area (SABET) was
obtained from multipoint Brunauer−Emmett−Teller (BET)
analysis (ASAP 2020, Micromeritics Co., USA). The mineral
phases were characterized on a Wissel MS-500 Mössbauer
spectrometer (Germany), using 57Co/Rh as the gamma energy
source in transmission geometry, equipped with a helium
cryostat (Advanced Research Systems, Inc.). The powder was
sealed by Kapton tape, and the Mössbauer spectra were
collected at 13 K to avoid oxidation. The standard spectra were
obtained using Fe foil (Amersham, England) for calibration,
and the Mössbauer data were fitted with software Recoil
(Ottawa, Canada) in the Voigt-based mode.

Electrochemical properties of pristine and partially oxidized
nano-FeS were characterized using Tafel scan, electrochemical
impedance spectroscopy (EIS), and Mott−Schottky analyses
on a three-electrode system (CHI 660E, Chenhua, China)
immersed in 0.2 M Na2SO4 solution (the initial pH of
electrolyte solutions was adjusted by 0.1 M H2SO4 and NaOH
solutions) under anaerobic conditions. The working electrode
was made of 10.0 mg of pristine or partially oxidized nano-FeS
in 600 μL of deoxygenated ultrapure water, 300 μL of
isopropanol, and 100 μL of a 5% Nafion solution, a Pt wire

counter electrode, and a Ag/AgCl reference electrode (0.1 M
KCl) under acidic/natural conditions or a saturated calomel
electrode under alkaline conditions. Tafel scans were
conducted from −0.6 to 0 V at a scan rate of 10 mV s−133

Mott−Schottky plots of interfacial capacitance versus potential
were obtained at 200, 300, and 500 Hz.34 EIS was performed
from 10 MHz to 1000 kHz with a modulation amplitude of 5
mV.35

Batch Experiments for Cr(VI) Sequestration. Pristine
and partially oxidized nano-FeS reacted with Cr(VI) in the
dark at room temperature in an anaerobic chamber (Type A
glovebox, Coy Laboratory Products Inc., USA). The reaction
matrices containing 2.0 mg L−1 Cr(VI) and 0.1 g L−1 pristine
or partially oxidized nano-FeS were placed in a series of 20.0
mL EPA vials. The initial pH of the reaction matrices was
adjusted to 5.0−9.0 with 0.05 M NaOH and HNO3 solutions,
and Cr(VI) speciation in the reaction matrices was estimated
using Visual MINTEQ (version 3.1). During the batch
experiments, the EPA vials were sealed using rubber screw
caps with a Teflon liner and placed on a shaker at 350 rpm for
3 h. For a subset of reaction matrices, 2.0 mg L−1 Cr(VI)
reacted with 0.1 g L−1 pristine or partially oxidized nano-FeS in
the presence of 5 mmol L−1 of 1,10-phenanthroline. Soluble
Fe(II) released from pristine and partially oxidized nano-FeS
was assessed under an anaerobic environment with and
without Cr(VI), respectively. The concentration of soluble
Fe(II) was measured on a UV−vis spectrophotometer (Spark
10 M, Tecan, Switzerland) at 510 nm, using the 1,10-
phenanthroline colorimetric method.

At each time point, triplicate vials were sacrificed and
centrifuged at 18,407g for 10 min. The supernatant was filtered
immediately through a 0.22 μm polyethersulfone membrane,
and the chemical speciation of Cr in the aqueous phase was
analyzed from the filtrates using high-performance liquid
chromatography (Alliance e2695, Waters, USA) coupled with
inductively coupled plasma−mass spectrometry (ICP−MS)
[NexION 2000, PerkinElmer, USA; high-performance liquid
chromatography (HPLC)−ICP−MS]. The operating parame-
ters for the HPLC−ICP−MS analysis are given in Table S1.

In addition, solid-phase Cr(VI) of precipitates was extracted
by adding 5.0 mL of 0.15 M phosphate buffer (pH = 10.0 ±
0.1) and shaking on a rotating mixer at 350 rpm for 3 h.36,37

The total solid-phase Cr of precipitates was obtained by
digesting the materials for 24 h with 2.0 mL of aqua regia
(HNO3:HCl = 1:3, v/v). The concentrations of solid-phase
Cr(VI) and total solid-phase Cr were measured using ICP−
MS. The solid-phase Cr(III) was assessed using a mass balance
approach. To study the crystal structure and surface
composition of the pristine or partially oxidized nano-FeS
after reaction with Cr(VI), subsamples of the precipitates were
collected and freeze-dried prior to analysis on XRD and XPS.
To obtain molecular-level information, the interfacial reactions
of Cr(VI) on pristine and partially oxidized nano-FeS were
simulated according to the density functional theory (DFT, see
details in the Supporting Information).

Modeling Approach. The multistep kinetic model
simulation was conducted using MATLAB. We used a hybrid
optimization method of the particle swarm optimization
(PSO) algorithm and the Fmincon function to fit and solve
the kinetic data. We randomized the initial value of solutions
using the PSO algorithm to simplify its setting procedures, as
described below. First, the population size was set to 1000, and
the inertia weight, the self-learning factor, as well as the group
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learning factor, were set to 0.8, 0.5, and 0.5, respectively.38,39

Then, the particle continually tracked the current local and
global optimal positions (pbest, gbest) to update itself. Until
two optimal values were found, the particle adjusted its speed
and position and outputted the results. Finally, we inputted the
results of the PSO algorithm into the Fmincon function for
correction, and the final optimized values were obtained by
integration of the differential equation system by means of
function ode 45. All parameters were determined by
minimizing the sum of squared errors, and the function was
described as the sum of the relative square errors for all Cr
species.40,41 Minimization of the function was carried out by
using a generalized reduced gradient.42 A simplified algorithm
representing the optimization flowchart is shown in Figure S1,
and an error distribution diagram (Figure S2) was utilized to
demonstrate the goodness of fit to the model. The fitted results
of the kinetic modeling were also used to establish the
mathematical relationships between the Lep % and the key

parameters. These mathematical relationships were then
substituted into the kinetic model to predict the abundances
of aqueous Cr(VI) and solid-phase Cr(III) after a 180 min
reaction to nano-FeS with continuously increasing oxidation
degrees, using the interpolation method.

■ RESULTS AND DISCUSSION
Partial Oxidation of Nano-FeS Leads to Formation of

FeS/γ-FeOOH Nanocomposites. Upon oxidation, the
ellipsoidal mackinawite (FeS) nanoparticles gradually trans-
formed into divergent sheet-like mackinawite/lepidocrocite
(FeS/γ-FeOOH) nanocomposites, and a pseudo-core-shell
structure appeared to form with the increasing oxidation
degree of nano-FeS (Figures 1, S3a−c and Table S2). The
formation of lepidocrocite (γ-FeOOH) was confirmed by the
presence of the polycrystalline rings of lepidocrocite in SAED
images (insets of Figure 1a), and the identified lattice fringe
spacing that corresponded to the γ-FeOOH_(200) facet in the

Figure 1. TEM images (a), elemental mappings (b), and Mössbauer spectra (c) of pristine and partially oxidized nano-FeS. Insets in the TEM
images include HR-TEM images and SAED patterns. The experimental data points are represented by empty circles. The elemental components
and model fits of the Voigt-based mode are represented by the colored and black solid lines, respectively. The relative abundance of each
component is presented in the legend of (c).
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HR-TEM images (insets of Figure 1a). XRD patterns showed
that γ-FeOOH was the dominant oxidation product with a pH
range of 5.0−9.0, and the diffraction peaks of γ-FeOOH
became more prominent with an increasing degree of oxidation

(Figure S3a−c). Mössbauer spectroscopy was utilized to
identify the ratio of mackinawite and lepidocrocite. The
spectra of the pristine nano-FeS contained a singlet signal
(labeled “Fe(II)-LS-Tet”) and an additional sextet [labeled

Figure 2. Abundances of different Cr species during Cr(VI) sequestration by nano-FeS with Lep % of 0 (a), 19 (b), 45 (c), and 77 % (d) in the
presence/absence of 1,10-phenanthroline. The pie charts show the mass fractions of different Cr species after 180 min reactions with nano-FeS.
Dotted lines represent the fitted trends according to the multistep kinetic model. Error bars represent standard deviations of triplicate samples.
Reaction condition: nano-FeS concentration = 0.1 g L−1, initial Cr(VI) concentration = 2.0 mg L−1, 1,10-phenanthroline concentration = 5.0 mmol
L−1, pH = 7.0, T = 25 °C.

Figure 3. Removal of aqueous Cr(VI) (a) and sequestered solid-phase Cr(III) (b) after 180 min. Cr(VI) sequestration by pristine and partially
oxidized nano-FeS without and with surface area normalization.
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“Fe(II)-B”]. As oxidation progressed, the intensity of the
singlet signal gradually decreased and two additional Fe
environments appeared (Figure 1c and Table S3), correspond-
ing to new-Fe(II) and lepidocrocite, which is consistent with
previous studies.43−45 These results indicated the significant
structural changes and the increase of the oxidized phase.
Hereinafter, the extent of material oxidation is represented as
the percentage of lepidocrocite to the total mass (Lep %),
which was essentially zero for the pristine nano-FeS, and 19,
45, and 77 % for the partially oxidized materials (Figure 1c and
Table S3). Further analysis of the Fe 2p and S 2p XPS spectra
pointed to the transformation of Fe(II) into Fe(III) and S(II)
into Soxi (e.g., S8, sulfite, or sulfate, Figure S4).

Upon material oxidation, FeS/γ-FeOOH nanocomposites
were generally larger in geometric size, relative to the pristine
nano-FeS (Figure 1a). Aggregation of these materials was
enhanced by oxidation (Table S2), which might be partly
attributed to the weaker electrostatic repulsion among
monomers, as the surface sulfhydryl groups (−SH) on FeS
are more prone to dissociation than the surface hydroxyl
groups (−OH) on FeOOH, and subsequently, nano-FeS
became less negatively charged during partial oxidation (Figure
S5).46−48 At neutral pH, the zeta potential of the pristine nano-
FeS was −21.16 ± 0.61 mV, apparently lower than the zeta
potential of the partially oxidized nanocomposites (−13.95 ±
0.45 ∼ −19.51 ± 0.33 mV). As the extent of oxidation
increased, the specific surface area (SABET) of nano-FeS
increased from 1.69 to 8.59 m2 g−1 (Table S2), possibly
because oxidation of nano-FeS occurred simultaneously
through aqueous-phase and surface-mediated pathways that
led to the formation of lepidocrocite nanosheets aggregated on
the surface of the mackinawite core.49,50

Partial Oxidation of Nano-FeS Enhances Cr(VI)
Sequestration. The partially oxidized nano-FeS was more
effective than the pristine nano-FeS in Cr(VI) sequestration, as
indicated by the removal of Cr(VI) from the aqueous phase

and the formation of chromite (FeCr2O4) and guyanaite
(CrOOH) (Figures 2, S3d−f, S6, and S7), two mineral phases
with minimal solubility.51,52 This trend prevailed over a pH
range of 5.0−9.0, and Cr(VI) sequestration slightly decreased
with increasing pH (Figures 3 and S3d−f), possibly due to
stronger electrostatic repulsion between anionic Cr(VI)
species and nano-FeS (Figures S5 and S9). After surface area
normalization, the moderately oxidized material with Lep % of
19 % displayed the best performance, that is, maximum
removal of aqueous Cr(VI) as well as highest accumulation of
sequestered solid-phase Cr(III) (Figure 3). These results also
substantiate that changes in surface properties, in addition to
the increased surface area, led to enhanced Cr(VI)
sequestration during partial oxidation of nano-FeS.

Formation of Cr(III) on all four materials nearly ceased
upon the addition of 1,10-phenanthroline [a strong Fe(II)
chelator] to block the interactions between Cr(VI) and Fe(II)
(Figures 2, S6, and S7) within the pH range of 5.0−9.0. This
corroborates the predominant role of Fe(II), rather than the
reduced sulfur species, in driving the reduction of Cr(VI) to
Cr(III) for both pristine and partially oxidized nano-FeS.
Soluble Fe(II) remained below the detection limit (0.006 mg
L−1) in the presence of Cr(VI) (Figure S8), and the maximum
concentration of soluble Fe(II) was measured to be 0.144 mg
L−1 in the absence of Cr(VI) (Figure S8), which accounts for
the reduction of up to 2.2 % of total Cr(VI). Therefore, Cr(VI)
sequestration was dominated by the interface processes on
nano-FeS rather than the soluble Fe(II) leached from the
materials. Moreover, the addition of 1,10-phenanthroline
diminished the removal of aqueous Cr(VI) via surface
adsorption on pristine nano-FeS (Figures 2a, S6a, and S7a),
indicating that Fe(II) was the main binding site on this
material for Cr(VI). In contrast, the addition of the Fe(II)
chelator only partially inhibited the adsorption of Cr(VI) on
the FeS/γ-FeOOH nanocomposites, and the extent of
inhibition decreased with increasing Lep % (Figures 2b−d,

Figure 4. Adsorption energies (Eads) of Cr(VI) species on FeS, FeS/γ-FeOOH, or γ-FeOOH, according to DFT calculations (a). Charge density
differences of FeS, FeS/γ-FeOOH, or γ-FeOOH during HCrO4

− and CrO4
2− sequestration. The yellow and cyan irregular bubbles denote electron

accumulation and electron depletion, respectively (b). Bader charge analyses showing electron gain (e gain) of Cr(VI) species after adsorbing on
FeS, FeS/γ-FeOOH, or γ-FeOOH (c).
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S6b−d, and S7b−d). This infers that active binding sites for
Cr(VI) continuously emerged during the oxidation of nano-
FeS.

Oxidation of Nano-FeS Enhances Binding Affinity but
Mitigates Electron Transfer to Cr(VI). To unravel the
mechanisms controlling the dependence of the enhanced
Cr(VI) sequestration on the oxidation degree of nano-FeS, we
carried out theoretical calculations using three basic model
structures, FeS, FeS/γ-FeOOH, and γ-FeOOH, which
represent pristine, partially oxidized, and fully oxidized nano-
FeS, respectively. At pH 5.0−9.0, Cr(VI) speciation is
dominated by HCrO4

− and CrO4
2− (Figure S9), and both

Cr(VI) species were included in theoretical calculations
(Figures 4 and S10−S12). To simulate the reaction interface
in alkaline conditions, the basic model structures of pristine
and oxidized nano-FeS are covered by OH− (Figures S11 and
S12). DFT results illustrate that the optimized adsorption
configurations of HCrO4

− and CrO4
2− on pristine and oxidized

nano-FeS are all bidentate−binuclear (Figures S10 and S12).
Adsorption of Cr(VI) to γ-FeOOH and FeS/γ-FeOOH are
more favorable than to FeS, suggested by the more negative
adsorption energy (Figures 4a and S11a), and this is in line
with the common wisdom that oxyanions preferentially form
coordination bonds with Fe(III) over Fe(II).53,54 Additionally,
the values of the adsorption energy of CrO4

2− on all basic
model structures are less negative than those of HCrO4

−

(Figures 4a and S11a), which indicates weaker Cr(VI)−
material binding at basic pH conditions and corroborates the
trend of declining Cr(VI) sequestration with increasing pH in
our batch experiments (Figure 3). More importantly, the DFT
results demonstrate that the formation of γ-FeOOH due to

partial oxidation of FeS facilitates the binding of both Cr(VI)
species that dominate in the environmentally relevant pH
range (Figures 4a, S9, and S11a).

According to theoretical calculations along with electro-
chemical analyses, pristine nano-FeS and FeS/γ-FeOOH
nanocomposites exhibited evidently different electronic con-
figurations and electron transfer properties (Figures 4, 5 and
S13−S20), even though mackinawite and lepidocrocite are
both n-type semiconductors.55,56 As shown in Figures 4b and
S11b, electrons are transferred from pristine and partially
oxidized nano-FeS to Cr(VI), and the extent of electron
accumulation around Cr(VI) is lower on FeS/γ-FeOOH than
on FeS, as suggested by the relatively small valence electron
gain of Cr(VI) on partially oxidized materials in Bader charge
analyses (Figures 4c and S11c). As expected, there was no
valence electron gain of Cr(VI) on γ-FeOOH. A Mott−
Schottky plot was developed since flat band potential (Efb) and
surface electron density (Nd) are important parameters for
determining the intrinsic reducing power of n-type semi-
conductors.57,58 We found that Efb moved positively with the
increasing oxidation degree at all tested frequencies and pH
conditions (Figures 5a and S13−S17), indicating that
oxidation of nano-FeS decreased the Fermi energy level and
the subsequent probabilities of electrons escaping from the
conduction band (Figure 5b). The Mott−Schottky plot also
showed that the surface electron density of nano-FeS
decreased during material oxidation (Tables S4−S6). Fur-
thermore, EIS and Tafel scans demonstrated the oxidation-
compromised electron transfer of nano-FeS in an aqueous
solution from kinetic and thermodynamic points of view,
respectively. The Nyquist plots, Bode plots, and corresponding

Figure 5. Mott−Schottky plots of pristine and partially oxidized nano-FeS. The inset shows the values of the flat band potential of the materials (a).
Schematic plot of energy band diagram and corresponding electrode potentials for the electrolyte making contact with pristine and oxidized nano-
FeS, illustrating the decreased level of Fermi energy of pristine nano-FeS after oxidation. EF and UOR represent the Fermi energy and the electrolyte
potential, respectively (b). Electrochemical impedance spectra (EIS) (c) and Tafel scans (d) of pristine and partially oxidized nano-FeS. The inset
in (c) represents the equivalent circuit model. All electrochemical tests were conducted at pH = 7.0.
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equivalent circuit model revealed that charge-transfer resist-
ance (Rct), representing the resistance for electron transfer at
the solution−material interface,35,59,60 gradually increased as
oxidation proceeded at pH 5.0−9.0 (Figures 5c, S13b, S14b,
and S18−S20 and Tables S4−S6). The decreasing potential of
electron loss from nano-FeS during material oxidation was
corroborated by the measured free corrosion potentials that
gradually became less negative within the range of pH 5.0−9.0
(Figures 5d, S13c, and S14c and Tables S4−S6). Therefore,
oxidation of nano-FeS mitigates electron transfer processes,
offsetting the benefits in Cr(VI) sequestration gained from the
enhanced binding of Cr(VI). Accordingly, the overall effects of
nano-FeS oxidation on Cr(VI) sequestration depend on the
degree of material oxidation.

Optimal Cr(VI) Sequestration Can Be Achieved by
Tuning the Oxidation Degree of Nano-FeS. An
interesting observation is that Cr(VI) barely accumulated on
pristine nano-FeS over the experimental period (Figures 2a,
S6a, S7a, and S21−S23), whereas solid-phase Cr(VI) rapidly
increased and then slowly decreased on FeS/γ-FeOOH
nanocomposites at pH 5.0−9.0 (Figures 2b−d, S6b−d, and
S7b−d). These results suggest that the rate-limiting step of the
sequential reactions transitioned from adsorption to reduction
during the oxidative aging of nano-FeS. Hence, to
quantitatively assess the effects of partial oxidation on the
kinetics of surface adsorption and reduction, Cr(VI)
sequestration data generated with different oxidation degrees
of nano-FeS were fitted to a multistep kinetic model.40−42
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where C1, C2, C3, and C4 represent the concentrations of
aqueous Cr(VI), solid-phase Cr(VI), solid-phase Cr(III), and
aqueous Cr(III), respectively; kads is the adsorption rate
constant of aqueous Cr(VI); kred_a is the reduction rate
constant of Cr(VI) in the aqueous phase; kred_s is the reduction
rate constant of solid-phase Cr(VI) on the surface of nano-
FeS; kprec is the rate of aqueous Cr(III) precipitated on the
surface of nano-FeS; Q1 and Q2 represent the adsorption and
reduction site density, respectively; n1 and n2 represent the
reaction orders of adsorption and reduction on the surface of
nano-FeS, respectively; n3 and n4 represent the reaction orders
of reduction and precipitation in the aqueous phase,
respectively; m1 and m2 represent the attenuation rate
constants of the adsorption site and the reduction site,
respectively. Indeed, the kinetics of surface adsorption and
reduction, the two sequential steps that contribute to more
than 90.3% of aqueous Cr(VI) removal, were both significantly
influenced by the oxidation of nano-FeS (Figure 6 and Tables
S7−S9). At all tested pH conditions, the adsorption rate
constant (kads) markedly increased, while the surface reduction
rate constant (kred_s) appeared to decrease with increasing Lep
% (Figure 6a,b), in line with the shifting of rate-limiting step of
Cr(VI) sequestration.

Figure 6. Fitted parameters of the multistep kinetic model at pH 5−9, including rate constant of adsorption kads (a), rate constant of surface
reduction kred_s (b), and adsorption site density, ASD. (c). Simulated abundances of aqueous Cr(VI) and solid-phase Cr(III) after 180 min
reactions with pristine and partially oxidized nano-FeS at pH = 5.0 (d), pH = 7.0 (e), and pH = 9.0 (f). The empty symbols represent the
experimental data of batch Cr(VI) sequestration by nano-FeS with Lep % of 0, 19, 45, and 77%.
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Interestingly, the goodness of fit to this model (Figure S2)
suggests that surface adsorption follows a second-order trend
(Tables S7−S9). Thus, the adsorption site density (Q1) that
increased with oxidation (Figure 6c), together with kads (Figure
6a), points to rapid adsorption of Cr(VI) onto partially
oxidized nano-FeS. In contrast, surface reduction is a zero-
order reaction (Tables S7−S9), inferring that transformation
to Cr(III) does not depend on the abundance of surface-bound
Cr(VI). Hence, excessive accumulation of Cr(VI) on materials
with large Lep % cannot enhance the production of solid-phase
Cr(III), the end product of Cr(VI) sequestration, as surface
reduction of Cr(VI) is merely determined by the intrinsic
redox properties of nano-FeS that is susceptible to oxidation.
The modeling results clearly show that under any given
solution chemistry conditions (e.g., pH), there should be an
optimum degree of material oxidation, at which the adsorption
rate is enhanced sufficiently to prevent adsorption from being
the rate-limiting step, while the inhibited electron transfer to
Cr(VI) induced by oxidation is relatively small (Figure 6d−f).

Environmental Implications. Incidental or intentional
oxidation of nanoparticulate reductants (e.g., nano-FeS) during
manufacture, storage, and the application does not necessarily
compromise their performance in environmental remediation.
Our study demonstrates that partial oxidation of nano-FeS
significantly enhances Cr(VI) sequestration by promoting the
rate-limiting reaction of surface adsorption. The overall
performance of Cr(VI) sequestration changes nonmonotoni-
cally during material oxidation, and maximum sequestration of
aqueous Cr(VI) as solid-phase Cr(III) occurs at a system-
specific optimum oxidation degree that varies with pH
conditions. Understanding this nonmonotonical trend of
Cr(VI) sequestration is critical for accurately predicting the
real-world remediation processes, and identifying the “opti-
mum” degree of material oxidation will help improve the
design of functional nanomaterials for engineered applications.

The conceptual models and reaction mechanisms discovered
in this study are not limited to understanding interfacial
reactions between Cr and nanoparticulate mackinawite and
may be extended to other problematic oxyanions containing
phosphorus, arsenic, selenium, and tellurium, as well as other
engineered or naturally occurring nanoparticles containing
reduced iron (e.g., zero-valent iron, pyrite, magnetite, and
vivianite). The mechanistic findings from our research mainly
focus on postoxidation scenarios, and future research on the
simultaneous reactions of Fe nanoparticles, natural oxidants,
and contaminants is warranted.
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