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ABSTRACT: The role of microbial activities on the trans-
formation of chromium (Cr) remediation products has generally
been overlooked. This study investigated the stability of Cr(III)-
Fe(III)-(oxy)hydroxides, common Cr(VI) remediation prod-
ucts, with a range of compositions in the presence of common
microbial exudates, siderophores and small organic acids. In the
presence of a representative siderophore, desferrioxamine B
(DFOB), iron (Fe) was released at higher rates and to greater
extents relative to Cr from all solid phases. The presence of
oxalate alone caused the release of Cr, but not of Fe, from all
solid phases. In the presence of both DFOB and oxalate, oxalate
acted synergistically with DFOB to increase the Fe, but not the
Cr, release rate. Upon reaction with DFOB or DFOB + oxalate, the remaining solids became enriched in Cr relative to Fe. Such
incongruent dissolution led to solid phases with different compositions and increased solubility relative to the initial solid phases.
Thus, the presence of microbial exudates can promote the release of Cr(III) from remediation products via both ligand
complexation and increased solid solubility. Understanding the potential reaction kinetics and pathways of Cr(VI) remediation
products in the presence of microbial activities is necessary to assess their long-term stability.

1. INTRODUCTION

Chromium (Cr) is a significant contaminant in the United
States1 and around the globe. The most common valence states
of Cr in soils and natural waters are Cr(III) and Cr(VI).2

Under oxic conditions, Cr speciation is dominated by the highly
soluble and mobile Cr(VI) species, chromate (CrO4

2‑) and
bichromate (HCrO4

2‑).3 Due to its higher bioavailability and
strong oxidizing capability, Cr(VI) exhibits a toxicity threat that
is 100 times greater than that of Cr(III).4 Contrastingly, under
circumneutral pH conditions, Cr(III) is traditionally considered
insoluble and stable.3 A wide range of reactants are capable of
reducing Cr(VI) to Cr(III), including biotic (e.g., dissimilatory
metal reducing microbes)5−8 and abiotic (e.g., sulfide, Fe(0),
Fe(II), and organic compounds)9−13 pathways. The common
reduction products are either pure Cr(III)-(oxy)hydroxides or a
mixed Cr(III)-Fe(III)-(oxy)hydroxide solid solution series in
the presence of iron (Fe) and due to the structural similarities
between Cr(III) and Fe(III).12,14,15 These (oxy)hydroxides are
sparingly soluble14 and are typically considered as the ultimate
sink of Cr in subsurface environments.2

Cr(III) can be oxidized by ubiquitous manganese (Mn)
oxides to Cr(VI), which leads to contamination.16 Studies have
shown that the oxidation kinetics of Cr(III) by Mn oxides are
affected by Cr speciation (e.g., soluble Cr(III) or Cr(III)−
organic complex vs solid Cr(OH)3).

16−21 Thus, understanding
the potential solubilization mechanisms of Cr(III)-containing
solids under environmental conditions and their subsequent
oxidation efficiency by Mn oxides is critical for constraining the
fate of Cr in the subsurface22 and evaluating the long-term
efficiency of biotic/abiotic Cr(VI) remediation techniques.
Siderophores and small organic acids are both ubiquitous

organic molecules produced by a wide range of microorganisms
(e.g., bacteria and fungi) and plants23,24 and are often
coexuded.25,26 Siderophores are organic chelating agents with
a high affinity for Fe(III) and can facilitate Fe solubilization and
bioavailability from low solubility Fe(III)-containing mineral
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phases (e.g., hematite).27 Siderophores have also been shown to
have strong affinities for other trivalent metal cations, such as
Cr(III), Mn(III), and Co(III), due to their structural (i.e.,
coordination) similarity to Fe(III).28−30 A wide range of
common organic acids (e.g., oxalic, citric, fulvic, and humic
acids) have been demonstrated to complex with Cr(III).17,31−33

In fact, measurements on natural waters, including sites with
anthropogenic contaminations, revealed concentrations of
dissolved Cr(III) above the solubility of Cr(OH)3 in the
absence of organic chelating agents, which was suggested to be
due to the complexation of Cr(III) with organic mole-
cules.34−37 Both siderophores (e.g., desferrioxamine B,
rhizoferrin, protochelin)38 and organic acids (e.g., citric acid,
ethylenediaminetetraacetic acid, nitrilotriacetic acid)39 were
recently shown to be capable of solubilizing Cr(III) from the
pure Cr(III)-(oxy)hydroxide solid phase under environmentally
relevant conditions. However, to our knowledge no studies
have examined the solubilization of the mixed Cr(III)-Fe(III)-
(oxy)hydroxide solid solution series by these common organic
molecules, as well as the transformation of the solid phases
upon reaction. Interestingly, the coexistence of siderophores
and small organic acids can have positive, neutral, or negative
effects on trivalent metal oxide dissolution rate, depending on
the metal oxide type, siderophore type, and solution
conditions.26,38,40 Such information is missing for the mixed
Cr(III)-Fe(III)-(oxy)hydroxide phases.
In this study, we investigated the dissolution of the Cr(III)-

Fe(III)-(oxy)hydroxide solid solution series in the presence of a
representative siderophore, desferrioxamine B (DFOB), and
the common biogenic organic acid, oxalate. The compositional
and structural evolutions of the solid phases were also
monitored using a suite of complementary spectroscopic and
microscopic techniques. Results from this study provide
important insights on the long-term stability of Cr remediation
products in the presence of microbial activities.

2. MATERIALS AND METHODS
2.1. Synthesis of Cr(III)-Fe(III)-(oxy)hydroxides. Repre-

sentative samples from the Cr(III)-Fe(III)-(oxy)hydroxide
solid solution series, hereafter referred to as CrxFe1−x(OH)3,
were synthesized following previous procedures15 with x = 0,
0.2, 0.5, 0.8, and 1. These samples are referred to as Fe10,
Cr2Fe8, Cr5Fe5, Cr8Fe2, and Cr10, respectively (Supporting
Information (SI) Table S1). Briefly, Fe(NO3)3·9H2O and
Cr(NO3)3·9H2O (both ACS grade) were dissolved in deionized
water (18 MΩ cm) to obtain a total metal concentration of 0.1
M with desired Cr(III):Fe(III) molar ratios. The solutions were
slowly titrated to pH 7 with 1 M NaOH. Precipitates formed
from the suspension were aged for 24 h followed by dialysis to
remove remaining electrolytes. The resulting wet pastes were
recovered, freeze-dried, and finely ground. Portions of the
powders were dissolved in nitric acid for analysis of Cr and Fe
compositions by inductively coupled plasma-mass spectroscopy
(ICP-MS). Specific surface area of each dried solid was
determined by Brunauer−Emmett−Teller (BET) gas adsorp-
tion analysis using an Autosorb-1-MP surface pore analyzer
(Quantachrome Corp.) (SI Table S1).
2.2. Ligand Solubilization Experiments. Stabilities of the

synthesized CrxFe1−x(OH)3 solids were investigated in the
presence or absence of a representative siderophore, DFOB,
and/or a representative small organic acid, oxalate. The solids
(0.2 g/L) were suspended in a 0.1 M NaCl electrolyte solution
with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES, high purity grade) buffer at pH 7 and sonicated
for 15 min. This buffer has been previously shown to not
influence the rates of siderophore promoted dissolution of
metal hydroxides25,38,41 After addition of the solid, the
suspensions were sonicated for 15 min to disperse particles.
For the treatments containing oxalate, oxalic acid (ACS grade)
was added to the suspension to achieve a final concentration of
0.1 or 1 mM. For the treatments containing DFOB, a mesylate
salt of DFOB (Sigma-Aldrich) was added to the suspensions for
a final DFOB concentration of 0.1 mM. For the treatments
containing both DFOB and oxalate, oxalic acid was added 1
min prior to DFOB addition in order to account for the
potential effect of oxalate on metal hydroxide dissolution during
the initial duration of exposure to oxalate.26 Each treatment was
conducted in duplicate in batch reactors in the dark by using
amber bottles or by wrapping the reaction bottles in aluminum
foil. Reaction bottles were constantly agitated at room
temperature on an orbital shaker.
Aliquots of each sample were collected throughout a time

series, syringe filtered (0.2 μm, cellulose acetate, VWR), and
analyzed for total dissolved Cr and Fe concentrations by ICP-
MS. The formation and concentration of Fe(III)−DFOB
complex was monitored at 430 nm by UV−visible (UV−vis)
spectroscopy (Cary 60, Agilent).42 Cr(VI) concentration in the
filtrates was analyzed using the diphenylcarbazide assay by
UV−vis at 540 nm16 and was below the detection limit for all
treatments. Thus, the total dissolved Cr concentration in the
filtrate was considered to be Cr(III). The pH value of each
suspension stayed at 7.0 ± 0.1 throughout the entire
experiment for all treatments. No microbial growth was
observed for the duration of the experiment. Release rates
were determined by fitting a regression line through the
dissolution profile over the same time frame (21 days) for each
condition and normalizing to BET surface area of each solid.
Additionally, mass normalized dissolution rates are also
presented as the BET measured specific surface area of
noncrystalline solid phases may be limited by the size of the
gas molecule used43 and underestimated due to increased
aggregation44,45 and surface decomposition during degassing.46

Uncertainty estimates represent the variance of the rate
determined from regression analysis and error from duplicates.
At the end of the experiment, the reacted solids were freeze-
dried and characterized using X-ray absorption spectroscopy
(XAS), pair distribution function (PDF) analysis of X-ray total
scattering, and high resolution transmission electron micros-
copy (HRTEM).

2.3. Synchrotron X-ray Scattering Analysis of Solid
Phases. High-energy X-ray total scattering data of both
pristine and reacted CrxFe1−x(OH)3 samples were collected at
beamline 11-ID-B (∼58.6 keV, λ = 0.2117 Å) of the Advanced
Photon Source (APS), Argonne National Laboratory, IL.
Conversion of data from 2D to 1D was performed using the
program Fit2D.47,48 The experimental total scattering structure
function S(Q), reduced experimental structure function f(Q),
and PDF, or G(r), were obtained using PDFgetX2.49

Compositions used for the normalization of the experimental
structure functions are included in SI Table S1. Since there are
currently no detailed structure models for the compositional
series, we adopted a self-consistent method assuming the
general formula of (Cr,Fe)2O3·nH2O for all samples.
Information obtained regarding the Fe:Cr ratio of the
unreacted solids (from ICP-MS analysis) was incorporated in
the compositions used for PDF normalization. Total hydration
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information from thermal gravimetric analysis (TGA) of the
weight loss for the unreacted samples15 was used for estimating
the hydration states of all other samples and was incorporated
in the normalization. This normalization approach resulted in
consistent reduced structure functions for all samples, and the
PDFs were calculated from the Fourier transforms of these data
truncated at 29 Å−1. The size of the coherent scattering domain
for each sample was estimated from the attenuation of the PDF
as a function of r (Å).
2.4. Synchrotron X-ray Absorption Spectroscopy

(XAS) of Solid Phases. Cr and Fe K-edge XAS data were
collected for all pristine and reacted samples at beamlines 5-
BM-D and 12-BM-B at APS, and beamline 4−1 at Stanford
Synchrotron Radiation Lightsource (SSRL), CA. Freeze-dried,
finely ground sample powders were evenly brushed on Kapton
tapes and excess powders were blown off. Several layers of the
sample-loaded tapes were stacked to achieve desired thickness.
Depending on Cr or Fe concentrations, X-ray absorption near
edge structure (XANES) data were collected either in
transmission or fluorescence mode (using a Lytle or Vortex
detector depending on beamline setup). Energy calibration
used Cr or Fe metal foils. A monochromator detuning of 50%
were used for both Cr and Fe K-edges to minimize higher-
order harmonics. Data processing was performed with the data
analysis programs SIXPack50 and Ifeffit.51

2.5. High Resolution Transmission Electron Micros-
copy (HRTEM). HRTEM images of both pristine and DFOB-
reacted CrxFe1−x(OH)3 samples (reaction time of 32 days)
were taken on a JEOL 2010F TEM. A small amount of each
sample was dispersed in ethanol and ultrasonicated for ∼ 1 min.
Then, a drop of the suspension was placed onto a 200-mesh Cu
grid with a holey-carbon support film and air-dried. To avoid
beam damage, image focus was obtained on the carbon film
adjacent to the particles of interest, and then the beam was
moved onto the sample particle. Due to the small crystal sizes
(5 nm and less), the electron diffraction is very weak.
Therefore, we used fast Fourier transform (FFT) to appraise
the diffraction and crystallinity of each sample.

3. RESULTS AND DISCUSSION
3.1. DFOB and/or Oxalate Mediated Solid Dissolution.

In the absence of DFOB and oxalate (i.e., control experiments),
dissolved Fe and Cr remained less than 0.5 μM for all
CrxFe1−x(OH)3 solids throughout the experiments (30−35
days) (Figure 1A). The presence of DFOB and/or oxalate
promoted the dissolution of Cr and/or Fe to different extents,
as discussed below.
The presence of 0.1 mM DFOB promoted the release of

both Fe and Cr from all solid phases as compared to the control
experiments, with Fe released at both a higher rate and extent
than Cr (Figure 1B). For all experiments, Fe concentrations
gradually increased until reaching plateaus after ∼ 20 days. At
the end of experiments, sample Fe10 released the most Fe into
solution (∼60 μM), followed by Cr5Fe5 (∼30 μM), Cr8Fe2
(∼10 μM), and Cr2Fe8 (∼5 μM) (Figure 1B). All Fe was
released as the Fe(III)−HDFOB+ complex (SI Figure S1) as
expected at pH 7.52 Cr release was slightly promoted in the
presence of DFOB as compared to control experiments, with
dissolution plateaus reached after ∼25 days for all solids except
for Cr10, which continued to release Cr through the end of the
experiment. At the end of experiments (32 days), Cr10 released
the most Cr into solution (∼1.5 μM), followed by Cr5Fe5,
Cr2Fe8, and Cr8Fe2 (all ∼1 μM). No Cr(VI) was detected in

all experiments. Thus, the total dissolved Cr was considered
Cr(III). We were not able to differentiate Cr(III)−DFOB
complex from dissolved Cr(III) because there were no
observable spectra for the Cr(III)−DFOB complex by UV−
vis spectroscopy (200−800 nm). The absence of spectral
features is due to the low molar absorptivity coefficient of the
Cr(III)-DFOB complex (εmax < 70 L mol−1 cm−1)53 and small
concentrations present in this study, as has been previously
described.38 However, by comparing Cr(III) release in the
control experiments (Figure 1A) and DFOB experiments
(Figure 1B), the additional release of Cr(III) in the DFOB
experiments can be attributed to the complexation between
Cr(III) and DFOB, as DFOB has been previously shown to
promote the dissolution of Cr(OH)3 through complexation.38

The higher dissolution rate and extent for Fe relative to Cr
from the solid phases in the presence of DFOB is consistent
with the greater stability constant for the Fe(III)−HDFOB+

complex (1032.2)54 relative to that of the Cr(III)-HDFOB+

complex (1030.6).38 In fact, siderophore-promoted dissolution
rates have been shown to correlate with the stability constant of
the corresponding aqueous metal-siderophore complex.55 The
preferential mobilization of Fe from the solid phases resulted in
the enrichment of Cr in the remaining solid phases, which is
discussed later. The dissolution rate of the Fe10 endmember
(previously described as 2-line ferrihydrite)15 is consistent with
previously reported surface area normalized and mass
normalized rates of DFOB-promoted dissolution of ferrihy-
drite56 and surface area normalized rates of DFOB-promoted
dissolution of goethite,57,56,58 on the order of 10−13 mol m−2s−1

and 101 μmol g−1day−1, at circumneutral pH and similar
experimental conditions (SI Tables S2 and S3). When rates are
normalized to surface area, the dissolution of goethite is directly

Figure 1. Concentrations of dissolved Cr and Fe from the
CrxFe1−x(OH)3 phases in the presence of (A) no DFOB, no oxalate
(control), (B) 0.1 mM DFOB, (C) 1 mM oxalate, and (D) 0.1 mM
DFOB + 1 mM oxalate. Experiments were conducted at pH 7 in 0.1 M
NaCl with 0.2 g L−1 of each solid.
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comparable to that of ferrihydrite.56 The surface area
normalized dissolution rate of the Cr10 endmember is an
order of magnitude less than the rate reported by Duckworth et
al.38 This difference in rate may be the result of small
differences in experimental conditions and properties of the
initial Cr(OH)3 solids.
The effect of oxalate alone on the release of Cr from all solids

was dependent on oxalate concentration. The presence of 0.1
mM oxalate did not have a significant impact on Cr release rate
and extent (SI Figure S2A), whereas 1 mM oxalate (Figure 1C)
not only enhanced the extent of Cr release (up to ∼1−2 μM
Cr), but also resulted in continuous increase at 30 days. As a
hard acid, Cr(III) forms strong complexes with hard bases,
including carboxylate ligands such as oxalate.59 Oxalate has
been shown to adsorb to Cr(III) hydroxide via inner sphere
coordination,60 which is the initial step for ligand promoted
surface detachment and dissolution.61 Citrate has also been
shown to dissolve amorphous Cr(OH)3 at pH ∼ 7.39

Contrastingly, no Fe was released throughout the experimental
course in the presence of oxalate alone (Figure 1C and SI
Figure S2A), which is consistent with previous studies that
showed negligible dissolution of Fe oxides in the presence of
oxalate in the circumneutral pH range.55,62−64

In the presence of both DFOB (0.1 mM) and oxalate, the
addition of 1 mM oxalate increased the release rate of Fe from
each solid phase in a synergistic manner (i.e., the rate of
dissolution in the presence of both oxalate and DFOB is greater
than the sum of each rate) (Figure 2, SI Tables S2 and S3).
This synergistic effect of oxalate on DFOB-promoted
dissolution has been previously reported for Fe oxides and
was attributed to the formation of a kinetically labile Fe-oxalate
species at the solid surface followed by rapid ligand exchange

with DFOB in solution.26 While this effect was apparent for Fe
release from these mixed solids, it was not observed for Cr
release rate (Figure 2, SI Tables S2 and S3), similar to previous
observations for Mn and Co oxides.55 The greater impact of
oxalate on DFOB-promoted release of Fe relative to Cr most
likely reflects the much lower ligand exchange rate for Cr(III)
relative to Fe(III),65 which may limit the synergistic effects of
ligand combinations on dissolution rates.
Interestingly, in the presence of 0.1 mM DFOB and 0.1 mM

oxalate, the effect of oxalate addition on DFOB-promoted
release of Cr and Fe can be either synergistic, inhibitive, or
exhibit no effect on the metal release rates (see SI Text S1). A
previous study on the dissolution of Al-substituted goethite
phases in the presence of DFOB and oxalate found a similar
dependence of Fe release rate on oxalate concentration and
solid Al content.66 Although the reason for such observations is
unclear, the combined effect of DFOB and oxalate seems to be
affected by oxalate concentration (or DFOB/oxalate ratio) and
solid phase composition/structure. It is possible that the
exchange between the surface formed labile metal-oxalate
sufrface complex and metal-DFOB complex is affected by the
ligand exchange rate of each metal ion, and the water exchange
rate for Cr(III) is known to be much slower than Fe(III).65

Higher concentrations of oxalate might facilitate the formation
of surface metal−oxalate labile complex and provide more
opportunities for metal exchange with DFOB. Furthermore,
different concentration ratios of organic acid and siderophore
may affect the competition for surface sites, as has been
proposed to explain the inhibition of citrate on DFOB-
promoted dissolution of Fe oxides.26,67

The impact of the CrxFe1−x(OH)3 solid composition on the
DFOB + oxalate combined effect is likely related to the
structural and/or surface properties of these solids. A consistent
trend observed throughout our treatments is that both the
dissolution rate and extent of Fe and Cr from Cr5Fe5 are
greater than those of the other intermediate composition
phases, Cr2Fe8 and Cr8Fe2 (Figure 1B−D, SI Table S2).
Under all conditions, the rate of Fe release (μmol day−1 g−1) is
consistent when normalized to Fe content (SI Table S3) for all
solids, except for Cr2Fe8, suggesting that perhaps this solid
phase behaves inconsistently. Our previous study demonstrated
that this nanosized CrxFe1−x(OH)3 solid solution series does
not follow the structural characteristics of traditional solid
solutions of bulk crystalline materials.15 The Fe10 end member
(i.e., 2-line ferrihydrite) is a nanocrystalline phase,15,68 and the
Cr10 end member is truly amorphous.15 Under HTREM, the
loss of lattice fringes and discontinuation of nanocrystallinity
seemed to occur between Cr5Fe5 and Cr7Fe3.15 Therefore, it
is possible that such structural/crystallinity change (i.e.,
different arrangements of surface atoms) and compositional
change (e.g., hydration state) can expose different amount and
type of Fe and/or Cr sites on the surface for complexation with
oxalate and/or DFOB.

3.2. Composition Evolution of Solid Phases. The
preferential mobilization of Fe from all solid phases in the
presence of DFOB alone or DFOB + oxalate led to the
evolution of the solid phases to be more enriched in Cr relative
to the initial solid phases (i.e., all solids exhibited an increased
Cr/(Cr+Fe) molar ratio after reaction) (Figure 3). The most
drastic changes were observed in Cr5Fe5 (30% change in solid
Cr/(Cr+Fe) ratio relative to initial composition), followed by
Cr8Fe2 (11%) and Cr2Fe8 (7%), all in the presence of DFOB
+ 1 mM oxalate. Similar to the effects of the microbially

Figure 2. Release rates (mol m−2 s−1) of (A) Cr and (B) Fe of each
solid phase in the presence of 1 mM oxalate (white), 0.1 mM DFOB
(light gray), or 0.1 mM DFOB + 1 mM oxalate (dark gray). Release
rates were normalized to surface area of each starting solid and were
determined by fitting a regression line through the dissolution profile
over the same time frame (∼21 days). Error bars represent variance of
the rate determined from regression analysis and error associated with
duplicates. The dashed line in (B) is at a release rate of 1 mol m−2s−1,
which is the maximum value of the y-axis in (A).
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produced organic compounds in this study (i.e., siderophores
and organic acids), direct microbial activity (e.g., anaerobic
respiration of dissimilatory iron reducing bacteria) has also
been shown to lead to the evolution of the CrxFe1−x(OH)3
phases toward Cr enrichment through the respiration and
reduction of Fe(III) within the mixed solid phases.69 Although
the presence of oxalate alone preferentially removed Cr relative
to Fe, the composition change of the solid Cr/(Cr+Fe) relative
to the initial composition based on this Cr depletion was
negligible in all solid phases (<3%).
3.3. Structural Evolution of Solid Phases. The composi-

tional enrichment of Cr in the solid phases was expected to
alter the structure of the reacted solid phases relative to the
initial solid phases. As previously mentioned, the mixed
CrxFe1−x(OH)3 phases comprise a nontraditional solid solution
series with gradual structural and compositional changes, albeit
the two end members have different structures, crystallinity,
and chemical compositions.14,15 The Cr end member exhibits
only short-range order with a particle size of ∼10 Å and has a
greater hydration state than the Fe end member (2-line
ferrihydrite), which exhibits intermediate range order with a
coherent domain size of ∼27 Å.15 In this study, complementary
PDF, XAS, and HTREM characterizations were conducted on
both the pristine (i.e., initial) and reacted solids to determine
(1) whether the reacted solids still have similar structural
features as the original solid solution, and if so, (2) where they
fall within the solid solution series.
PDF analysis can be used to evaluate coherent domain size

and atomic pair correlations of the reacted solids compared to
the initial solids. The PDFs of all pristine and reacted solid
phases under control (no DFOB, no oxalate) or 0.1 mM DFOB
conditions are shown in SI Figure S3. For pristine samples,
from Cr10 to Fe10 the PDF spectra show a gradual increase of
the coherent domain size with increasing Fe content (SI Figure

S3A). The atomic pair correlations of the reacted solids are
overall similar to the original solid phases (SI Figure S3B). The
prominent feature at ∼2 Å is indicative of the metal−oxygen
pair correlation, as both Cr and Fe have similar ionic radii in the
+3 valence state. With increasing Cr content, there is a shift of
the features at 3 Å (edge-sharing metal-metal octahedra) and
3.4 Å (corner-sharing metal-metal octahedra), indicating
gradual structural changes. The coherent domain sizes of
reacted samples are slightly larger than those of the pristine
samples, possibly due to an aging effect (SI Figure S3A).
Interestingly, the solids reacted with DFOB exhibit smaller
coherent domain sizes than the respective control experiments,
likely due to the partial dissolution promoted by DFOB
complexation.
Because PDF is not an element sensitive technique and Cr

and Fe have similar scattering properties, Cr and Fe K-edge
XAS analyses were conducted to confirm that the increased
structure order revealed by PDF was not indicative of the
formation of different phase(s) other than the solid solution
series. Both Cr and Fe XAS spectra of the ligand-reacted
samples showed spectral features similar to those observed
within the solid solution series (Figure 4 and SI Figures S4, and
S5). As previously observed with the solid solution series,15

gradual structural transformations were also observed for the
reacted samples, as indicated by the vertical lines in Figure 4
and SI Figure S4. No Cr(VI) was observed in any of the
samples, as evidenced by the absence of an intense pre-edge
peak at ∼ 5989 eV.70 The weak pre-edge feature at ∼5992 eV is
typical of Cr(III)-containing compounds71 and further confirms
that no redox reactions have occurred during the experiments.
The Cr XANES spectra of the reacted solids also differ
significantly from the reported spectra of most likely products
(e.g., Cr-substituted goethite; CrOOH)72 if a transformation of
the local structure had occurred. Moreover, if these crystalline
phases indeed formed in our system, they would have showed
long-range order in the PDF data of the reacted samples, which
was not observed. Thus, the reacted solids had slight increases
in crystallinity and structure order (as revealed by PDF)
without changes in local coordination environment, similar to
ferrihydrite phases with different structure order (e.g., 2-line
ferrihydrite vs 6-line ferrihydrite).73,74

Representative HRTEM images and FFT analysis further
support the change in crystallinity of the solid phases upon
reaction (Figure 5). All samples show heavy aggregation,
however, in this current study it is not possible to constrain
whether the level of aggregation was present in the reaction
suspensions or whether more aggregation was induced due to
the sample preparation procedure for HRTEM. In general,
there is a loss of structural order from Fe10 to Cr10, and the
samples reacted with DFOB are less crystalline than the control
samples. HRTEM images show that Fe10 and Cr2Fe8 both
have clear lattice fringes and the grain sizes are ∼5 nm in both
the control and reacted samples. With increasing Cr content
(e.g., samples Cr5Fe5, Cr8Fe2, and Cr10), the lattice fringes
are only vaguely seen, and amorphous structures dominate the
samples. Bright spots can be seen in the FFT patterns of
samples Fe10, Cr2Fe8, and Cr5Fe5, reflecting the existence of
nanocrystalline structure. However, in samples Cr8Fe2 and
Cr10, bright spots are not obvious and only broad diffuse rings
are observed. The diffuse rings also broaden from Cr8Fe2 to
Cr10, which is consistent with the disappearance of lattice
fringes and decrease of structural order.

Figure 3. Composition evolution of the of CrxFe1−x(OH)3 phases as a
function of time in the presence of 0.1 mM DFOB alone or 0.1 mM
DFOB + 1 mM oxalate. Change in composition (%) is presented as
percent change in solid Cr/(Cr+Fe) molar ratio over time.
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Taken together, solid phase analyses reveal that the reacted
solids belong to the same solid solution series, with each
reacted solid having higher Cr content and a structure
representative of Cr enrichment. However, because of the
relatively small compositional changes (<10% of the overall
solid Cr/(Cr+Fe) mole ratio, Figure 3), the changes are subtle
in XAS and HRTEM analyses.
3.4. Incongruent Dissolution of the Solid Phases.

Based on the observed structural changes, dissolution requires
some mechanism to induce changes in the local coordination
environment of Cr and Fe. The dissolution mechanism itself is
not straightforward because these mixed solids represent a
nontraditional solid solution where the structures of the end
members are not the same, and there is a gradual change in the
structure along the compositional series.15 For solid phases
containing both Cr and Fe (i.e., Cr2Fe8, Cr5Fe5, Cr8Fe2),
regardless of ligand type and concentration, the release (both
rate and extent) of Cr and Fe are not proportional to their
molar ratio in the solid [i.e., x/(1−x)]. Therefore, the overall
dissolution is incongruent and produces a secondary solid

phase with compositions different from the unreacted solid. In
the presence of DFOB alone or DFOB + oxalate, the produced

Figure 4. Cr K-edge XANES spectra (left) and corresponding first
derivatives (right) of (A) Cr10, (B) Cr8Fe2, (C) Cr5Fe5, and (D)
Cr2Fe8 under pristine, control, 0.1 mM DFOB alone, and 0.1 mM
DFOB + 1 mM oxalate conditions. Vertical lines indicate regions
where gradual transformations are observed. The sharp feature at
∼5985 eV present in the pristine samples (indicated by the asterisk) is
a monochromator glitch.

Figure 5. HRTEM images and corresponding FFT patterns of reacted
(32 days) solid phases under control (left panels) or 0.1 mM DFOB
(right panels) conditions. Scale bars are 5 nm.
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secondary solid phase is more enriched in Cr. In the presence
of oxalate alone, the preferential release of Cr (but not Fe)
from these solids results in the slight enrichment of Fe.
Incongruent dissolution of traditional solid solution series is
typically discussed in the context of geological weathering. For
example, previous studies showed that in the presence of
oxalate, Al and Ca were preferentially removed (relative to Si)
from feldspars,75,76 resulting in a leached layer depleted in Al
and Ca on the mineral surface.77 A leached layer is defined as a
chemically altered zone at the solid-solution interface, which
exhibits a different elemental composition than the bulk solid
composition.78,79 The most likely mechanism leading to the
observed structural changes in our system can occur from the
structural reconstruction of this leached layer to minimize the
surface energy configuration as has been observed in silicate
minerals.78 In the case of a leached layer, the preferential
dissolution of Fe would result in a Cr enriched leached layer,
which may spontaneously reconstruct to form a structure that
would be identical to the solid phase initially precipitated with
the corresponding Cr/Fe ratio. Because of the nanoscale size of
the CrxFe1‑x(OH)3 primary particles (i.e., 1−2 nm as identified
by PDF) and associated large surface:bulk ratio, the
reorganization of the surface is more evident as the overall
transformations observed in the XAS and HRTEM analyses.

4. ENVIRONMENTAL IMPLICATIONS

Understanding the potential reaction kinetics and pathways of
Cr(VI) remediation products in the presence of microbial
activities and/or metabolites has significant implications for
assessing their long-term stability under natural conditions. In
this study, we investigated the single and combined effects of a
siderophore, DFOB, and an organic acid, oxalate, on the
stability of the Cr(III)-Fe(III)-(oxy)hydroxide solid solution
series. Siderophores and organic acids are both common
microbial exudates in the natural environments. Our study
reveals that Cr(VI) remediation products may be remobilized
in the subsurface by these common microbially secreted ligands
via (1) the direct ligand-promoted solubilization of Cr(III)
from the Cr(III)-Fe(III)-(oxy)hydroxide solid phases, as well as
(2) increased solubility of the secondary solid phases resulted
from incongruent dissolution of the starting solid phases, as
discussed below.

(1) Ligand promoted solubilization. The presence of DFOB
and/or oxalate led to enhanced release of Cr(III) from
the solid phases as a ligand complexed species (Figure 1).
Thus, Cr mobility is expected to be promoted in the
presence of environmentally relevant organic com-
pounds. Oxalic acid is abundant in soils with
concentrations on the order of 10−5 to 10−3 M range.80

DFOB is a trihydroxamate siderophore produced by
bacteria and fungi under low Fe availability conditions to
solubilize Fe(III) from its low solubility (oxyhydr)oxide
forms.56,81 Although the average concentration ranges of
siderophores in soil and sediment environments are
typically low and difficult to detect (e.g., hydroxamate
siderophores in soils typically range from 10−8 to 10−7

M),81 the concentration of siderophores can be highly
concentrated locally to facilitate the dissolution and
mobilization of Fe from the Cr(III)-Fe(III)-(oxy)-
hydroxide and consequently mobilize Cr(III) at the
same time.82

(2) Increased solubility of the secondary solid phases
produced by incongruent dissolution of the starting
solid phases. As previously discussed, the incongruent
dissolution of the initial solids produces secondary solid
phases with different composition and structure within
the CrxFe1−x(OH)3 solid solution series. In the presence
of DFOB alone or DFOB + oxalate, the secondary solid
phases have higher mole fraction of Cr (x) and are
predicted to be more soluble than the starting solids

(Figure 6, SI Table S4) based on the data from Sass and
Rai14 and equation derived in Rai et al.:83

= − − −

− +
−

K x

x x

log 4.23 0.172(1 ) 1.392

(1 ) log

Cr Fe (OH)
2

3
xx 1 3

(where x = 0 to 1) This equation describes the solubility
product (Ksp) of each solid phase within the solid solution
series as a function of the mole fraction of Cr (and Fe). Based
on this equation, the calculated solubility product of the
secondary solid phases increased by ∼0.1 to 9% in the presence
of DFOB (SI Table S4). Such increased solubility can lead to
increased opportunity for the oxidation of Cr(III) to the toxic
Cr(VI). Ligand-promoted dissolution leading to increased
solubility of the remaining solid phase has previously been
observed in hausmannite (Mn2+Mn3+2O4).

84 During DFOB-
promoted dissolution of hausmannite, the depletion of Mn(III)
from the solid phase led to structural instability that induced
dissolution of the remaining solids and release of Mn(II).
The above-mentioned processes both produce soluble

Cr(III) species (i.e., dissolved or ligand-complexed) that may
be more susceptible to reoxidation to Cr(VI) than the solid
phase species, leading to subsequent recontamination. Mn
oxides are the most dominant environmentally relevant
oxidants for Cr(III).12,16,85 Several studies have examined the
oxidation of dissolved Cr(III) by Mn oxides.86−89 Studies have
also shown that the oxidation of Cr(III) bounded by organic
ligands, while kinetically slower than inorganic aqueous Cr(III),
is a viable mechanism for Cr(III) oxidation to Cr(VI).21,90

Under complex environmental conditions, besides the above-
mentioned processes (e.g., dissolution of Cr-containing solids,
production of dissolved Cr(III) and/or Cr(III)−ligand
complex, oxidation of dissolved Cr(III) ion or Cr(III)-ligand
complex by Mn oxides), other biogeochemical processes and

Figure 6. Predicted Ksp changes in the reacted CrxFe1−x(OH)3 solids
in the presence of DFOB alone or DFOB + oxalate as compared to the
initial solids, using calculated Ksp values and relationship from Sass and
Rai14 and given by the equation logKCrxFe1−x(OH)3 = 4.23 − 0.172(1−
x)2−1.392(1−x)3+log x for 0 < x < 0.9.83
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factors should also be taken into consideration to better
constrain the ultimate fate of Cr and its remediation
byproducts. Organic ligands might interact with Mn oxides
and influence their oxidation efficiency. For example, at
circumneutral pH, DFOB has been shown to dissolve Mn
oxides, either through reductive dissolution (leading to the
degradation of DFOB and production of aqueous Mn(II)) or
ligand complexation (leading to Mn(III)−DFOB complex
formation).91 The presence of oxalate can promote and
enhance the reductive dissolution pathway.40 The DFOB-
promoted dissolution rates of Mn oxides under experimental
conditions similar to this study are 10−9 mol m−2 s−1.55

Therefore, the interaction between organic ligands and Mn
oxides may be a kinetically competitive process to the ligand-
promoted dissolution of CrxFe1−x(OH)3 solids and subse-
quently reduce the opportunity for Cr mobilization.
Although our study was only conducted at the environ-

mentally relevant pH value of 7, previously described trends can
help provide implications for other pH values. For example, at
lower pH values, proton-promoted dissolution of the solid
phases becomes more dominant.38 However, this process is
expected to have a similar effect as siderophores on the
dissolution kinetics of the solid phases with different
compositions, because proton-promoted dissolution rates
correlate to the water exchange rates of the cation.92 Therefore,
Fe is expected to preferentially release from the solid phases
relative to Cr at lower pH values. At higher pH values, ligand
promoted dissolution is the dominant dissolution mechanism
and, in general, the rate may increase with increasing pH
values.38 Furthermore, the organic acid and siderophore choice
made in this study can help provide insights for other ligands.
For example, DFOB as a trihydroxamate siderophore may have
a weaker effect than catecholate siderophores and, thus, is
expected to result in lower dissolution rates than catecholate
siderophores.38,55 Additionally, the synergistic effect of oxalate
may be higher than that of other organic acids.26 Overall, in
mixed metal solid phases, the water exchange rate and metal
coordination environment are important factors in predicting
the stability and transformation products of solids in the
presence of microbial activities.
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