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ABSTRACT: Mixed Cr(III)−Fe(III) (hydr)oxides (CrxFe1−x(OH)3) are
common reduction products of Cr(VI) that have long been considered as
the sink of Cr in subsurface environments. While current field and
laboratory studies have demonstrated that natural organic matter (NOMox)
can dissolve CrxFe1−x(OH)3 under oxic conditions, much less is known
regarding the dissolution of CrxFe1−x(OH)3 by reduced NOM (NOMred)
and geochemical behaviors of released Cr(III) under anoxic conditions,
which limited our ability to completely predict the cycle of Cr. This study
provided new knowledge regarding the simultaneous dissolution of
CrxFe1−x(OH)3 and formation of Cr(III)-NOM-Fe colloids by NOMox
and NOMred under oxic and anoxic conditions. We showed that NOM
dissolved CrxFe1−x(OH)3 via ligand-promoted dissolution under oxic
conditions and reductive dissolution under anoxic conditions, releasing
aqueous Cr(III) and Fe(III/II). Size fractionization results showed that the aqueous Cr(III) and Fe observed at high NOM
concentration were Cr(III)-NOM-Fe colloids (ca. 3−450 nm). Dynamic light scattering results further revealed that the colloids had
a particle size ranging from 79 to 167 nm and strongly negative surface charges (−40−−17 mV). Cryogenic X-ray photoelectron
spectroscopy and X-ray absorption fine structure measurements further indicated a close association of NOM with Cr and Fe within
the particle structure. This study provides insights into the fate of CrxFe1−x(OH)3 in redox-dynamics and organic-rich environments,
which is critical for evaluating the long-term stability of Cr remediation sites.
KEYWORDS: CrxFe1−x(OH)3 precipitates, NOM, ligand-promoted dissolution, reductive dissolution, Cr(III)-NOM-Fe colloids,
colloid characterization

1. INTRODUCTION
Chromium (Cr) is an important priority metal pollutant that
ubiquitously occurs in subsurface environments and can pose a
threat to water quality and human health.1−3 Under natural
conditions, Cr generally exists as either trivalent [Cr(III)] or
hexavalent [Cr(VI)] species. Cr(VI), which typically forms
oxyanions (HCrO4

− and CrO4
2−), is toxic and highly

mobile.4,5 In contrast, Cr(III) is less toxic and can form
insoluble hydroxide precipitates under neutral conditions.4,6

Reduction of soluble Cr(VI) to relatively immobile Cr(III)
with Fe(II)-based reductants has thus been considered as a
promising strategy to constrain the bioavailability of Cr and
prevent the spread of contaminant in subsurface environ-
ments.7−12 Due to the similar ionic radii of Cr(III) (61.5 pm)
and Fe(III) (64.5 pm)13,14 and the overwhelming prevalence
of iron (hydr)oxides in nature,15 the mixed Cr(III)−Fe(III)
(hydr)oxides (CrxFe1−x(OH)3) (0 < x < 1) are the common
Cr(VI) reduction products that typically serve as the ultimate
sink of Cr.16−19 CrxFe1−x(OH)3 precipitates have a lower
solubility compared to pure Cr(OH)3. For example, the
dissolved Cr(III) in equilibrium with CrxFe1−x(OH)3 is 1−5

orders of magnitude lower than the solubility of pure Cr(OH)3
at the same pH.20 Understanding the chemical stability of
CrxFe1−x(OH)3 precipitates is therefore of great importance
for predicting the long-term remediation efficiency of Cr(VI)
in both natural and engineered settings.
Natural organic matter (NOM) is a mixture of redox-active

organic macromolecules that can affect the solubility, transport,
and toxicity of CrxFe1−x(OH)3 precipitates in groundwater and
sediments.21,22 Functional groups of NOM have been found to
be capable of dissolving CrxFe1−x(OH)3 precipitates via the
ligand complexation mechanism,23−25 in which the chelating
moieties (e.g., carboxyl, phenolate, and hydroxamates) form
stable metal complexes [complexation constant as high as
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1032.2 toward Fe(III) and 1030.6 toward Cr(III)] that solubilize
CrxFe1−x(OH)3 precipitates, leading to the release of Cr(III)
and Fe(III) ions.15,23,25 The released Cr(III) and Fe(III) ions
can be subsequently bound to NOM as monomeric or
polynuclear NOM-Fe(III)−Cr(III) complexes.26 Myriad field
studies also substantiated the elevated aqueous Cr(III)
concentrations that are much higher than the solubility of
Cr(OH)3 in organic-rich water,27−31 pointing to an important
role played by NOM on the fate and transport of Cr(III) on
subsurface.
Although numerous research studies have provided valuable

insights into the solubilization of CrxFe1−x(OH)3 precipitates
by NOM, most prior studies have focused on the effect of
oxidized NOM (NOMox) under oxic conditions.24,25 To the
best of our knowledge, there is limited work devoted to
delineating the influence of reduced NOM (NOMred) on the
geochemical behavior of CrxFe1−x(OH)3 precipitates under
anoxic conditions. NOM can exist either as an oxidized or a
reduced state in redox dynamic environments.32 Under anoxic
conditions, NOM can be reduced either by microorganisms
(e.g., iron-reducing, sulfate-reducing, and fermenting bacteria)
or by geochemical reducing species such as sulfide and
Fe(II).33 NOMred exhibits a strong reducing capability (−418
mV, calculated by Eh0 of the H2/H+ redox couple at pH 7)
that can reduce a range of redox active transition metals (e.g.,
Cr, Fe, and Mn) and organic pollution (e.g., nitrobenzenes and
chlorinated aliphatic pollutants) under anoxic conditions.34−39

For example, NOMred can transfer electron from semiquinone
or hydroquinone-like moieties to Fe(III) (hydr)oxides,
promoting the reductive dissolution of Fe(III) (hydr)-
oxides.34,40 Furthermore, a recent work showed that NOMred
can quickly reduce soluble Cr(VI) to Cr(III) that is
subsequently complexed with carboxyl groups under anoxic
conditions.33 While the current body of research delineating
the redox interactions of NOMred with Fe and Cr alone is
acknowledged, the role of NOMred on the dissolution and
transformation of CrxFe1−x(OH)3 precipitates is rarely ex-
plored.
Dissolution of CrxFe1−x(OH)3 precipitates by NOM can

result in organically complexed metals that remain in aqueous
solution. These organically complexed metals have traditionally
been regarded as the dissolved phase using a filter membrane
(450 or 220 nm pore size), as recommended by U.S.
Environmental Protection Agency (EPA) for dissolved metal
determination. Nevertheless, recent advances reported that
organically complexed metals [e.g., Cr(III)-NOM-Fe(III)] can
be presented as colloids with size ranging from ca. 3 to 450
nm.26,41,42 NOM-Cr(III) colloids play critical roles in the fate
and transport of Cr(III) on the subsurface. For example, the
high mobility of NOM-Cr(III) colloids in the subsurface can
increase the likelihood of their interactions with Mn(IV)-
containing minerals, which poses a threat of reoxidation of
Cr(III) to Cr(VI).43−45 Therefore, it is of great importance to
have a detailed understanding of the formation and properties
of NOM-Cr(III) colloids to evaluate their impact on the
chemical stability of reduced Cr(III) products.
The objective of this study was to investigate the dissolution

of CrxFe1−x(OH)3 precipitates and the formation of Cr(III)-
NOM-Fe colloids using NOM of different redox states under
both oxic and anoxic conditions. To this end, wet chemical
analysis was used to monitor the dissolution kinetics of
CrxFe1−x(OH)3 and the formation of Cr(III)-NOM-Fe
colloids. Dynamic light scattering (DLS), X-ray photoelectron

spectroscopy (XPS), and X-ray absorption fine structure
(XAFS) analysis were collectively used to yield insights into
the properties of Cr(III)-NOM-Fe colloids. Results gained
from this study advance our understanding of the long-term
stability of the Cr remediation site in organic-rich environ-
ments.

2. MATERIALS AND METHODS
2.1. CrxFe1−x(OH)3 Synthesis and Characterization.

CrxFe1−x(OH)3 precipitates were synthesized following pre-
viously established methods.25,46 Briefly, Cr(NO3)3·9H2O and
Fe(NO3)3·9H2O were dissolved in ultrapure water (resistivity
>18.2 MΩ·cm, Millipore) to yield a total metal concentration
of 100 mM with desired Fe/Cr molar ratios of 1:0, 4:1, 1:1,
1:4, and 0:1. The suspensions were then titrated to pH 7 ± 0.2
with 1 M NaOH solution, followed by washing several times
with ultrapure water until the conductivity <200 μS/cm. The
synthesized precipitates, namely Cr(OH)3, Cr0.8Fe0.2(OH)3,
Cr0.5Fe0.5(OH)3, Cr0.2Fe0.8(OH)3, and Fe(OH)3, were charac-
terized by powder X-ray diffraction (XRD, Bruker D8
Advance). XRD patterns of the CrxFe1−x(OH)3 at high Fe/
Cr ratios (x = 0.2) appeared similar to that of 2-line
ferrihydrite (broad peaks at 35 and 63° 2θ for Cu Kα) and
without the characteristic peak of Cr(OH)3 at 2θ = 19.1°
(Figure S1, Supporting Information), which was in line with
previous reports.20,47−49 With increase in the Cr content (x =
0.5 and 0.8), the characteristic peak of Cr(OH)3 increased and
eventually evolved into Cr(OH)3 (x = 1). The Brunauer−
Emmett−Teller (BET) surface area was determined with a
Micromeritics surface area analyzer (ASAP-2020) using N2
adsorption at 77 K. The determined BET surface areas were
223.4 m2/g for Fe(OH)3, 244.2 m2/g for Cr0.2Fe0.8(OH)3, 77.3
m2/g for Cr0.5Fe0.5(OH)3, 322.0 m2/g for Cr0.8Fe0.2(OH)3, and
100.2 m2/g for Cr(OH)3. The synthesized CrxFe1−x(OH)3
precipitates were stored in the dark at 4 °C prior to use.
2.2. NOM Isolation and Characterization. Aldrich

humic acid (AHA, 1415-93-6, Sigma-Aldrich) was chosen as
a representative of NOM, owing to its well-characterization
and wide application in colloid chemistry research.33,42,50,51

The AHA stock solution was prepared by dissolving aliquots of
dried powder in 1 L ultrapure water at pH 10.5 ± 0.1 in the
dark with constant stirring. After 3 days of rotation, the AHA
suspension was filtered through 450 nm nitrocellulose
membranes (Millipore). The filtrate solution was referred to
as oxidized AHA (AHAox). To emulate the AHA with reduced
redox state under anoxic conditions, an aliquot of the AHAox
solution was then chemically reduced using 5% H2 in the
presence of a Pd catalyst (5% wt on Al2O3 spheres, 1 g/L,
Sigma-Aldrich) in an anoxic glovebox (95% N2 and 5% H2,
Coy Laboratory Products Inc., MI), as described in our
previous studies.26,50,52 The resulting suspension was accord-
ingly referred to as reduced AHA (AHAred). The stock AHA
solutions were wrapped with aluminum foil to prevent any
potential photoreaction and were stored in the anoxic glovebox
for further use. The concentrations of AHAox and AHAred stock
suspensions were determined using a total organic carbon
(TOC) analyzer (Multi N/C 3100, Analytik Jena).
2.3. Batch Experiments. All batch experiments were

conducted at room temperature (25 ± 0.5 °C) using 50 mL
polypropylene vials that were continuously stirred with
magnetic stir bars and shielded with aluminum foil (see
experimental conditions in Table S1). All the reaction
suspensions contained a background NaCl concentration of
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5 mM as the electrolyte solution and were buffered at pH 6
with 10 mM 2-morpholinoethansulfonic acid monohydrate
(MES, Sigma-Aldrich). MES was selected because it neither
complexes with metal ions nor participates in redox reactions
with Cr and Fe.3,42 The experiments of CrxFe1−x(OH)3
dissolution under the influence of AHAred were conducted
under anoxic conditions in an anoxic glovebox (PO2 < 10−6

bar),53 and the dissolved oxygen (DO) concentration in the
well-mixed suspensions was always below the detection limit of
0.01 mg/L, as measured by the DO probe (HACH).
Accordingly, the dissolution experiments under the influence
of AHAox were conducted under oxic conditions (PO2 = 0.21
bar) in the open air, and the DO concentration reached
saturation (∼8.2 mg/L) within 1 h of exposure to the air.
For the anoxic experiments performed in the anoxic

glovebox, all the solution preparation and oxygen-sensitive
procedures were conducted inside the glovebox. The
synthesized CrxFe1−x(OH)3 precipitates were added into the
suspension to reach a final Cr and Fe concentration of 1 mM.
Aliquots of the AHAred stock solution were then spiked into
the abovementioned suspensions to a final concentration of 50
± 1 or 170 ± 2 mg C/L to initiate the reaction. For the oxic
experiments, the ultrapure water used for solution preparation
was sparged with air for ≥12 h. Oxic experiments were
initiated by mixing 1 mM of synthesized CrxFe1−x(OH)3
precipitate suspension with 50 ± 1 and 170 ± 2 mg C/L of
AHAox under oxic conditions. Control experiments were
performed with addition of CrxFe1−x(OH)3 precipitates but
in the absence of AHA in the abovementioned reaction
suspensions under oxic conditions. To monitor the process of
the reaction, aliquot samples were periodically collected from
the suspensions throughout the timeframe of the experiments.
All batch experiments were conducted at least in duplicate.
2.4. Analytical Techniques. Aqueous samples were

filtered through 220 nm membrane (PES, Millipore), and
the filtrate was analyzed immediately for total aqueous Cr,
aqueous Fe(II), and total aqueous Fe [including Fe(II) and
Fe(III)]. The samples for total Cr and Fe analysis were
acidified with 6% HNO3 and stored at 4 °C in the dark prior to
analysis. Total aqueous Cr and Fe concentrations were
determined using Agilent 7700 series inductively coupled
plasma mass spectrometry. Total Fe(II) was determined after
digesting the unfiltered samples in 1 M HCl for 24 h at room
temperature in the dark. During the acidic incubation period,
the AHA precipitated and was further removed through
centrifugation (14,000g for 10 min).50,54 Furthermore, fluoride
was added initially to the sample to suppress the potential
Fe(III) reduction by AHA and to prevent the formation of
colored Fe(III)-phenanthroline complexes.52 The total and
aqueous Fe(II) were measured spectrophotometrically using a
modified 1,10-phenanthroline method.55 The aqueous Fe(III)
concentration was calculated by subtracting the aqueous Fe(II)
concentration from the total aqueous Fe concentration.
At the end of each experiment, aliquots of suspensions were

sequentially filtrated through 220 nm membranes (PES,
Millipore) and 10 kDa ultrafiltration membranes (ca. 3 nm,
EMD, Millipore). The filtrate through a 10 kDa membrane
pointed to the truly dissolved (<ca. 3 nm) species.
Accordingly, the colloidal fraction (ca. 3−220 nm) was defined
as the difference between the filtrate through 220 nm and the
filtrate through 10 kDa membrane. DLS (Zetasizer Nano,
Malvern) was employed to measure the particle size
distribution and zeta potential of the aqueous samples.

Selected solid samples were collected at the end of batch
experiments, followed by centrifugation and freeze-drying
under anoxic conditions. Surface properties of the resulting
solids were characterized by cryogenic XPS performed at −160
°C. To study the vertical distribution of Cr, Fe, and NOM, a
XPS depth profiling technique was employed to etch samples
from sample near-surface to 100 nm depth using an argon gun
operating at 2 kV. XPS spectra were collected using a PHI
Quantera SXM scanning X-ray microprobe with an Al mono
source at a 100 μm X-ray spot size. The binding energies were
calibrated using C 1s at 284.8 eV, and the spectra were
proceeded using MultiPak v9.8 software. Cr and Fe K-edge X-
ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectra were collected
in the fluorescence mode on the beamline 20BM at the
advanced photon source (APS), Argonne, USA. Three to six
scans were performed for each sample. The detailed
description of XAFS analysis was reported previously;56,57 a
summary is also provided in Section S1 of Supporting
Information.

3. RESULTS AND DISCUSSION
3.1. NOM-Induced Dissolution of CrxFe1−x(OH)3 under

Oxic and Anoxic Conditions. Control experiments without
AHA show negligible dissolution of CrxFe1−x(OH)3 precip-
itates. The concentration of aqueous Cr(III) from Cr(OH)3
was 1−2 μM after 72 h of dissolution at pH 6, while aqueous
Cr(III) from Fe-containing precipitates was below the
detection limit of 0.2 μM. This is in agreement with previous
reports that Fe−Cr coprecipitation can lower the dissolution of
Cr (hydr)oxides.48,58 The Fe-containing CrxFe1−x(OH)3
precipitates are mainly in the form of ferrihydrite (Figure
S1), which is also consistent with previous studies,20,59

exhibiting a smaller solubility product (Ksp = 2.8 × 10−39,
298 K) than that of Cr(OH)3 (Ksp = 6 × 10−31, 298 K).
The results from the batch experiments indicated that NOM

promoted the dissolution of Cr(OH)3 (Figure 1a). The
aqueous Cr concentrations from Cr(OH)3 were ∼30 μM at 50
mg C/L AHA under both oxic and anoxic conditions. With the
AHA concentration elevated to 170 mg C/L, the aqueous
Cr(III) concentrations were ∼61 μM for AHAox under oxic
concentration and ∼90 μM for AHAred under anoxic
conditions. While the reactive oxygen species (ROS) can be
produced from oxygenation of reduced NOM by molecular
oxygen,52,60−62 the ROS production was unlikely to occur in
this study because the reduced AHA was reacted in the
absence of oxygen. Therefore, the redox reaction between
Cr(OH)3 and AHA is lacking. Thus, the generation of aqueous
Cr(III) is likely through a ligand-promoted dissolution
mechanism, which is an effective pathway that can accelerate
dissolution of metal (hydr)oxides through ligand complexation
with surface metal atoms and the subsequent detachment of
the metal complex.15,63,64 Because Cr(OH)3 is positively
charged at pH 6 (Figure S2), the negatively charged functional
groups (e.g., carboxylic, alcoholic, and quinone) of AHAred are
more readily adsorb on the surface of Cr(OH)3 via
electrostatic interactions, thus enhancing the complexation
dissolution and producing aqueous Cr(III).
The presence of NOM also promoted the dissolution of

CrxFe1−x(OH)3 precipitates, but the released amount of
aqueous Cr(III) was much smaller than those from pure
Cr(OH)3 (Figure 1b−d). Irrespective of the oxic and anoxic
conditions, the aqueous Cr(III) concentrations increased with
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increasing AHA concentration. Interestingly, the aqueous
Cr(III) concentrations observed under anoxic conditions
were 1.5−2 times higher than those observed under oxic
conditions at the same AHA concentration. For example, after
72 h of the reaction at high AHA concentration (170 mg C/L),
the aqueous Cr(III) concentrations from Cr0.5Fe0.5(OH)3 are
approximately 5.5 μM under anoxic conditions and 3.2 μM
under oxic conditions (Figure 1c). This is predominately due
to the fact that AHAred reduced structural Fe(III) in
CrxFe1−x(OH)3 precipitates via a reductive dissolution
mechanism, which led to the release of Cr(III) and Fe(III/
II) into the aqueous phase (Figure 2). Similar observations of
the reductive dissolution of iron minerals (e.g., ferrihydrite,
goethite, and hematite) by chemically reduced NOM have
been previously reported.40,64,65 In contrast, under oxic
conditions, AHAox dissolved CrxFe1−x(OH)3 mainly via
ligand-promoted dissolution,25,46 which was not as significant
as reductive dissolution using AHAred under anoxic conditions.
No significant difference in Cr(III) dissolution was observed
from different Fe-containing CrxFe1−x(OH)3 precipitates under
both oxic and anoxic conditions, which might be attributed to
the changes in physiochemical properties of CrxFe1−x(OH)3
caused by varying initial Fe/Cr molar ratios. Previous research
studies have reported that the initial Fe/Cr molar ratio of
CrxFe1−x(OH)3 precipitates affects their structural and surface
atom arrangements.48,59,66 Specifically, increasing Fe contents

increased the crystallinity of synthesized CrxFe1−x(OH)3
precipitates (Figure S1), which may decrease the electron-
accepting capability of CrxFe1−x(OH)3 toward AHA.15,67,68 In
contrast, increasing Fe contents might enhance the interaction
of Fe(III) with reducing functional groups (i.e., quinone-like
moieties) of AHA, thus promoting the reduction of Fe(III) to
Fe(II). Therefore, the overall effect of the Fe/Cr molar ratio of
the CrxFe1−x(OH)3 precipitate was not significant on NOM-
induced dissolution under the conditions tested.
The generation of aqueous Fe(III) resulted from ligand-

promoted dissolution,25,64 and the generation of Fe(II) from
CrxFe1−x(OH)3 indicated the reduction of structural Fe(III) by
AHA (Figures 2 and S3).40,69 Under oxic conditions, only
aqueous Fe(III) was detected. With 50 mg C/L AHAox, the
aqueous Fe(III) from Cr0.8Fe0.2(OH)3 and Cr0.5Fe0.5(OH)3
reached approximately 2.8 μM after 72 h of reaction (Figure
2a,b). A high aqueous Fe(III) concentration was observed at a
higher molar Fe/Cr ratio (i.e., Cr0.2Fe0.8(OH)3) and a high
AHA concentration of 170 mg C/L (Figure 2c,d). Under
anoxic conditions, Fe(II) was generated (Figure 2e−h). For all
Fe-containing precipitates, the concentration of total Fe(II)
ranged from 60 to 80 μM at 50 mg C/L AHAred and increased
greatly up to 190−220 μM at 170 mg C/L AHAred (Figure
S3). The great increase in Fe(II) suggests that reductive
dissolution played an important role in the dissolution of Fe-
containing precipitates. The aqueous Fe(III) concentration
across all Fe-containing precipitates was only 2−5 μM at 50
mg C/L AHAred and was not detected at 170 mg C/L AHAred
(data not shown) (Figure 2a−d). The absence of aqueous
Fe(III) at high AHAred concentration may be attributable to
the fact that the intermediate aqueous Fe(III) was
subsequently reduced to Fe(II) by free reducing moieties of
AHAred.

41 Taken together, ligand-promoted dissolution and
reductive dissolution of Fe(III) under anoxic conditions
collectively contributed to the dissolution of aqueous Fe
from CrxFe1−x(OH)3.
Regardless of the oxic and anoxic conditions, more aqueous

Fe(III/II) was dissolved from CrxFe1−x(OH)3 than aqueous
Cr(III) for a given Fe/Cr ratio (Figures 1 and 2). The ratios of
aqueous Fe/Cr to inherent molar Fe/Cr ratio ([Fe/Cr]aq/[Fe/
Cr]in) were typically >1 (Figure S4), indicating that more
aqueous Fe was released than Cr(III). The preferential release
of Fe over Cr is consistent with previous report showing that
the dissolution of CrxFe1−x(OH)3 by siderophore and organic
acid resulted in more Fe released with enrichment of Cr in the
residual solid phase.25 Taken as a whole, under both oxic and
anoxic conditions, NOM solubilized CrxFe1−x(OH)3 precip-
itates via ligand-promoted dissolution mechanism and
reductive dissolution mechanism and released more aqueous
Fe(III/II) than Cr.
3.2. Formation of Cr(III)-NOM-Fe Colloids. Dissolution

of CrxFe1−x(OH)3 precipitates by NOM is accompanied by the
formation of Cr(III)-NOM-Fe colloids. Since the concen-
trations of aqueous Cr(III) (>12 μM, Figure 1a) observed at
the end of the batch experiments were appreciably higher than
the predicted solubility of Cr(OH)3, which is 0.6 μM under
the studied conditions, a subset of aqueous samples were
further passed through an ultrafiltration membrane with a 10
kDa cutoff (ca. 3 nm) to identify the contribution of colloidal
particles to the aqueous concentrations. Control experiments
without NOM show that the truly dissolved Cr(III)
concentrations (<0.2 μM) were consistently below the
expected solubility of Cr(OH)3. With NOM present, the

Figure 1. Evolution of aqueous Cr(III) from CrxFe1−x(OH)3
precipitates under the influence of AHA with varying concentrations
and redox states under oxic and anoxic conditions at pH 6. The
legends of 50-AHAox, oxic and 170-AHAox, oxic indicated that the
dissolution of CrxFe1−x(OH)3 were conducted in the presence of 50
mg C/L AHAox and 170 mg C/L AHAox under oxic conditions. The
legends of 50-AHAred, anoxic and 170-AHAred, anoxic indicate that the
dissolution of CrxFe1−x(OH)3 was conducted in the presence of 50
mg C/L AHAred and 170 mg C/L AHAred under anoxic conditions.
The aqueous Cr(III) concentration was determined after filtration
through a 220 nm PES syringe filter. Solid lines represent the pseudo-
first-order model fits using equation = ·C C e(1 )t

kt
eq , where Ct

and Ceq are the aqueous Cr(III) concentration at time t and
equilibrium, respectively. Please note that the pseudo-first-order
model was just used to simply evaluate the aqueous Cr(III)
concentrations and to guide the eyes. Error bars represent the
standard deviations of at least duplicate measurements. Where error
bars are not visible, they are smaller than the data symbols.
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colloidal Cr(III) (ca. 3−220 nm) accounted for up to 76−97%
of the aqueous Cr(III) released from CrxFe1−x(OH)3
precipitates under both oxic and anoxic conditions (Figure
3a). In addition to Cr, almost all the aqueous Fe were colloidal
Fe(III) under oxic conditions (Figure 3b). Under anoxic
conditions, the truly dissolved Fe(II) made up to 32−72% of
the aqueous Fe at 50 mg C/L AHAred, while the colloidal
Fe(II) accounted for 86−89% of aqueous Fe when elevating
AHAred concentration to 170 mg C/L (Figure 3b). Compared
to Cr(III) and Fe(III), the relatively high fraction of truly
dissolved Fe(II) at low NOM concentration may be ascribed
to the high solubility of Fe(OH)2 at pH 6 (Ksp = 4.9 × 10−17,
25 °C). Additionally, the complexation constant of Fe(II)-
NOM complexes is 2−4 orders of magnitude lower than that
of Fe(III)-NOM complexes (log KFe(II) = 5.4−10.2 versus log
KFe(III) = 9.5−12.9),70,71 allowing Fe(II) to exist as truly
dissolved phases at a low NOM loading. At high NOM
concentration, the similar colloidal behaviors between Cr(III)
and Fe(III/II) suggest their close associations in colloidal
fractions during the NOM-induced dissolution of
CrxFe1−x(OH)3 precipitates. The formation of Cr(III)-NOM-
Fe colloids is dominantly owing to the complexation of Cr(III)
and Fe with NOM, which inhibits the hydrolysis of Cr(III) and
Fe ions and thus favors the smaller particle sizes.21,50,51,72,73

Particle size and zeta potential measured by DLS support the
dispersion of Cr(III)-NOM-Fe colloids. The hydrodynamic
diameters of Cr(III)-NOM-Fe colloids formed under both oxic
and anoxic conditions ranged from 79 to 167 nm (Figure 4a).
The zeta potential results show that Cr(III)-NOM-Fe colloids
possessed strongly negative surface charges (i.e., −40−−17

mV, Figure 4b), further ensuring the particle stability of
colloids. Under anoxic conditions, the particles have a higher
surface negative charge compared to the particles formed
under oxic conditions, which may be ascribed to the more
reduced functional groups in AHAred than AHAox.

32,33,38,39

Altogether, the stability of Cr(III)-NOM-Fe colloids formed
under both oxic and anoxic conditions can be attributable to
the enhanced electrostatic and steric stabilization imparted by
NOM adsorbed on the particle surfaces.26,51,74

3.3. Characterization of Cr(III)-NOM-Fe Colloids and
Large Particles. Cryogenic XPS spectroscopy analysis in
conjunction with depth profiles identified the chemical state
and distribution of Cr and Fe present at the near surface of the
particles. Because the Cr(III)-NOM-Fe colloids formed for all
conditions examined, cryogenic XPS measurements were only
performed in the samples of Cr0.8Fe0.2(OH)3 before and after
reactions with AHAox and AHAred under both oxic and anoxic
conditions (Figure 5). The high-resolution Cr 2p spectra show
that only Cr(III) characteristic peaks ranging from 576.2 to
579.0 eV were observed for all conditions with no significant
Cr(VI) peaks at ∼579.4 eV44,68 (Figure 5a−d). This indicates
that neither AHAox nor O2 oxidized Cr(III) to Cr(VI) within
the timescale of the experiments, which is consistent with other
reports under the similar experimental conditions.44,75 High-
resolution Fe 2p spectra indicated that Fe was present as
Fe(III) under oxic conditions (Figure 5e,f). A weak peak of
Fe(II) (708.0 eV)76−78 was observed under anoxic conditions
at high NOM concentration but was absent at low NOM
concentration (Figure 5g,h) due to the relatively lower Fe(II)
generation. Such observation is in agreement with wet

Figure 2. Generation of (a−d) aqueous Fe(III) and (e−h) aqueous Fe(II) from CrxFe1−x(OH)3 precipitates in the presence of AHA under oxic
and anoxic conditions at pH 6. The aqueous Fe concentration was determined after filtration through a 220 nm PES syringe filter. Aqueous Fe(III)
measured at 170 mg C/L AHAred was below the detection limit of instrument and not detected; therefore, it was not plotted. The legends of 50-
AHAox, oxic and 170-AHAox, oxic indicate that the dissolution of CrxFe1−x(OH)3 was conducted in the presence of 50 mg C/L AHAox and 170 mg
C/L AHAox under oxic conditions; the legends of 50-AHAred, anoxic and 170-AHAred, anoxic indicate that the dissolution of CrxFe1−x(OH)3 was
conducted in the presence of 50 mg C/L AHAred and 170 mg C/L AHAred under anoxic conditions. Solid lines represent the pseudo-first-order
model fits using the equation = ·C C e(1 )t

kt
eq , where Ct and Ceq are the aqueous Fe(III/II) concentration at time t and equilibrium,

respectively. Please note that the pseudo-first-order model was just used to simply evaluate the aqueous Fe(III) and Fe(II) concentrations and to
guide the eyes. Error bars represent the standard deviations of at least duplicate measurements. Where error bars are not visible, they are smaller
than the data symbols.
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chemistry results described above (Figure 2). Furthermore, the
XPS depth profiling technique provided information on the

spatial distribution of Cr, Fe, and NOM as a function of
probing depth. Control experiments without NOM show that

Figure 3. Percentage of (a) Cr(III) and (b) Fe, including Fe(II) and Fe(III), in different size fractions collected after 72 h of reaction of
CrxFe1−x(OH)3 precipitates (x = 0, 0.2, 0.5, 0.8, and 1) with AHA (AHAox and AHAred) under oxic and anoxic conditions at pH 6. The percentage
on the y-axis represents the fraction of Cr and Fe in a certain size fraction to their corresponding total concentration of aqueous Cr and Fe through
220 nm membrane. Under oxic conditions, all aqueous Fe was Fe(III). Under anoxic conditions, both Fe(II) and Fe(III) exist at 50 mg C/L
AHAred, while only Fe(II) exists at 170 mg C/L AHAred. Error bars represent standard deviations of duplicate measurements.

Figure 4. (a) Z-averaged hydrodynamic diameter and (b) zeta potentials of Cr(III)-NOM-Fe colloids collected after 72 h of reactions under oxic
and anoxic conditions at pH 6. Error bars represent the standard deviations of at least duplicate measurements.
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the intensity of Cr(III) and Fe(III) remained unchanged with
increasing probing depth (Figure 5a,e), suggesting the even
distribution of Cr(III) and Fe(III) within the tested precipitate
(i.e., Cr0.8Fe0.2(OH)3). In stark contrast, with NOM present,
the Cr(III) and Fe(III) intensities increased significantly as the
probing depth increased from the near-surface to 100 nm
depth along the surface (Figure 5b−d,f−h), demonstrating the
enrichment of NOM on the surface of Cr(III)-NOM-Fe
colloids. This is in part supported by the decreased carbon
intensity with increasing probing depth (Figure 5j−l). The
enrichment of NOM on the particle surface confirmed the
stabilization mechanisms of electrostatic and steric interactions

responsible for the enhanced dispersion of Cr(III)-NOM-Fe
colloids under conditions tested. Furthermore, inspection of
the atom percentages of Cr, Fe, C, and O at different probing
depths revealed that the Cr/Fe ratios at the particle near
surface are significantly higher than those at depths of 10 and
100 nm (Table S2), indicating a relative enrichment of Cr at
the particle surface, which further supports the favorable
dissolution of Fe (Figure S4).
XAFS analysis was further used to quantify the speciation

and local molecular coordination environments of Cr and Fe
within the particle structure. Cr K-edge XANES spectra show
that no Cr(VI) is observed in any of the samples, as evidenced

Figure 5. Cryogenic XPS (a−d), Cr 2p, (e−h), and Fe 2p and (i−l) C 1s spectra of (first column) pristine Cr0.8Fe0.2(OH)3 without AHA, and
samples collected after 72 h of reaction of Cr0.8Fe0.2(OH)3 with (second column) 170 mg C/L AHAox under oxic conditions, with (third column)
50 mg C/L AHAred, and with (fourth column) 170 mg C/L AHAred under anoxic conditions at pH 6, respectively. The probing depths were
recorded at surface, 10, and 100 nm of samples. Raw data were calibrated to C 1s at a binding energy of 284.8 eV and fitted using a least squares
procedure with the Gaussian−Lorentzian function (80% G-20% L) after subtracting a Shirley background. Peak fitting was performed for Cr 2p3/2
and Fe 2p3/2 peaks contained at a probing depth of 100 nm, due to the high signal intensity. Peak fittings for Cr 2p3/2 peaks and Fe 2p3/2 peaks were
assigned based on the literature-reported values.76−78,94−96
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by the absence of an intense pre-edge peak at ∼5993 eV
(Figure 6a).79 The weak pre-edge feature at ∼5990 eV, the

main peak at 6009 eV, and a shoulder peak at 6024 eV are
typical peaks of Cr(III),80 further confirming that no oxidation
of Cr(III) occurred during the experiments (Figure 6a). The
linear combination fitting (LCF) results of Cr k3-weighted
EXAFS show that Cr(OH)3 is the only identifiable species of
Cr species (Figure S5a and Table S3). The first-shell modeling
from the Cr K-edge EXAFS spectra indicated an average Cr−O
distance of 1.97 Å with a coordination number of Cr ranging
from 5.3 to 5.9 (Figure 6b and Table S3). The measured Cr−
O distance indicated that Cr(III) had six coordinating oxygen
atoms in an octahedral geometry under the tested
conditions.21,66 The second shell is likely to be Cr−Cr with
a distance of 3.02 Å,81 and the coordination number ranged
from 1.4 to 2.2. The smaller coordination numbers (1.4−1.5)
of Cr−Cr from AHA-treated samples are likely due to the
interference from close complexation with AHA (Figure 6b,
Table S3), which would lead to the smaller particle sizes or
more structural disorder of Cr(III) within the particle
structure, as observed in previous reports.21,82−84

Fe K-edge EXAFS spectra provide information on the redox
state and local coordination environments of Fe (Figure 6c,d

and Table S4). XANES results indicated that only Fe(III) was
present (Figure 6c) as characteristic peaks of Fe(III) were
located at ∼7132 eV, and ferrihydrite was the only identifiable
species of Fe species, as evidenced by LCF results of Fe k3-
weighted EXAFS (Figure S5b and Table S4). In general,
Fe(III) had six coordinating oxygen atoms in an octahedral
geometry with an Fe−O distance of 1.99 Å (Figure 6d and
Table S4). The second shell is likely to be Fe−Fe with a
distance of 3.01 Å and a coordination number of 3.8 (Figure
6d and Table S4). However, the Fe−Fe of AHA-induced
Cr(III)-NOM-Fe colloids has relatively smaller coordination
numbers of 2.6−3.4 (Table S4), suggesting that the formation
of Cr(III)-NOM-Fe colloids affected the coordination of
CrxFe1−x(OH)3 particles. Inconsistent with the wet chemical
results, the Fe(II) signal was not observed in XANES spectra.
Possible explanations for this discrepancy may be related to the
loss of aqueous Fe(II) during the collection of solid samples
through centrifugation and the unintentional oxidation of
Fe(II) during the sample transportation.
In summary, the smaller coordination numbers of Cr−Cr

and Fe−Fe shells from EXAFS spectra indicate the close
association of colloidal Cr(III) and colloidal Fe with NOM
likely via carboxyl moieties, as previously reported.85,86 This is
also consistent with our recent work26 showing the strong
associations between Cr, Fe, and C at the nanoscale for
Cr(III)-NOM-Fe colloids formed upon the reaction of Cr(VI)
with NOM-Fe(II) colloids at anoxic−oxic interfaces, which
was evidenced by ultrahigh-resolution aberration-corrected
scanning transmission electron microscopy (Cs-STEM).
Under oxic conditions, the colloids may be present as
Cr(III)-NOM-Fe(III) ternary colloids or NOM-stabilized
Cr(III)−Fe(III) colloids. Under anoxic conditions, the colloids
may be a mixture of Cr(III)-NOM-Fe(II) colloids and NOM-
stabilized Cr(III) or NOM-stabilized Fe(II) colloids. However,
the EXAFS spectra did not allow us to differentiate these
colloidal compositions within the resolution of the instrument.
Further work is required to combine a suite of techniques [e.g.,
Cs-STEM, in situ XAFS, small-angle neutron scattering
(SANS), and computational chemistry analysis] to decipher
the molecular structure of Cr(III)-NOM-Fe colloids.
3.4. Environmental Implications. CrxFe1−x(OH)3, which

is the most common reduction products of Cr(VI) by iron-
bearing materials, has long been treated as the sink of Cr in
subsurface environments. This work extended our knowledge
of geochemical behavior of Cr by providing new information
about the dissolution of CrxFe1−x(OH)3 precipitates and
formation of Cr(III)-NOM-Fe colloids by NOMred under
anoxic conditions. NOMred dissolves CrxFe1−x(OH)3 precip-
itates mainly via reductive dissolution, thus elevating the
aqueous Cr(III) and Fe(III/II) concentrations. Complexation
of Cr(III) and Fe(III/II) with NOM results in the formation of
Cr(III)-NOM-Fe colloids that could enhance the mobility of
Cr(III), thus increasing the potential risk of reoxidation of
Cr(III) to Cr(VI) when accessing to strong oxidants (e.g., Mn-
containing minerals).20,43−45,87,88 Additionally, for the Cr(III)
colloids formed under anoxic conditions, the concomitant
Fe(II) allows for the formation of ROS when exposed to
oxygen,89−91 further giving rise to the potential reoxidation risk
of Cr(III). Therefore, the formation and stability of Cr(III)-
NOM-Fe colloids may control the final fate and transport of
reduced Cr(III) in the management of subsurface Cr
contaminated sites. We note that the high concentration of
NOM used in this study may not occur in most natural

Figure 6. (a,c) K-edge normalized XANES spectra of (a) Cr and (c)
Fe; (b,d) Fourier transforms (magnitudes) of the k3-weighted EXAFS
spectra (with phase correction) of (b) Cr and (d) Fe. The red solid
line, blue dot-dash line, and black solid line represent raw, modeled,
and standard reference compound spectra, respectively. Parameters of
the EXAFS modeling are reported in Tables S4 and S5. The reaction
samples were collected after 72 h of reactions under oxic and anoxic
conditions at pH 6. S1 is referred to as pristine Cr0.8Fe0.2(OH)3; S2,
S3, and S4 are referred to as samples obtained from the reaction of
Cr0.8Fe0.2(OH)3 with 170 mg C/L AHAred, with 170 mg C/L AHAox,
and with 50 mg C/L AHAox, respectively. For reference, the patterns
of Cr(OH)3, Cr(VI), ferrihydrite (Fh), and lepidocrocite (Lep) are
included in the XANES and EXAFS plots.
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environments (e.g., 10−50 mg C/L in wetlands);92 however, it
is within the range of concentrations used in engineered
Cr(VI)-remediation sites.29,93 We realize that the natural
subsurface environments are more complexed than the systems
presented in this study, future work is needed to extend our
framework by revealing the multiple factors such as NOM
origins, pH, ionic strength and compositions, and more
complicated redox-fluctuation conditions on the dissolution
of CrxFe1−x(OH)3 precipitates and transport of Cr(III)-
containing colloids.

4. CONCLUSIONS
This study, to the best of our knowledge, is the first to
demonstrate the NOM-induced dissolution of CrxFe1−x(OH)3
precipitates and formation of Cr(III)-NOM-Fe colloids using
different redox states of NOM under both oxic and anoxic
conditions. Through a set of laboratory-scale batch experi-
ments, we reveal that NOM dissolves CrxFe1−x(OH)3
precipitates via ligand-promoted dissolution under oxic
conditions and via reductive dissolution under anoxic
conditions. Under oxic conditions, NOM adsorbs at the
surface of CrxFe1−x(OH)3 precipitates via complexation of
functional groups with Cr and Fe atoms, leading to the
dissolution of CrxFe1−x(OH)3 precipitates. However, under
anoxic conditions, reduced NOM reduces structural Fe(III) of
CrxFe1−x(OH)3, contributing to the reductive dissolution of
CrxFe1−x(OH)3 and releasing Cr(III) and Fe(III/II) into the
aqueous phase. Colloid chemistry analysis indicates that the
aqueous Cr(III) and Fe(III/II) observed at higher NOM
concentrations are in fact present as Cr(III)-NOM-Fe colloids,
which constitute a large fraction of total Cr and Fe released
from the CrxFe1−x(OH)3. Further characterization using
cryogenic XPS and EXAFS collectively reveal that NOM
closely associates with Cr and Fe atoms of Cr(III)-NOM-Fe
colloids. Findings of this study provide insights into the
dissolution of CrxFe1−x(OH)3 precipitates and properties of
the resulting Cr(III)-containing colloids, which are critical for
a more complete understanding of Cr cycling and improving
Cr remediation strategies in redox-dynamic and organic-rich
environments.
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