
ABSTRACT: Transformation of metastable Fe(III) oxyhydroxides is a prominent
process in natural environments and can be significantly accelerated by the
coexisting aqueous Fe(II) (Fe(II)aq). Recent evidence points to the solution mass
transfer of labile Fe(III) (Fe(III)labile) as the primary intermediate species of
general importance. However, a mechanistic aspect that remains unclear is the
dependence of phase outcomes on the identity of the metastable Fe(III)
oxyhydroxide precursor. Here, we compared the coupled evolution of Fe(II)
species, solid phases, and Fe(III)labile throughout the Fe(II)-catalyzed trans-
formation of lepidocrocite (Lp) versus ferrihydrite (Fh) at equal Fe(III) mass
loadings with 0.2−1.0 mM Fe(II)aq at pH = 7.0. Similar to Fh, the conversion of
Lp to product phases occurs by a dissolution−reprecipitation mechanism mediated by Fe(III)labile that seeds the nucleation of
products. Though for Fh we observed a transformation to goethite (Gt), accompanied by the transient emergence and decline of Lp,
for initial Lp we observed magnetite (Mt) as the main product. A linear correlation between the formation rate of Mt and the
effective supersaturation in terms of Fe(III)labile concentration shows that Fe(II)-induced transformation of Lp into Mt is governed
by the classical nucleation theory. When Lp is replaced by equimolar Gt, Mt formation is suppressed by opening a lower barrier
pathway to Gt by heterogeneous nucleation and growth on the added Gt seeds. The collective findings add to the mechanistic
understanding of factors governing phase selections that impact iron bioavailability, system redox potential, and the fate and
transport of coupled elements.
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■ INTRODUCTION

Thermodynamically metastable iron oxyhydroxides, including
ferrihydrite (Fh) and lepidocrocite (Lp), are widespread in
natural environments due to constantly fluctuating conditions
that enable their regeneration. Example settings include soils
and sediments, acid mine drainage settings, and oxidative
weathering fronts.1,2 Fh, which originates from Fe(III)
hydrolysis or rapid Fe(II) oxidation, is of particular interest
due to its large specific surface area and high affinity for
nutrients, contaminants, and natural organic matter
(NOM).3−5 In anoxic environments at near neutral pH,
coexisting aqueous Fe(II) (Fe(II)aq), even at micromolar
concentrations, can greatly accelerate Fh transformation to
more stable mineral forms from years to within hours.6,7 As
one of the common intermediate product phases from this
process, Lp can become persistent through cyclic redox
fluctuation, particularly in environments with relatively high
levels of NOM.8−10 In addition, Lp can be readily produced
from abiotic Fe(II) oxidation in excessive moisture, dissim-
ilatory iron reduction of Fe(III) oxide, or microbial Fe(II)
oxidation at circumneutral pH.11−15 As metastable phases,
both Fh and Lp will tend to ultimately transform into more

stable iron oxyhydroxides, such as goethite (Gt) and hematite
(Hm).16,17 These transformations are important because by
altering the mineralogy of the iron oxyhydroxides they also
influence their sorption capacity, redox reactivity, and iron
bioavailability controlling the mobilization/immobilization of
contaminants, cycling of nutrients, and microbial extracellular
respiration.18−20

Transformation mechanisms have been widely studied and
competing pathways proposed, including dissolution−repreci-
pitation21,22 and solid-state conversion.23,24 However, tracking
mass transfer of Fe(III) from precursor to product phases is a
challenging task, due to the low solubility of Fe(III) at
circumneutral pH, poor crystallinity, or extremely fine grain
sizes of the initial mineral phases. Relative to Lp trans-
formation, Fe(II)-catalyzed transformation of Fh has been
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studied more extensively under various environmental
conditions.25−28 However, the mechanism underlying the
accelerating effect of Fe(II)aq remains incompletely under-
stood. It is well recognized that interfacial electron transfer
(IET) can occur between sorbed Fe(II) (Fe(II)sorb) and
structural Fe(III) in Fh.25,29 The recent isolation and
quantification of an associated labile Fe(III) intermediate
(Fe(III)labile) resulting from the Fe(II)−Fh IET has provided a
new framework for understanding the transformation process
in terms of the classical nucleation theory (CNT).30,31 In
particular, Fe(II)-catalyzed Fh transformation kinetics and
phase outcomes have now been quantified in terms of the
Fe(III)labile saturation state. However, it remains unclear the
extent to which the same mechanistic model applies to Lp as
the initial precursor phase. The solubility product of Lp is ∼50
times lower than that of Fh,32,33 suggesting that Lp is relatively
more thermodynamically stable. Also, relative to Fh, Lp has a
much smaller specific surface area and lower adsorption
capacity for Fe(II)aq. A key unknown is whether the
accumulation rate of labile Fe(III) resulting from the IET
between Fe(II)sorb and Lp is high enough to yield and sustain
nucleation and growth of more stable product mineral phases.
Moreover, in the absence of Fe(II)aq under ambient
conditions, the spontaneous conversion of Lp to Gt is
extremely slow,34 whereas Lp production and its ultimate
consumption by Gt formation were observed within 24 h
during Fe(II)-catalyzed Fh transformation. How the initial
metastable mineral substrate controls the transformation
pathway remains poorly understood.
Previous studies specifically examining the effect of Fe(II)aq

on Lp transformation are limited. In alkaline solution (pH =
8.5−10), Fe(II) adsorption onto Lp was found to trigger Lp
transformation to Gt, magnetite (Mt), or green rust (GR), the
latter two of which are mixed-valent iron oxide minerals.35 The
transformation of Lp to intermediate GR and ultimately to Mt
(i.e., the Lp−GR−Mt pathway) was observed in the presence
of Fe(II)aq and As(III)/As(V) at pH = 7.2.36 Both Mt and GR
have been widely observed as product phases from the
bioreduction of Lp, but whether Mt can be directly formed
from Lp bioreduction without going through the GR “step” is
still under debate.37 A variety of parameters, such as medium
conditions, initial properties of Lp, supply rates of biogenic
Fe(II), and bacterial activity, have been proposed to influence
the final product phases of Lp bioreduction.38−41 Hence, most
prior work on this topic remains poorly interconnected and
insufficient to address the question about the possibly crucial
underlying importance of Fe(III)labile as the primary mediator
of the observed phase transformations.
The objectives of this study are to: (1) investigate whether

Fe(III)labile is produced from Fe(II)−Lp contact and, if so,
assess its possible connection to the emergence of stable
product phases using CNT; (2) determine how the distinct
properties of Fh and Lp control the accumulation and
consumption of Fe(III)labile, as well as possibly influence the
nucleation of specific product phases. We performed batch
transformation experiments using equimolar ([Fe(III)]) Fh,
Lp, and mixtures of Lp/Gt, in contact with 0.2−1.0 mM FeSO4
solution at pH = 7.0 under anoxic conditions. The time-
dependent evolution of Fe(II) species, labile Fe(III), and
product phases throughout the transformation experiments
were determined. Our findings reveal how the properties of
metastable iron oxyhydroxides affect the accumulation rates of
Fe(III)labile and nucleation of product phases, which provide

new insights into complex transformations of iron oxy-
hydroxides and their implications for the sequestration and
release of contaminants, NOM, and nutrients.

■ MATERIALS AND METHODS
Synthesis and Characterization of Iron Oxyhydr-

oxides. Lp, 2-line Fh, and nanosized Gt particles were
synthesized according to previously reported procedures.1,22,42

More details about the preparation procedures are given in
Section S1. The crystalline phase and particle size/morphology
of the synthetic particles were analyzed by employing powder
X-ray diffraction (XRD) and transmission electron microscopy
(TEM), respectively. XRD was performed on a PANalytical
X’Pert3 Powder diffractometer equipped with Cu Kα radiation
(λ = 1.54056 Å) at 40 kV and 40 mA. XRD patterns were
collected from 10 to 90° (2θ) with a step-size of 0.0131303°
and a scan time of 44 s per step. The phases were identified
using MDI Jade 6.5 software. TEM images were taken using a
FEI Titan F20 microscope operated at 200 kV equipped with a
Titan Themis (FEI) charge-coupled device camera and in
bright-field imaging mode. Image acquisition and analysis were
performed with Gatan Digital Micrograph Software. Details of
sample preparation for XRD and TEM have been described in
our previous studies.9,31 The XRD patterns and representative
TEM images indicate that the synthetic 2-line Fh particles had
a primary particle size of 2−5 nm (Figure S1). The Lp particles
were plate-like with dimensions of ∼300 nm × 100 nm and
∼15 nm thick (Figure S1), whereas Gt particles were needle-
like with dimensions of ∼4 nm in width and 70 nm in length
(Figure S2).

Batch Transformation Experiments. Batch transforma-
tion experiments of iron oxyhydroxides (Lp, Fh, or Lp
amended with Gt) were performed using a fixed Fe(III)
mass loading {[Fe(III)] = 5 mM} in 40 mL of piperazine-1,4-
bisethanesulfonic acid (PIPES) solution (10 mM, pH = 7.0)
with 0.2 mM, 0.4 mM, or 1.0 mM FeSO4 in an anoxic
glovebox. After adding the stock suspension of iron oxy-
hydroxides to the buffer solution, FeSO4 was added to obtain
the desired [Fe(II)aq] and initiate the transformation experi-
ments. In the transformation experiments of Lp amended with
Gt, the total Fe(III) concentration of Lp and Gt was 5 mM,
and the relative molar proportion of Lp (Lp %) ranged from
40% to 100%. After vigorously mixing Lp and Gt particles in
the PIPES buffer solution for more than 1 h, the FeSO4 stock
solution was added to initiate the transformation experiments,
resulting in [Fe(II)aq] = 1.0 mM. Over the course of 84 h
transformation experiments, the time-dependent concentra-
tions of Fe(II)aq, Fe(II)sorb, and structural Fe(II) in the solid
products [Fe(II)stru] were determined according to the
procedures reported in our previous studies.9,31 For more
details about the measurements of the Fe(II) species, refer to
Section S2.

Quantification of Labile Fe(III). Fe(III)labile in the
transformation experiments was extracted and quantified as a
function of time using a Fe(III)-specific complexing agent,
xylenol orange disodium salt (XO, no.52097, Sigma-Aldrich)
in the anoxic glovebox. XO can form colored complexes with
trivalent cations, such as Fe(III), which is not disrupted by
divalent cations,43,44 so it was used to extract labile Fe(III)
formed from the Fe(II)−Fh IET. The method was established
and reported in our previous study.30 Briefly, 0.9 mL of
aliquots were taken at desired time intervals and vigorously
mixed with 0.1 mL of the XO solution (5 mM XO and 65 mM
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HCl) for 20 s. The mixture was then filtered using a 0.22 μm
poly(ether sulfone) filter to remove mineral particles. 160 μL
of the filtrate was diluted to 2 mL using 40 mM HCl. After the
sample was placed statically in the dark for 15 min to allow full
color development, the concentration of Fe(III)labile was
determined from the absorbance at 560 nm using a UV−
visible spectrophotometer (Cary 100, Agilent).
Relative Proportions of Secondary Mineral Phases

over Time. The relative proportions of solid phases over time
were determined using attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy, Fe K-edge
extended X-ray absorption fine structure (EXAFS) spectros-
copy, and powder XRD. Details of sample preparation and
parameters for data acquisition were described in our previous
studies.9,31 Aliquots were taken at intervals throughout the
transformation experiments, in which the particles were
collected by centrifugation and then washed with 5 mM HCl
to quench phase transformation in the anoxic glovebox.45

Samples were saved in sealed containers and taken out from
the glovebox immediately before the measurements. ATR-
FTIR spectra of the collected particles were obtained on a
Bruker VERTEX 70 IR spectrophotometer (Bruker Optics,
Ettlingen, Germany) equipped with a Bruker Platinum ATR
accessory. The relative proportions of secondary mineral
phases were determined from the ATR-FTIR spectra,
according to a previously reported method.31,46 As a method
complementary to ATR-FTIR spectroscopy, EXAFS spectra of

the end products were collected on BL12BM-B at Advanced
Photon Source (Argonne, IL, USA) and beamline 4B9A at
Beijing Synchrotron Radiation Facility (BSRF, Beijing, China),
respectively. After spectra energy calibration, normalization,
and background correction, the relative proportions of mineral
phases were determined by linear combination fitting of the k3

× χ(k) spectra over k = 3−11 Å−1 with reference spectra of Fh,
Lp, Gt, and Mt with the standard feature of the Athena
software package.47 The procedures for preparing and
characterizing Gt and Mt standards were described in our
previous study.9

Calculation of Nucleation Barriers for Mineral
Products. To explore how the nature of the initial mineral
phases (Lp vs Fh) affects the relationship between
accumulation of labile Fe(III) and nucleation of product
phases, we calculated the nucleation barriers for Lp, Gt, and
Mt in the Fe(II)-induced transformation of Fh or Lp
considering 1 μM to 10 M FeSO4 at pH = 7.0. According to
CNT, the nucleation barrier can be expressed as48

π γ
Δ * =

ΔΨ
G

V16
3

m
2 3

2 (1)

where γ is the surface energy of the product phase (J/m2), Vm
is its volume per mol iron (cm3/mol Fe), and ΔΨ is the
driving force for nucleation of per mole product (kJ/mol·Fe),
that is the difference in the free energy (kJ/mol·Fe) of starting

Figure 1. Time-dependent proportions of iron oxyhydroxides over the 84 h transformation experiments of ferrihydrite (Fh) (a−c) and
lepidocrocite (Lp) (d−f), respectively, with 1.0 mM (a,d), 0.4 mM (b,e), and 0.2 mM (c,f) FeSO4 were determined by FTIR spectroscopy. Mt and
Gt stand for magnetite and goethite, respectively. Empty symbols represent the results of EXAFS, suggesting that phase proportions determined by
FTIR spectroscopy are consistent with the EXAFS-based quantification.
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minerals (Fh/Lp) and the more stable products. The free
energy of iron oxyhydroxides (Ψ) under a given pH and redox
potential (Eh) condition can be calculated by constructing a
thermodynamic grand potential, according to a method
described previously49,50

μΨ = { − · − − ·

− − · · }

N
G N N N RT

N N F

1
(2 ) ln(10)pH

(2 ) Eh
Fe

o H O o H

o H
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where G is the molar Gibbs formation free energy; NFe, NO,
and NH are the atomic numbers of Fe, O, and H, respectively,
in the formula of iron oxyhydroxide [Fe(OH)3 used for Fh];51

μH2O is the chemical potential of water; and F is the Faraday
constant. The redox potential (Eh) of solution was estimated
based on the known solubility of the starting mineral (Fh/Lp)
and the concentration of Fe(II)aq according to a previous
method,52,53 as described in Section S3. The thermodynamic
parameters of iron oxyhydroxides used in this calculation for
our study are summarized in Table S1.

■ RESULTS AND DISCUSSION
Phase Transformation of Fh versus Lp. As shown in

Figure S3, Gt was the sole product phase from the 84 h
transformation experiments of Fh with 0.2−1.0 mM FeSO4 at
pH = 7.0. When the starting mineral was changed from Fh to
Lp, Mt became the main product phase, even at a FeSO4
concentration as low as 0.2 mM. Only a very weak XRD peak

(2θ = 21.2°) assigned to Gt was observed in the end products
from the Lp transformation at [Fe(II)aq] = 0.2 mM, and no
detectable Gt was formed at [Fe(II)aq] ≥ 0.4 mM. Moreover,
the control experiments without added FeSO4 showed that
both Lp and Fh particles remained untransformed in the buffer
solution within the 84 h experiments. Thus, the presence of
0.2−1.0 mM Fe(II)aq greatly accelerates transformation of
both Fh and Lp at pH = 7.0, but the dominant product phases
are different. This result was confirmed by both ATR-FTIR
(Figure S4) and EXAFS (Figure S5) spectra.
In addition to the end products, we also measured the time

evolution of solid phases in the transformation experiments
using ATR-FTIR spectroscopy. In the presence of 0.2−1.0 mM
Fe(II)aq, Fh completely transformed into Gt within the 84 h
experiments, accompanied by initial accumulation and ultimate
consumption of Lp (Figure 1a−c), consistent with previous
studies conducted at near-neutral pH and with [Fe(II)aq] ≤ 1
mM.8,9,25,31 Although the same end product Gt was observed
across the 0.2−1.0 mM FeSO4 experiments, the Fh conversion
rate and maximum relative proportion of Lp (Lp %) showed an
expected dependence on the initial [Fe(II)aq]. For example, as
the initial [Fe(II)aq] increased from 0.2 to 0.4 mM, the
maximum Lp % decreased from 70 to 65%, and the
consumption rate of Lp increased from 0.07 to 0.16 mM·h−1

(Table S2). Correspondingly, the time for the complete
conversion of Lp decreased from 48 to 24 h. In contrast, the
accumulation rates of Lp were similar (1.55−1.72 mM·h−1) at
different initial [Fe(II)aq] values. Thus, the increase of initial
[Fe(II)aq] mainly promoted the conversion of Lp to Gt rather

Figure 2. Time-dependent concentrations of Fe(II) species, including aqueous Fe(II) (black), sorbed Fe(II) (red), and structural Fe(II) (blue)
over the 84 h experiments of Fh (a−c) and Lp (d−f) with 1.0 mM (a,d), 0.4 mM (b,e), and 0.2 mM (c,f) FeSO4, respectively.
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than the accumulation of Lp from Fh transformation. When
1.0 mM Fe(II)aq was added, the maximum Lp % was only ∼4%
at ∼ 2 h and then rapidly decreased to near zero, indicating a
very fast conversion of intermediate Lp to Gt at this high
[Fe(II)aq], which nearly outcompetes its emergence entirely.
For the experiments starting from Lp as the metastable

precursor, the rate and extent of transformation were generally
lower, for runs at each respective [Fe(II)aq] than the
corresponding values for Fh (Figure 1). For example, in the
presence of 1.0 mM Fe(II)aq, Fh completely transformed into
Gt after 12 h, but only 49% of Lp converted into products
within 84 h. As the initial [Fe(II)aq] was increased from 0.2 to
1.0 mM, the extent of Lp transformation clearly increased from
20 to 49%, and the relative proportion of Mt (Mt %) increased
from 13 to 41% at the end of the 84 h experiments (Table S2).
However, the production rate of Gt was similar at a different
initial [Fe(II)aq]. Hence, the increase of added Fe(II)aq in the
Lp transformation mainly facilitated the conversion of Lp to
Mt, rather than to Gt. This result is substantially different from
what we observed in the Fe(II)-catalyzed transformation of Fh,
indicating that the properties of the initial metastable phase
exerts a profound influence over the condensation of the
product phases.
Evolution of Fe(II) Species in the Transformation of

Fh versus Lp. Time-dependent concentrations of Fe(II)aq,
Fe(II)sorb, and Fe(II)stru during the transformation of Fh and
Lp are shown in Figure 2. In the Fh transformation with 0.2−
1.0 mM Fe(II)aq, a nearly instantaneous uptake of Fe(II)aq was
observed upon spiking FeSO4 into the Fh suspension, due to
the large specific surface area and high adsorption capacity of
Fh. This stage is followed by a more gradual adsorption of
Fe(II)aq onto Fh within the first 1 h, followed by a clear
transition to the release of Fe(II)sorb back to solution from 1 to
6 h, until a plateau was reached. The release of Fe(II) can be
attributed to the decreasing specific surface area compared to
the initial Fh as stable product phases emerge. When the initial
[Fe(II)aq] decreased to 0.2 or 0.4 mM, a similar time-
dependent evolution of [Fe(II)aq] and [Fe(II)sorb] was
observed, but the maximum and final values of [Fe(II)sorb]
were generally higher with increasing initial [Fe(II)aq] (Table
S3). The values of [Fe(II)stru] in all of the Fh transformation
experiments were low (30−121 μM). Moreover, no Fe(II)-
containing solid phases, for example Mt, could be detected
using XRD (Figure S3) or FTIR spectroscopy (Figure S4).
In the transformation experiments of Lp with added

Fe(II)aq, an instantaneous uptake of Fe(II)aq by Lp was also
observed (Figure 2d−f). However, only 9.4−26.5% of the
added Fe(II)aq was sorbed during this initial stage, much less
than the corresponding values (32.5−54.5%) for Fh (Table
S3). Moreover, [Fe(II)aq] monotonically decreased over time,
along with a continuous increase of [Fe(II)stru], which is
consistent with the formation of Mt indicated by the XRD,
FTIR spectroscopy, and EXAFS (Figures 1, S3−S5). The final
[Fe(II)stru] at the end of the 84 h experiments increased, as
more Fe(II)aq was added (Table S3). The result agrees well
with the increasing production of Mt observed by XRD and
FTIR spectroscopy for higher initial [Fe(II)aq] (Figures 1 and
S3b). It is noteworthy that 79.5−91.1% of the added Fe(II)aq
precipitated as Mt after the 84 h transformation of Lp, whereas
a large portion (55.7−76.7%) of Fe(II)aq remained in solution
after the Fh transformation at 0.4−1.0 mM Fe(II) (Table S3).
Thus, compared to Fh, the Fe(II)-induced Lp transformation
can promote the transfer of Fe(II)aq from solution into the

structure of solid products that tend to settle out from a water
column. Compared to the evolution of [Fe(II)sorb] during the
Fh transformation, [Fe(II)sorb] in the experiments with Lp did
not display obvious changes over time, suggesting that the
specific surface area or the affinity to Fe(II)aq for solid products
was relatively constant during transformation.

Kinetics of Labile Fe(III) Formation and Condensa-
tion. Fe(III)labile concentrations over time in the trans-
formation experiments with Fh versus Lp were compared to
explore their connection to the different product phases
formed. An essentially instantaneous formation of labile
Fe(III) to similar concentrations (268−278 μM) was observed
upon spiking 0.2−1.0 mM FeSO4 into the Fh suspension
(Figure 3a). Subsequently, the labile Fe(III) concentration

gradually increased to its maximum at ∼4 h in the experiments
with 0.4−1.0 mM added FeSO4, whereas no obvious change of
[Fe(III)labile] was observed in the case with 0.2 mM FeSO4.
Generally, increasing amounts of added Fe(II)aq led to faster
accumulation of [Fe(III)labile]. After ∼4 h, a rapid consumption
of labile Fe(III) occurred in all cases, until reaching a plateau at
[Fe(III)labile] = ∼ 44 μM after 24 h. The time point of
transition from labile Fe(III) accumulation/plateau to its rapid
consumption was coincident with the emergence of product
mineral phases, suggesting that the consumption of labile
Fe(III) was directly related to the nucleation of product
minerals. As the concentration of added FeSO4 increased from
0.2 to 1.0 mM, the post-maximum consumption rate of labile
Fe(III) increased from 20.5 to 79.1 μM·h−1 (Table S4), and
the formation rate of Gt increased from 0.46 to 1.89 mM·h−1

(Table S2). The transformation of Fh into Lp or Gt are two
competing pathways, which is controlled by the relative rates
of olation versus oxolation reactions of labile Fe(III).9,30 The
results suggest that olation of labile Fe(III) into Gt is more
favorable at the relatively higher consumption rates of labile
Fe(III), which is consistent with our previous studies.30

For the Fe(II)-induced transformation of Lp, labile Fe(III)
was also tracked, reported here for the first time, which also

Figure 3. Time-dependent concentration of labile Fe(III) over the 84
h transformation experiments of Fh (a) and Lp (b) with 0.2 (blue),
0.4 (red), and 1.0 mM (black) FeSO4, respectively.
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showed a connection between Fe(II)aq sorption and the
emergence of product phases. As shown in Figure 3b, rapid
formation of labile Fe(III) was also observed upon spiking
FeSO4 into the Lp suspensions. [Fe(III)labile] at the first time
point (∼2 min) increased from 87 to 274 μM, as the added
FeSO4 increased from 0.2 to 1.0 mM (Table S4). In contrast to
the gradual increase of [Fe(III)labile] observed in the Fh
transformation with 0.4−1.0 mM added FeSO4, the [Fe-
(III)labile] values in the Lp experiments tended to remain
constant before its consumption into product minerals.
Subsequently, the consumption rate of [Fe(III)labile] was 36.5
μM·h−1 in the experiments with 1.0 mM added FeSO4, which
was 7.3 and 20.2 times higher than the values with 0.4 and 0.2
mM FeSO4, respectively (Table S4). At the same time, as the
consumption rate of [Fe(III)labile] increased, a corresponding
increase in the formation rate of Mt was clearly observable
(Table S2). Overall, as was the case for the Fh system, the
rapid decline of [Fe(III)labile] in the Lp system coincided with
the emergence of product minerals (Figures 1 and 3). The
collective results suggest a consistent dissolution−reprecipita-
tion mechanism controlling the transformation of both Fh and
Lp, with the nucleation of stable product phase mediated by
labile Fe(III).
The work presented in our previous study using isotopic

tracers suggested that labile Fe(III) can be produced from the
oxidation of Fe(II) sorbed on the surface of metastable Fh.30

Different from the IET between Fe(II)sorb and stable iron
oxyhydroxides, such as Gt and Hm, which tends to yield
“stable mineral recrystallization” in which Gt and Hm provide
a template for the incorporation of Fe(III) generated by the
oxidation of sorbed Fe(II),54,55 our findings suggest that
metastable iron oxyhydroxides, such as Fh and Lp, lead to a
more chemically labile form of Fe(III) that is able to seed the
nucleation of new product phases away from original mineral
surfaces. Its accumulation rate should thus depend on both the
sorption capacity and the free energy for IET of the solid
substrate. The instantaneous uptake of Fe(II)aq by Fh was 2.1−
3.5 times higher than the corresponding value by Lp at the
same initial [Fe(II)aq] and particle loading (Table S3),
reflecting the much higher sorption capacity of Fh particles
(i.e., 22−65 mmol Fe(II)/mol Fh > 11−19 mmol Fe(II)/mol
Lp). Furthermore, the calculated Fermi level energy of Fh
(6.76 eV) is higher than that of Lp (6.38 eV),56,57 implying
that sorbed Fe(II) will be more readily oxidized by Fh relative
to Lp. Both characteristics are consistent with the observed
higher initial concentration and accumulation rate of labile
Fe(III) in the reaction of Fh with Fe(II)aq (Table S4 and
Figure 3).
This correlation between the labile Fe(III) activity and the

nature of the initial solid substrate has consequences evident in
other aspects of system evolution over time. For example,
during Fh transformation, the formation of Lp from Fh
conversion changed to the transformation of Lp into Gt at the
time point when Fh was completely consumed (Figure 1).
This result indicates that the Fe(II)-induced transformation of
Lp in this system is inhibited by the presence of Fh, consistent
with Fh acting as the primary source of labile Fe(III), driving it
to a concentration high enough to nucleate and sustain the
crystallization of both Lp and Gt. Upon exhaustion of Fh, Lp
becomes the solubility limiting phase of labile Fe(III), which is
consumed by ongoing Gt formation ultimately at the expense
of the Lp intermediate. Our previous study shows that, in the
transformation of Fh with 1 mM FeSO4 at pH = 7.2, the

accumulation rate of Lp was three times higher than the rate of
Lp dissolution back to labile Fe(III).30 It is the relatively fast
supply of labile Fe(III) from Fe(II)−Fh IET that enables Lp
formation to initially outcompete its dissolution induced by
simultaneous Fe(II)-Lp IET (Figure 1).

Testing the Role of Template-Directed Nucleation
and Growth on Phase Outcomes. As shown in Figure 1,
Mt is the dominant solid product from the Fe(II)-induced Lp
transformation, whereas Lp tends to transform into Gt in
Fe(II)-catalyzed Fh transformation. Gt is present in the latter
system, but not in the former. The different end products from
Lp conversion in the Fh versus Lp systems cannot be
attributed to the difference in supersaturation of the precursors
for Mt precipitation because the supersaturation of the
precursors with respect to Mt nucleation was in the same
range in the two cases (Table S5). Moreover, the [Fe(II)sorb]/
[Fe(III)labile] ratio in both cases was often different from the
stoichiometric Fe(II)/Fe(III) ratio (0.5) in Mt (Table S6).
This contrasts Mt precipitation behavior observed in our
previous study exploring the role of citrate, in which Mt
appearance was correlated to this ratio.9 We thus hypothesized
that the presence of Gt in the Fh system facilitates nucleation
of Gt, bypassing Mt formation, from labile Fe(III).
To test this hypothesis, we ran a third series of trans-

formation experiments, in this case designed to compare the
relative proportions of product phases that emerge in the Lp
system as Lp is systematically replaced by Gt, using the initial
Lp particles amended with 0−60% Gt nanoparticles on an
equimolar Fe(III) basis. The total Fe(III) concentration of the
starting iron oxyhydroxides was again fixed at 5 mM. As the
relative proportion of Gt in the initial Fe(III) solids increased
from 0 to 60%, the extent of Lp transformation at the end of
the 84 h experiments increased from 44% to nearly 100%,
along with increasing formation of Gt but suppressed
production of Mt (Figure 4). To compare the tendency of

Lp transformation to Gt across the experiments with the
different amounts of amended Gt, we normalized the increase
in the relative proportions of products against the decrease of
Lp % (i.e., ΔGt/ΔLp and ΔMt/ΔLp). As the initial proportion
of amended Gt increased from 0 to 60%, ΔGt/ΔLp
dramatically increased from 0 to 77%, leading to the decrease
of ΔMt/ΔLp from 100 to 23% (Figure 4). The results suggest
that the increasing availability of Gt nanoparticles guides the

Figure 4. Relative proportions of solid phases (left y-axis) and the
ratio of the increase in product % to the decrease in Lp %, including
ΔGt/ΔLp and ΔMt/ΔLp (right y-axis) after the 84 h transformation
of Lp with the amendment of Gt nanoparticles. The initial relative
molar proportion of Lp (Lp %) was in the range of 40−100%, and the
total Fe(III) concentration of Lp and Gt was fixed at 5 mM in the
suspension.
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system into further Gt production and inhibits the formation of
Mt.
Both homogeneous and heterogeneous nucleation of labile

Fe(III) may proceed in the Fe(II)-induced transformation of
metastable iron oxyhydroxides, but the nucleation rate depends
exponentially on the nucleation barrier which, in turn, can be
changed by the presence of a solid substrate. When the
interfacial energy difference between the substrate and product
phases is less than that of the fluid−substrate interface,
heterogeneous nucleation is more favorable.48 The coexisting
Gt particles may provide reactive surface sites that lower the
nucleation barrier for labile Fe(III) and act as a template to
direct the polymerization of labile Fe(III) into Gt.48 This is
conceptually consistent with the observation of Fe(II)-
catalyzed recrystallization of Gt (or Hm) noted above, in
that the produced labile Fe(III) is readily incorporated into the
Gt (or Hm) lattice. The similar template effect of Fe(III)
oxyhydroxides has been observed in the processes of Fe2+

oxidation in soils, showing that the formation of Gt or Hm
from Fe2+ oxidation is more favorable in the soils enriched with
these iron oxyhydroxides.11,58,59 Further studies would be
needed to investigate the detailed structural properties of iron
oxyhydroxide surfaces that facilitate lower barriers and
template-directed growth.
In the transformation experiments of Fh with 0.2 mM

FeSO4, no Mt was detected in the end products with
intermediates of ∼70% Lp and ∼30% Gt at the Lp transition
point (Figures S3−S5). However, in the transformation
experiments of Lp amended with 20−40% Gt, 23−39% of
Mt formation remained. This indicates that the Gt particles
from Fe(II)-catalyzed Fh transformation can promote the
conversion of Lp to Gt more efficiently than the synthetic Gt
particles. According to CNT, the nucleation rate is
exponentially dependent on the nucleation energy barrier
(ΔG*) that is proportional to a cube of the effective interfacial
energy of the nuclei (eq 1). In heterogeneous nucleation, the
effect of a solid substrate on the effective interfacial energy
(γhet) can be given by48

γ γ γ γ= − −h( )het cl ls cs (3)

where γcl, γls, and γcs are the interfacial energies for the nuclei−
liquid, liquid−substrate, and nuclei−substrate interfaces. Thus,
the surface properties of the substrate, that is Gt in this case,
can affect the value of (γls − γcs) and the corresponding ΔG*.
The synthetic Gt nanoparticles are ∼4 nm in width × 70 nm in
length (Figure S2), which may have significantly different
surface properties from the Gt particles (3 nm in width × 10
nm in length31) formed from Fe(II)-catalyzed transformation
of Fh. In addition, the former was prepared in 5 M KOH
solution at 60 °C, whereas the latter was formed by the
hydrolysis and nucleation of labile Fe(III) under ambient
conditions. The distinct surface properties of the two kinds of
Gt particles may affect their ability to promote template-
directed nucleation and growth. Nonetheless, our experiments
using Gt-amended Lp confirm that template-directed nuclea-
tion of Gt is likely an important underlying cause for bypassing
Mt formation.
Mechanism of Mt Formation in the Fe(II)-Accelerated

Transformation of Lp. The emergence of Mt in the
transformation of Lp by Fe(II)aq coincides with the rapid
consumption of Fe(III)labile, with higher consumption rates
corresponding to faster Mt formation. Moreover, TEM images
(Figure 5) show that the flat facets of the as-synthesized Lp

particles became rounded during the transformation experi-
ments, indicating that Lp dissolution is an important
component of phase evolution. The collective findings are
consistent with a dissolution−reprecipitation mechanism.
Although the Lp−GR−Mt pathway has been previously
proposed to explain Mt formation from Lp transforma-
tion,35,60,61 throughout our study GR was never detected.
Based on the knowledge of the time-dependent evolution of

[Fe(III)labile] and product phases in the Fe(II)-induced
transformation of Lp (Figures 1 and 3), we explored the
extent to which Mt formation could be connected to
[Fe(III)labile] in the framework of CNT. According to CNT,
the nucleation rate (K) is exponentially dependent on the
supersaturation (σ) of the precursor in solution48

γ
σ

∝ −KLn
3

2 (4)

where γ is the interfacial free energy of the nuclei to be formed.
Because Mt is mixed-valent iron oxide, Fe(II)aq and Fe(II)sorb,
as well as labile Fe(III), are the relevant available precursors for
Mt precipitation according to

+ + ⇔ +−Fe(II) 2Fe(III) 8OH Fe O 4H Oaq/sorb labile 3 4 2

(5)

The effective supersaturation (σeff) can be estimated from
the product of the precursors’ activities and the activity
product of reactants (Ksp) at equilibrium, as described by

σ =
[ + ][ ] [ ]−

K
ln

Fe(II) Fe(II) Fe(III) OH
eff

aq sorb labile
2 8

sp (6)

To explore the relationship between the formation rate of
Mt and σeff, the measured [Fe(II)aq], [Fe(II)sorb], and
[Fe(III)labile] at the emergence of Mt (2 h) were used to
estimate σeff, and the initial formation rates of Mt (KMt) were
obtained from the time-dependent evolution of solid phases
(Figure 1d−f). Ksp of Mt at pH = 7.0 (Ksp = [Fe2+]-
[Fe3+]2[OH−]8 = 10−108.2) was employed based on a previously
reported value.62

Figure 5. Representative TEM images of synthetic Lp particles before
(a) and after (b) 12 h reaction with 1.0 mM FeSO4 at pH = 7.0.
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As shown in Figure 6a, the natural logarithm of KMt
exhibited a clear negative linear correlation with σeff

−2 in the

transformation of Lp with 0.2−1.0 mM Fe(II)aq, indicating
that Fe(II)-induced transformation of Lp into Mt is consistent
with the principles of CNT and dominated by the
accumulation of Fe(III)labile. A similar linear correlation
between the formation rates of Lp/Gt and the effective
supersaturation of labile Fe(III) was observed in our previous
work on Fe(II)-catalyzed transformation of Fh.31 Thus, the
accelerating effect of Fe(II)aq on the transformation of
metastable iron oxyhydroxides, such as Fh and Lp, can be
explained within this unifying conceptual framework, involving
the oxidation of sorbed Fe(II), accumulation of Fe(III)labile
toward a critical concentration with respect to product nuclei,
and nucleation/growth of more thermodynamically stable iron
oxyhydroxides.
This framework can be extended to further verify why the

nucleation of Mt is more favorable than Gt in the Fe(II)-
induced transformation of Lp. To do so, we calculated the
nucleation energy barrier for Mt and Gt in the transformation
of Fh versus Lp across a wide range of [Fe(II)aq], based on the
theoretical framework that combines the thermodynamic
grand potential and CNT.49,50 When two or more phases

compete for the same precursors for nucleation, the phase with
the lower energy barrier (−ΔGc) precipitates more rapidly.
Thus, selection of the competing polymerization pathways in
the Fe(II)-induced transformation of metastable iron oxy-
hydroxides under different conditions can be predicted
according to the calculated nucleation barrier.
Figure S6 shows the nucleation energy barriers of Gt and Mt

against the logarithm of initial Fe(II)aq concentration (log[Fe-
(II)aq]) at pH = 7.0. In the transformation of Fh with Fe(II)aq,
the nucleation energy barriers of Gt and Lp are very similar
and independent of log[Fe(II)aq], but that of Mt exponentially
decreases with increasing log[Fe(II)aq]. Thus, the nucleation of
Gt from Fh transformation is more favorable than Mt
precipitation, until the initial [Fe(II)aq] increases to 114 mM
or more (Figure S6). This confirms why Mt was not observed
in the Fh transformation experiment with 0.2−1.0 mM added
FeSO4 (Figure 1). When the starting mineral is Lp and
[Fe(II)aq] > 75 μM, the nucleation of Mt is favored relative to
Gt (Figure S6). Thus, Mt became the dominant product phase
in our Lp transformation experiments.
The energy profiles for the Fe(II)-induced transformation of

Fh versus Lp with 1.0 mM added Fe(II)aq are shown in Figure
6b,c. In the Fh system, the nucleation energy barriers for Lp
and Gt are similar and generally lower than that for Gt or Mt
from Lp transformation (Figure 6b). Thus, the conversion of
Lp would not occur, until Fh was completely consumed. In
addition, the coexisting Gt from Fh transformation significantly
lowers the nucleation energy barrier of Gt from Lp by
promoting heterogeneous nucleation on Gt surface. However,
the difference in the energy barrier between homogeneous and
heterogeneous nucleation is unknown. Moreover, the
morphology or size of Gt product from the Fe(II)-catalyzed
Fh transformation clearly changes as the reaction proceeds.63

How this morphology/size evolution of Gt nanoparticles
affects their ability to promote templated conversion of Lp to
Gt needs to be examined in further work. Finally, in the
transformation of Lp with 1.0 mM Fe(II)aq at pH = 7, the
nucleation energy barrier for Mt is much lower than that for Gt
(Figure 6c), confirming our observation that Mt is the
dominant product in the Lp system.

Environmental Implications. In natural environments,
widespread metastable iron oxyhydroxides are continually
undergoing slow eventual transformation into more stable
minerals. Despite the environmental importance of under-
standing the kinetics and pathways of these transformation,
mechanistic aspects that govern phase outcomes and the
accelerating effect of aqueous Fe(II) have remained a matter of
debate. In this study, we showed how Fe(II)-accelerated
transformation of both Lp and Fh can be explained in terms of
a unifying conceptual model based on Fe(III)labile species. Our
findings also reveal how the sorption capacity for Fe(II)aq and
the free energy for IET of metastable iron oxyhydroxides, as
well as the detailed characteristics of the evolving specific
surface area affect their transformation in the presence of
Fe(II)aq. Even though Mt nucleation is thermodynamically
more favorable in the transformation of Lp with Fe(II)aq on an
equimolar basis, the template-directed nucleation of Gt from
labile Fe(III) consumes Lp, promoting Gt formation in the
Fe(II)-catalyzed transformation of Fh. The template-directed
nucleation of metastable iron oxyhydroxides could extensively
occur on a variety of minerals in natural soils and sediments.
Further studies are needed to investigate the mechanism and
dominant factors of the template effect. The different end

Figure 6. (a) Relationship between the initial formation rate (K) of
Mt and effective supersaturation (σeff) in the Lp transformation with
0.2−1.0 mM FeSO4. Transformation pathways and the nucleation
barrier of products from the transformation experiments (at pH = 7
and 1.0 mM Fe(II)) with Fh (b) and Lp (c), respectively, as the
starting mineral. The potential pathways for homogeneous (homo)
and heterogeneous (hetero) nucleation of Gt from Lp in Fe(II)-
catalyzed Fh transformation is illustrated in (b).
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products not only impact the reactive surface area, the types of
elements subject to incorporation or occlusion, and iron
bioavailability but also the system redox potential (Eh). The
effects of environmentally relevant species, such as heavy
metals, anions, and NOM, on the accumulation and
consumption of labile Fe(III) and nucleation of competing
product phases need to be investigated further. Moreover,
further studies are needed to resolve the structure of the short-
lived intermediate, labile Fe(III), such as by using advanced in
situ spectroscopic techniques. This is crucial to ultimately
understand the complex transformation pathways of meta-
stable iron oxyhydroxides in natural environments.
Our findings also suggest that Fe(II)-induced transformation

of Lp to Mt can be an overlooked pathway for Mt formation in
natural environments. In many contexts, Mt formation is often
considered a biogenic product of dissimilatory Fe(III)
reduction and/or microbial Fe(II) oxidation. Our study
suggested that Mt can also be formed from Lp transformation
catalyzed by dissolved or biogenic Fe(II), which may impact a
variety of biogeochemical processes, such as the reduction of
contaminants in subsurface, microbial respiration, and direct
interspecies electron transfer in syntrophic microbial commun-
ities.64−67 The molecular mechanism presented in this study
can be useful for future studies to establish interrelations
among iron oxyhydroxide phase assemblages, microbial
community dynamics, and contaminant fate and transport.
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