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ARTICLE INFO ABSTRACT

Keywords: In redoximorphic soils and sediments, cadmium (Cd) fate is governed by Fe(I)-induced transformation of
Iron mineral metastable iron oxides. Lepidocrocite (Lep), a ubiquitous intermediate in such environments, commonly exhibits
Fe(ID)

plate-like (P-Lep) or rod-like (R-Lep) morphologies with distinct exposed facet ratios and crystallinity. These
structural variations engender differential Fe(II) adsorption affinities and electron transfer capacities, thereby
influencing mineralogical transformation pathways and associated Cd redistribution. Herein, we investigated the
transformation of Cd-adsorbed P-Lep and R-Lep under Fe(Il) concentrations of 0.2-5.0 mM using synchrotron
radiation X-ray diffraction, Mossbauer spectroscopy, high-resolution transmission electron microscopy and Cd
speciation extraction. At 0.2-1.0 mM Fe(II), R-Lep readily transformed into magnetite due to its enhanced Fe(II)
adsorption affinity, whereas at 2.0-5.0 mM, P-Lep exhibited preferential transformation arising from its superior
electron transfer capacity. Mineralogical analysis revealed that P-Lep and R-Lep transformed into magnetite
primarily through dissolution-reprecipitation and topotactic transformation, respectively. Notably, magnetite
formed via topotactic transformation exhibited superior Cd immobilization capacity, whereas the homoepitaxial
growth of Lep facilitated Cd migration. These findings provide a mechanistic foundation for predicting Cd
mobility in redox-fluctuating environments, facilitating targeted remediation strategies utilizing iron oxides.

Intrinsic properties
Transformation mechanism
Heavy metal

sequester Cd via structural incorporation, reducing Cd mobility. Thus,
elucidating the impact of Cd-adsorbed metastable iron mineral trans-

1. Introduction

Cadmium (Cd), a highly mobile and carcinogenic metal, is prevalent
in the groundwater, anaerobic subsurface water, sediments, and flooded
soils contaminated by acid mine drainage (Godt et al., 2006; Wang et al.,
2019; Zheng et al., 2023). In the above scenarios, the fate of Cd is closely
related to the reductive transformation of iron mineral induced by Fe(II)
(Shi et al., 2021; Huang et al., 2021). Besides being adsorbed on iron
mineral (Shi et al., 2021), Cd can also be incorporated into the structure
of crystalline iron mineral during metastable iron mineral trans-
formation (Li et al., 2019; Yin et al., 2016). For example, the trans-
formation of ferrihydrite into goethite (Goe) (Liu et al., 2019), magnetite
(Mag) (Qiu et al., 2023), and hematite (Qu et al., 2022) is known to
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formation on Cd redistribution, especially the pivotal mechanism gov-
erning the structural incorporation of Cd into crystalline minerals, is
crucial for understanding Cd geochemistry and controlling Cd mobility
and biotoxicity.

Lepidocrocite (Lep, y-FeOOH) plays a critical role as an intermediate
product in the Fe(II)-mediated transformation of metastable iron min-
erals like ferrihydrite and can subsequently be converted into more
crystalline iron minerals, such as Goe (Hansel et al., 2005; Hockmann
et al., 2021; Hu et al., 2022). Consequently, Lep formation and trans-
formation significantly influence the type and proportion of crystalline
iron mineral, affecting the subsequent Cd redistribution. For example,
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Schulz et al. (2022) and Liu et al. (2022) have found that Lep experi-
ences Oswald ripening at low Fe(II) levels (Fe(II)/Fe(III) molar ratio =
0.02) and transforms into Mag at high Fe(II) concentrations (Fe(Il)/Fe
(III) molar ratio = 0.2). The transformation of Lep into Goe occurs
through dissolution-reprecipitation and oriented aggregation (Yan et al.,
2015), whereas the formation of Mag from Lep is likely due to topotactic
transformation (Yan et al., 2016). However, a recent study demon-
strated that the transformation of Lep into Mag aligns with the classical
nucleation theory, suggesting a dissolution-reprecipitation mechanism
(Liu et al., 2022). Based on the previous research, we propose that the
transformation pathway of Lep and the formation mechanism of sec-
ondary minerals vary with Fe(II) concentration. Nevertheless, identi-
fying the Lep transformation mechanism and its impact on Cd (im)
mobilization remains challenging.

Generally, Lep occurs as plate-like (P-Lep) and rod-like (R-Lep)
morphologies in redoximorphic environments, with both forms resulting
from the Fe(II)-mediated transformation of metastable minerals
(Alekseev and Alekseeva, 2000; Fan et al., 2019). Although both P-Lep
and R-Lep are dominated by {002} and {020} facets, their {002}/{020}
facet ratio is different (Li et al., 2022). Minerals with a higher density of
crystal facets that exhibit strong Fe(II) affinity are more susceptible to
transformation (Boland et al., 2013). For instance, the transformation of
Goe to Mag is more pronounced for the Goe with a higher {021} facet
proportion (Usman et al., 2013). Furthermore, the differences in Fe(II)
concentration, ionic strength, and Fe(II) oxidation rate during P-Lep and
R-Lep formation will affect the crystallinity of Lep (Taylor, 1984; Lewis
and Farmer, 1986). A recent study suggested that minerals with lower
crystallinity display higher standard redox potentials, thereby under-
going more rapid transformation due to their enhanced electron transfer
capacity (Liu et al., 2023). P-Lep differs from R-Lep in facet ratio
({002}/{020}) and crystallinity. Consequently, they exhibit different Fe
(II) adsorption affinities and electron transfer capacities, which may
influence the subsequent mineralogical transformation. However, it
remains unclear how the facet ratio ({002}/{020}) and crystallinity of
Lep regulate the mineralogical transformation at varying Fe(II)
concentrations.

Accordingly, Cd-adsorbed P-Lep and R-Lep were synthesized in this
work to investigate the effect of intrinsic properties (facet ratio and
crystallinity) of Lep on mineralogical transformation and the associated
Cd fate. The transformation experiments were conducted under varying
Fe(II) concentrations (0.2, 1.0, 2.0, and 5.0 mM), which were commonly
found in the paddy soils contaminated by acid mine drainage (Hu et al.,
2022; Pan et al., 2021; Sun et al., 2015). Synchrotron radiation X-ray
diffraction (SR-XRD), Mossbauer spectroscopy, high-resolution trans-
mission electron microscopy (HRTEM), and Cd speciation extraction
methods were performed to identify the newly formed secondary min-
erals and Cd speciation. The results will advance our understanding of
how the mineralogical transformation of iron oxyhydroxides with
different intrinsic properties controls the fate of Cd.

2. Materials and methods
2.1. Mineral preparation

P-Lep and R-Lep were synthesized by oxidizing Fe(II) according to
the method proposed by Lewis and Farmer (1986) and Li et al. (2022).
For the P-Lep preparation, 0.02 M FeCly, was first dissolved in an
oxygen-free NaNOj solution (0.2 M). When the solution was adjusted to
pH 6.3, natural air was introduced using a pump at a flow rate of
approximately 200 mL min~. The pH value was maintained by drop-
wise addition of 1.0 M NaOH during the continuous supply of air. After
the solution pH reached equilibrium, the air was supplied for one more
hour. Then the mineral suspension was centrifuged, decanted, and
washed with ultrapure water (18.2 MQ-cm) to eliminate residual ions.
Finally, the synthetic mineral was freeze-dried and analyzed using
mineralogy techniques. For R-Lep, the operating conditions were
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modified to “0.05 M FeCly, 0.75 M NaNOsg, pH 6.7, and air supply rate of
100 mL min~'”. The remaining procedures were the same as those for
P-Lep.

2.2. Transformation experiments

The transformation experiments were performed in an anaerobic
glovebox (YQX-II, CIMO). First, the mineral was hydrated in a 0.05 M
NaNOs solution (pH 6.5) and stirred with a magnetic rotor agitator for
24 h. For Cd-adsorbed mineral preparation, 50 pM Cd was reacted with
the mineral suspension (18.0 mM Fe (II)) for 48 h. Finally, the trans-
formation experiments (total reaction volume of 800 mL) were initiated
by adding a certain volume of Fe(II) stock solution (500 mM). The final
Fe(II) concentrations were set at 0.2, 1.0, 2.0, and 5.0 mM, respectively.
The pH of the mineral suspension was maintained at 6.5 using an
automatic titrator with 1.0 M HNO3 or 1.0 M NaOH. All treatments were
performed in triplicate. The corresponding treatments were referred to
as “mineral-Fe(Il) concentration”. For example, the treatment with P-
Lep at 0.2 mM Fe(Il) was denoted as “P-Lep-0.2”.

The transformation experiment lasted for 720 h. At selected reaction
times, 2 mL of mineral suspensions were sampled and filtered using a
0.22 pm nylon filter for Fe(Il) determination. Another 10 mL of sus-
pension was collected for aqueous Cd determination and solid-phase Cd
extraction. For mineralogy analysis, 100 mL of mineral suspensions was
collected and centrifuged at 8000 rpm for 10 min. After decanting the
supernatant, the solids were washed twice with 5 mM HCI to remove the
adsorbed Fe(II) (Sheng et al., 2021). Then the solids were freeze-dried
and preserved in the glovebox for subsequent analysis.

2.3. Elemental analysis

The aqueous Fe(II) concentration was determined by ultraviolet-
visible spectrophotometry (UV-Vis, UV-2550, Shimadzu) based on the
phenanthroline photometry method (Fadrus and Maly, 1975). The
concentration of Cd was measured using inductively coupled
plasma-mass spectrometry (ICP-MS, Thermo-Scientific X Series-2) after
acidification with 2% HNOj3 (v/v). The drift correction procedure for
ICP-MS followed the method described by Zhong et al. (2023). The
mineral suspension was centrifuged, decanted, and used for solid-phase
Cd analysis. Following the procedure proposed by Yan et al. (2021), the
solid phase Cd was separated into the adsorbed Cd and coprecipitated Cd
forms. The adsorbed Cd was extracted with 0.4 M HNO3 (10 mL) for 30
min, followed by centrifugation and decantation. In succession, the
remaining mineral was digested with 6.0 M HCl, diluted, and analyzed
for coprecipitated Cd content.

2.4. Mineralogy analysis

The mineralogy and morphology of the synthetic Lep and secondary
minerals were characterized using X-ray diffraction (XRD, Advance D8,
Bruker), Fourier transform infrared spectroscopy (FTIR, VERTEX 33,
Bruker), scanning electron microscopy (SEM, Merlin, ZEISS) and
HRTEM (Talos F200x, Thermo Fisher). Furthermore, the corresponding
fast Fourier transform (FFT) and selected area electron diffraction
(SAED) in TEM were used to reveal the local crystal characteristics of
poorly crystalline minerals and the overall crystal properties of well-
crystalline minerals, respectively. The crystallinity of Lep was deter-
mined by calculating the relative area for crystalline peaks in the XRD
pattern (Dome et al., 2020). Scanning transmission electron microscopy
(STEM) was used to analyze the distribution of elements (Fe, O, and Cd)
on solids. To calculate the specific surface area, samples were initially
degassed at 100 °C for 16 h, followed by Ny adsorption at 77 K, and Nj
adsorption-desorption isotherms were obtained via an Autosorb-iQ2
analyzer (Quantachrome). The specific surface area was determined
using the Brunauer-Emmett-Teller (BET) method, which evaluates the
amount of adsorbed N3 on the sample surface according to multilayer
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adsorption theory. Surface site density of samples was obtained using
potentiometric titration experiments performed on an autoburette
(Metrohm). The pH was first adjusted to 3.0 using 0.1 M HCI standard
solution, then titrated with 0.1 M NaOH standard solution at a rate of
0.2 mL min~! until the pH stabilized at 10. Based on the acid-base
titration process, the Gran function diagram was constructed to calcu-
late the acid-base buffering capacity (Hg). Finally, the surface site den-
sity (Ds) can be calculated using Eq. 1

_ HsNA

SBET

(€8]

D

where Spgr represents the specific surface area of the mineral, and Ny is
Avogadro's constant, which is 6.02 x 10% (Wang et al., 2024).

Mossbauer spectra were recorded to elucidate the mineral compo-
sition and structure using a spectrometer (German, Wissel MS-500)
equipped with a®’Co (Rh) gamma energy source (25 mCi). To avoid
the superparamagnetic action of nanoparticles and the Verwey transi-
tion, Mossbauer spectra were collected at 140 K (Gorski and Scherer,
2010). After velocity calibration with the a-Fe absorber, the obtained
spectra were analyzed using the Recoil software based on the
Voigt-based Fitting (VBF) method (Rancourt and Ping, 1991).
Mossbauer spectroscopy can determine the stoichiometry (y) of Mag by
analyzing the relative areas of "Fe>* and °“'Fe%>* according to Eq. (2)
(Gorski and Scherer, 2010):

Fe?* 1p0ctpe®*

TFe 1p0tRe2S | Tetpedt

@

Due to the high resolution and intensity of the SR-XRD data (Natter
et al., 2000), Rietveld refinement was performed on the SR-XRD data
using the Pseudo-Voigt function. SR-XRD data were collected at the 14 B
beamline of the Shanghai Synchrotron Radiation Facility (SSRF) using
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an X-ray energy of 18 keV (A = 0.6887 A). Diffraction patterns were
recorded over 20 = 4-34° at a step size of 0.004° and an integration time
of 50 s. Unit-cell parameters (a, b, c), unit-cell volume (V) and Fe-O bond
distance (dpe.0), together with edge-sharing (dperee)) and
corner-sharing (dpe.re(c)) Fe-Fe bond distance, were determined by
Rietveld refinement using Fullprof software and structural models of Lep
(ICSD #27846) and Mag (ICSD #43001). Phase quantification was
performed concurrently with the refinement. The average crystallite size
of Lep was subsequently calculated using the Scherrer equation, based
on the full width at half maximum (FWHM) and Bragg angle obtained
from the Rietveld refinement (Patterson, 1939; Uvarov and Popov,
2007).

Additionally, to comprehensively elucidate the effect of Lep crys-
tallinity and Fe(II) concentration on mineralogical transformation, the
standard redox potential value (EO H) for Fe(II)-Lep redox couple was
calculated through the obtained open-circuit potential values (Eocp) for
P-Lep and R-Lep. The details for the Rietveld refinement in the SR-XRD
data and the calculation for the average crystallite size and EO H are
given in Text S1.

3. Results and discussion
3.1. Intrinsic property of P-Lep and R-Lep

XRD characterization verified the phase purity of both original P-Lep
and R-Lep, with diffraction patterns in full accordance with the lep-
idocrocite standard (ICSD 27846), indicating phase-pure products
(Fig. 1). The relative areas of crystalline peaks in the XRD patterns
showed that the crystallinity of P-Lep (41.9%) is lower than that of R-Lep
(52.2%). It was demonstrated that crystallinity may influence the elec-
tron transfer capacity of minerals (Neal et al., 2003; Xu et al., 2022; Liu
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Fig. 1. The time evolution (0 h, 8 h and 720 h) of XRD patterns for plate-shaped lepidocrocite (P-Lep, orange) and rod-shaped lepidocrocite (R-Lep, olive) in the
treatments with 0.2-5.0 mM Fe(II). XRD peaks associated with lepidocrocite (Lep) (ICSD #27846), {311}-predominated magnetite (Mag) (ICSD #43001), and {220}-
predominated Mag (ICSD #85807) standards are shown as magenta, black, and blue bars along the x-axes, respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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et al., 2023). Thus, Egcp measurements and aqueous Fe(Il) activities
were employed to calculate EO H values for P-Lep (1019.5 eV) and R-Lep
(915.5 eV) in systems with 5.0 mM Fe(Il) (Fig. S2; Table S1). The
elevated EO H value for P-Lep signifies greater electron transfer capacity
relative to R-Lep (Liu et al., 2023).

The out-of-plane yOH vibration frequency for P-Lep (740 cm ™) was
red-shifted compared to R-Lep (744 cm™ 1), indicating a smaller particle
size for P-Lep (Fig. S1) (Lewis and Farmer, 1986; Xiao et al., 2017). This
was corroborated by Nj sorption measurements, which revealed a sub-
stantially higher specific surface area for P-Lep (122.2 m? g~!) than
R-Lep (58.8 m> g’l) (Table 1). However, potentiometric titration ex-
periments found that the surface site density of R-Lep (0.89 site-nm2)
was larger than that of P-Lep (0.31 site-nm~2) (Fig. S3; Table 1), sug-
gesting superior Fe(II) adsorption capacity for R-Lep. SEM and TEM
measurements provided the mean dimensional parameters (length,
width and height) for P-Lep and R-Lep, enabling the construction of
simplified crystal models. As shown in Fig. S4, {020} (78% of surface
area) is the dominant exposed facet of P-Lep, whereas the {002} facet
(54% of surface area) predominates in R-Lep. Previous studies demon-
strate that {020} facets are composed of passive doubly-coordinated
hydroxyl groups (Fe,OH), whereas {002} facets are terminated by
reactive hydroxyl groups, including singly coordinated (FeOH) and
triply coordinated (FesOH) hydroxyl groups (Ding et al., 2012; Kozin
et al., 2013). Consequently, the higher surface site density and Fe(II)
adsorption capacity of R-Lep originate from its greater proportion of
{002} facets.

The increase in electron transfer capacity and Fe(II) adsorption ca-
pacity enhances the coupled Fe(II)-Fe(IIl) electron transfer and atom
exchange (ETAE) efficiency, as well as labile Fe(III) formation, which is
the prerequisite for secondary mineral formation (Liu et al., 2023;
Boland et al., 2013). Therefore, P-Lep and R-Lep are expected to exhibit
distinct transformation behaviors.

3.2. Facet/crystallinity-dependent transformation of lep

In systems with low Fe(II) concentrations (0.2 and 1.0 mM) (Fig. S7a
and b), initial aqueous Fe(II) concentrations were lower in R-Lep
treatments than in P-Lep treatments, reflecting the superior Fe(II)
adsorption capacity of R-Lep. As reactions progressed, aqueous Fe(Il)
concentrations decreased, particularly in the R-Lep treatments, sug-
gesting a greater propensity for Mag formation. After 720 h, {220} Mag
diffraction peaks emerged in “R-Lep-0.2” and “R-Lep-1.0” treatments
but were absent from corresponding P-Lep treatments (Fig. 1). %Fe
Mossbauer spectroscopy, which exhibits exceptional sensitivity to Fe
local environment changes and high precision for quantifying both
amorphous and crystalline Fe phases, was employed to corroborate Mag
formation (Wareppam et al., 2023; Geymond et al., 2023). As shown in
Fig. 2 and Table S2, the Mossbauer spectra of Mag consist of two sextets,
with the center shift of the sextet corresponding to Fe>" in the tetrahe-
dral site (TFe3t sextet) being lower than that of the sextet
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corresponding to Fe®" and Fe3" in the octahedral site (°“'Fe>>" sextet)
(Gorski and Scherer, 2010). Based on the relative area of the two sextets,
the relative abundance of Mag in the “P-Lep-0.2” and “R-Lep-0.2”
treatments was determined to be 4.2% and 8.0%, respectively (Fig. 2a
and b). Notably, Mag was detected by Mossbauer spectroscopy but not
by the laboratory XRD in the “P-Lep-0.2” treatment. This discrepancy
was likely due to the low relative content and low crystallinity of the
newly formed Mag (ThomasArrigo et al., 2018; Notini et al., 2022;
Geymond et al., 2023). Collectively, these findings demonstrate that
R-Lep transforms more readily than P-Lep under low Fe(II) conditions.
This enhanced reactivity originates from the propensity of Fe(II) to form
inner-sphere surface complexes on {002} facets, facilitating interfacial
electron transfer and subsequent mineralogical transformation (Usman
et al., 2013). Thus, facet-dependent Fe(II) adsorption critically governs
Lep transformation pathways under low Fe(II) conditions (Sheng et al.,
2020).

In systems with high Fe(II) concentrations (2.0 and 5.0 mM) (Fig. S7c
and d), while initial aqueous Fe(II) concentrations remained lower in R-
Lep treatments, P-Lep treatments exhibited accelerated Fe(II) depletion
as reactions progressed. Absolute Fe(II) consumption substantially
exceeded that observed in systems with low Fe(II) concentrations.
Correspondingly, {311} and {220} Mag reflections emerged in both P-
Lep and R-Lep treatments after 720 h, with diffraction intensities posi-
tively correlated with Fe(II) concentration and maximal intensity
observed for the “P-Lep-5.0” treatment. Phase quantification by
Mossbauer spectroscopy and SR-XRD corroborated these observations.
Rietveld refinement of the SR-XRD data yielded weighted profile R-
factors (Ryp) below 10%, confirming reliable fit quality. Mag abun-
dances in P-Lep treatments (19.2% at 2.0 mM; 50.3% at 5.0 mM)
consistently exceeded those in corresponding R-Lep treatments (16.7%
and 39.8%) (Fig. 2c and d; Fig. S5). These results collectively establish
that P-Lep underwent mineralogical transformation preferentially at
high Fe(II) concentrations. The reversal of relative reactivity from R-Lep
dominance at low Fe(Il) concentrations to P-Lep dominance at high Fe
(II) concentrations suggests that transformation extent depends not
merely on Fe(II) adsorption capacity, but critically on Lep crystallinity.
Consistent with this, Liu et al. (2023) established that poorly crystalline
iron oxyhydroxides exhibit elevated EO H, facilitating Fe(III) reduction
and subsequent mineralogical transformation. The higher EQ H of P-Lep
relative to R-Lep (Table S1) becomes increasingly consequential as Fe(II)
concentrations increase, as the saturation of surface adsorption sites
renders electron transfer capacity the limiting factor. Consequently,
crystallinity-dependent electron transfer capacity plays a crucial role in
governing Lep transformation pathways under high Fe(Il)
concentrations.

3.3. Divergent transformation mechanism of P-Lep and R-Lep

TEM was employed to resolve the mineralogy and morphology of
secondary minerals after 720 h of reaction. In the “P-Lep-0.2” treatment,

Table 1
Unit cell parameter, bond distance, average crystallite size (L), specific surface area (SSA), and surface site density (D;) for lepidocrocite (Lep) and the secondary
minerals.
Samples P-Lep P-Lep-0.2 P-Lep-2.0 R-Lep R-Lep-0.2 R-Lep-2.0
a (1“\) 3.887 3.877 3.880 3.881 3.877 3.878
b (10\) 12.589 12.531 12.542 12.542 12.547 12.546
c (;\) 3.083 3.074 3.076 3.075 3.075 3.074
\%4 (AS) 150.88 149.38 149.67 149.70 149.65 149.57
dre.0 (;\) 2.12 (4 1.88 (4) 1.90 (3) 1.99 (2) 1.99 (4) 2.02 (3)
dre-re(e) (10\) 3.09 (3) 3.05 (3) 3.07 (2) 3.11 (3) 3.09 (3) 3.07 (1)
dre-Fe(c) (A) 3.89 (2) 3.88 (5) 3.88 (3) 3.88 (3) 3.88 (1) 3.88 (5)
Ruwp (%) 7.7 7.3 6.5 6.2 6.8 5.8
L (nm) 7.3 14.5 159 15.6 26.0 26.1
SSA (m%g™ 1) 122.2 40.1 56.9 58.8 30.0 40.6
D (sitenm™2) 0.31 0.04 0.25 0.89 0.26 0.32
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Fig. 2. Mossbauer spectra (140 K) for the secondary minerals after 720 h of reaction in the treatments with 0.2 and 2.0 mM Fe(Il). The insert pie charts represent the
relative abundance of secondary minerals. Lep-s and Lep- represent Lep with small and large crystallite sizes, respectively. °‘Fe*5* and T'Fe3* denote the octa-

hedral and tetrahedral Fe sites in Mag, respectively.

neither the Mag peak was detected in the XRD pattern nor were lattice
fringes of Mag observable in the HRTEM images. However, the presence
of a diffraction ring corresponding to Mag in the FFT patterns suggests
the formation of Mag with low crystallinity (Fig. 3c and d). Notably, the
Mag formed in the “P-Lep-0.2” treatment exhibited the {311} crystal
plane and aligned along the [040] crystallographic zone axis of P-Lep
(Fig. 3c and d). However, in the “R-Lep-0.2” treatment, the Mag with
{220} crystal plane grew along the [00_2] crystallographic direction of
R-Lep (Fig. 3a and b), consistent with the dominant {220} Mag XRD
reflections (Fig. 1). The preferential growth of Mag {220} facets is
attributed to their high atomic density, which confers low surface en-
ergy, high stability, and reduced free energy (Guo et al., 2004; Walls
et al., 2016; Fang et al., 2022).

In systems with 2.0 mM Fe(II), the representative Mag morphology
was observed in TEM images. The cubic-like Mag formed along the
[040] crystallographic direction of P-Lep (Fig. 3g and h), while a
multidomain cubic-like Mag was observed at the edge of R-Lep (Fig. 3e
and f). These divergences in crystallographic orientation, nucleation
position, and morphology of Mag are likely attributable to the distinct
transformation mechanisms of P-Lep and R-Lep. It is established that the
Mag formed via dissolution-reprecipitation mainly originates from
labile Fe(IIl) (Liu et al., 2022; Sheng et al., 2020), resulting in the cubic
Mag deviating from the P-Lep (Fig. 3g). A comparable finding was re-
ported in a previous study (Liu et al., 2023). Multidomain cubic Mag has

also been identified at ferrihydrite fringes, while its formation mecha-
nism remains unclear (Hansel et al., 2005). Yang et al. (2010) demon-
strated that ferrihydrite tends to undergo a topotactic process to form
Mag when the release rate of the structurally reduced Fe(II) is slow.
Therefore, the high crystallinity of R-Lep may contribute to its pro-
pensity for topotactic transformation, as elevated crystallinity inhibits
the release of structurally reduced Fe(II). During the topotactic trans-
formation process, Lep was transformed into Mag via dehydroxylation
and atomic reorganization within its structure, without mineral disso-
lution (Cudennec and Lecerf, 2005). Consequently, a crystallographic
orientation relationship between Mag and R-Lep was observed in the
“R-Lep-0.2” treatment (Figs. 1 and 3a and b). Specifically, the prefer-
ential growth of Mag with {220} facets on R-Lep is attributed to the
similarity in both angularity and dimensionality of the crystal structure
of the {220} facets in Mag and that of R-Lep (Cudennec and Lecerf,
2005). Similarly, Nogueira et al. (2022) observed that Mag formation
via a topotactic process demonstrates preferred orientation.
Furthermore, the results from Mossbauer spectroscopy indicated that
the stoichiometry ()) of Mag formed from the “P-Lep-0.2” and “P-Lep-
2.0” treatments was 0.45 and 0.47, respectively. These values are
consistent with those reported by Bu et al. (2023), who found that the
Mag derived from Lep had a y value of 0.45-0.55. In the “R-Lep-0.2” and
“R-Lep-2.0” treatments, however, the y value for the formed Mag was
determined to be 0.20 and 0.27, respectively, which were much lower
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Fig. 3. Representative HRTEM micrograph and the corresponding FFT pattern of the transformation products in the (a, b) “R-Lep-0.2” treatment, (c, d) “P-Lep-0.2”
treatment, and (e, f) “R-Lep-2.0” treatment; (g) TEM micrograph and the corresponding (h) SAED pattern of the transformation products in the “P-Lep-2.0” treatment;

The insets in figure (e) and (g) show the representative morphology of Mag in the “R-Lep-2.0” and “P-Lep-2.0” treatments, respectively.

than that of stoichiometric Mag (y = 0.5). The result is attributed to the
topotactic process during Mag formation, which suppresses Fe(II)
incorporation into the Mag structure during spinel ordering (Usman
et al., 2012). Overall, these results demonstrate that P-Lep transforms
into Mag primarily via the dissolution-reprecipitation process, whereas
the transformation of R-Lep into Mag is a topotactic process.

3.4. Effect of homoepitaxial growth on the surface property of lep

In the “P-Lep-0.2” and “P-Lep-1.0” treatments, the diffraction peaks
of Lep became sharp and strong after 8 h of reaction. In the “R-Lep-0.2”
and “R-Lep-1.0” treatments, however, the intensities of Lep peaks
became weak after 8 h, which turned strong at 720 h (Fig. 1). Compared
to the original Lep, the stronger and narrower Bragg peak of Lep after
reaction with Fe(Il) indicated the homoepitaxial growth of the mineral
(Watari et al., 1982; Frierdich et al., 2015). Besides, the homoepitaxial
growth of Lep at low Fe(II) concentrations also occurred in the research
conducted by Pedersen et al. (2005) and Schulz et al. (2022). The result
of the Rietveld refinement in the SR-XRD data (Fig. S6a and b) revealed
that the average crystallite size of the original R-Lep was 15.6 nm, which
was larger than that of P-Lep (7.3 nm) (Table 1). At 192 h, the average
crystallite size of P-Lep and R-Lep increased to 14.5-15.9 nm and
26.0-26.1 nm due to the homoepitaxial growth of mineral, respectively
(Table 1). Notably, the increase in crystallite size for P-Lep
(98.6-117.8%) was greater than that for R-Lep (66.7%), which was due
to the small crystallite size and low crystallinity of the original P-Lep.
The result is consistent with the research of Southall et al. (2018), who
found that the crystallite size of Goe with a low crystallinity and small
particle size increased significantly during the homoepitaxial growth
process. It is well established that small, low-crystallinity minerals
exhibit high surface energy and numerous defects, which facilitate the
dissolution of crystallites (Wang et al., 2016; Dai et al., 2017; Southall
et al., 2018). The dissolution of crystallites is a prerequisite for Oswald
ripening, which amplifies the size difference and promotes the labile Fe
(III) enrichment in Lep particles, thereby enhancing Lep crystallite size
(Dai et al., 2017; Thanh et al., 2014). After 720 h of reaction, the

out-plane yOH vibration of Lep exhibited a blue shift in the FTIR spectra
compared to the original Lep. Specifically, P-Lep shifted from 740 cm ™
to 744-746 cm™!, and R-Lep shifted from 744 cm ™! to 748-750 cm™!
(Fig. S1). This result showed that the particle sizes of P-Lep and R-Lep
increased after homoepitaxial growth (Xiao et al., 2017), which is
consistent with the finding of Joshi and Gorski (2016), who found that
Fe(Il)-catalyzed recrystallization of Goe enhanced its particle size.
Notably, the extent of blue shift decreased with the increase in Fe(II)
concentration, suggesting that the homoepitaxial growth of Lep at lower
Fe(II) concentrations resulted in a larger particle size of Lep.

In Mossbauer spectra, a superparamagnetic doublet of Lep was
observed in the “R-Lep-2.0” treatment, while sextet and doublet com-
ponents appeared simultaneously in the “P-Lep-2.0”, “P-Lep-0.2”, and
“R-Lep-0.2” treatments. The co-existence of sextet and doublet compo-
nents indicated significant differences in the crystallite size of Lep,
which likely resulted from the homoepitaxial growth of Lep (De Grave
et al., 1986; Wang et al., 2016; Southall et al., 2018). The paramagnetic
fraction of the sample decreases with decreasing temperature, causing
the doublet spectrum to split into a sextet (Guyodo et al., 2016). Addi-
tionally, the sample with a large crystallite size exhibits a high magnetic
ordering temperature (Wang et al., 2016). Therefore, the sextet
component corresponds to the mineral with a large crystallite size. The
result of Mossbauer spectroscopy demonstrated that the proportion of
Lep with large crystallite size in the “P-Lep-0.2” treatment (67.7 +
4.4%) was higher than that in the “P-Lep-2.0” treatment (10.0 + 4.3%),
which further confirmed that the increase in crystallite size of Lep due to
homoepitaxial growth was more pronounced at low Fe(I) concentra-
tions than that at high Fe(II) concentrations.

In this experiment, the homoepitaxial growth of Lep altered the
structure and surface properties of the mineral as well. Rietveld refine-
ment of SR-XRD data (Fig. S6, Table 1) revealed that the cell volume and
parameters (a, b and c) of Lep after homoepitaxial growth were smaller
than those of the original Lep. Moreover, the variation of P-Lep in cell
volume and parameter was more pronounced than that of R-Lep, indi-
cating that P-Lep underwent stronger morphological alteration than R-
Lep (Li et al., 2016). The previous research suggests that the growth of
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the {002} facet in Lep can be reflected by the variation of edge-sharing
Fe-Fe bond distance (dpe-re(e)) (a-axis) or hydrogen bonding Fe-Fe link-
age (b-axis), and the {020} facet depends on both dgeree) and
corner-sharing Fe-Fe bond distance (dpe.re(c)) (c-axis) (Liao et al., 2020).
In the “P-Lep-0.2” and “P-Lep-2.0” treatments, the homoepitaxial
growth of Lep decreased the dpe.re(e) and parameters a and b, while the
dpe-Fe(c) remained constant. In the treatments with R-Lep, dpepe(e) and
parameter a slightly decreased, parameter b increased, and dpe-re(c) and
parameter ¢ remained constant throughout the experiment. It has been
proposed that the decrease in bond distance enhances the atomic density
of the facet, thereby inhibiting facet growth (Kelly et al., 2012).
Consequently, the homoepitaxial growth of Lep significantly suppressed
the growth of the {002} facet in the treatments with P-Lep, but not in the
treatments with R-Lep. The {002} facet consists of active single (FeOH,
-OH) and tri-coordinate (Fe3OH, p3-OH) hydroxyls (Ding et al., 2012).
Besides, the increase in mineral crystallite size in the treatments with
P-Lep was larger than that in the treatments with R-Lep. Therefore, we
hypothesize that the reduction of mineral surface site density in the
treatments with P-Lep is more pronounced than that in the treatments
with R-Lep.

To verify the above hypothesis, we analyzed the specific surface area
and surface site density of the secondary minerals (Table 1). In the “P-
Lep-0.2” treatment, the specific surface area and surface site density of
the minerals after homoepitaxial growth declined to approximately one-
third and one-eighth of those of the original P-Lep, respectively. In the
“R-Lep-0.2” treatment, however, these values were approximately half
and one-third of those of the original R-Lep, respectively. These results
strongly supported the above hypothesis. Additionally, the surface site
density of iron mineral is positively correlated with its heavy metal
adsorption capacity (Liang et al., 2021; Xue et al., 2024). Therefore,
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these results also indicated that the homoepitaxial growth of Lep in the
“P-Lep-0.2” treatment exerts a more significant effect on Cd reparti-
tioning than that in the “R-Lep-0.2” treatment.

3.5. Effect of lep homoepitaxial growth and transformation on Cd fate

In systems with 0.2-2.0 mM Fe(II), aqueous Cd concentrations
experienced an initial increase (within 1 h) in R-Lep treatments (Fig. 4).
This phenomenon is attributed to the high adsorption affinity of R-Lep
for Fe(I), which competes with Cd for adsorption sites on Lep (Zhao
et al., 2022). As the reaction proceeded, the aqueous Cd concentration
decreased before subsequently increasing. At the end of the reaction
(720 h), the aqueous Cd concentration in the “R-Lep-0.2” treatment
reached 17.4 pM, which was lower than that observed in the “P-Lep-0.2”
treatment (29.9 pM) (Fig. 4a). In systems with 1.0 mM and 2.0 mM Fe
(II), however, the final aqueous Cd concentrations in the “R-Lep-1.0"
(13.5 pM) and “R-Lep-2.0” (10.4 pM) treatments were comparable to
those in the “P-Lep-1.0” (14.5 pM) and “P-Lep-2.0” (15.0 uM) treat-
ments, which were significantly lower than those in systems with 0.2
mM Fe(II) (Fig. 4b and c). The most pronounced homoepitaxial growth
of Lep was observed in the “P-Lep-0.2” treatment, resulting in a signif-
icant reduction in the specific surface area and surface site density of the
mineral, along with subsequent Cd release (Table 1). Previous studies
have also found that Fe(II)-induced homogeneous growth of other iron
minerals leads to the release of heavy metals (Latta et al., 2012).
Therefore, the substantial increase in aqueous Cd concentration in the
“P-Lep-0.2” treatment is attributed to the homoepitaxial growth of
P-Lep.

In systems with 5.0 mM Fe(Il), the aqueous Cd concentration
increased significantly at the initial reaction stage due to the substantial
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Fig. 4. Kinetics of aqueous, adsorbed, and coprecipitated Cd during the phase transformation of P-Lep and R-Lep catalyzed by (a) 0.2 mM, (b) 1.0 mM, (c) 2.0 mM,

and (d) 5.0 mM Fe(ID).
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dissolution of Lep (Fig. 4d). Subsequently, the aqueous Cd concentra-
tions decreased, with the final concentration in the “R-Lep-5.0” treat-
ment exceeding that in the “P-Lep-5.0" treatment. Correspondingly, the
amount of newly formed Mag was highest in the “P-Lep-5.0" treatment
(Fig. 3). Mag is a crystalline iron oxide that can effectively sequestrate
Cd via the adsorption and coprecipitation process (Li et al., 2020; Wang
etal., 2011). Furthermore, the transformation of Lep into Mag increased
the specific surface area and surface site density of the solid phase
(Table 1), which positively correlated with its Cd adsorption capacity
(Xue et al., 2024). Additionally, STEM mapping of secondary minerals
revealed a qualitative visual enrichment of Cd on Mag (Fig. S8). Thus,
the rapid decrease of aqueous Cd concentration observed in the
“P-Lep-5.0” treatment is associated with the formation of Mag.

Solid-phase Cd was operationally defined as adsorbed and copreci-
pitated fractions based on sequential extraction procedures, with the
latter representing Cd sequestered via structural substitution or physical
encapsulation (Qiu et al.,, 2023; Yan et al., 2021). In systems with
0.2-2.0 mM Fe(II), coprecipitated Cd contents in P-Lep and R-Lep
treatments increased by 2.0-2.9 and 2.6-4.8 pmol/g, respectively,
compared to the initial contents after 8 h of reaction. During subsequent
reaction progress, coprecipitated Cd remained relatively constant in the
“P-Lep-0.2” (2.2-3.2 pmol/g), “P-Lep-1.0” (2.3-3.0 pmol/g), and
“P-Lep-2.0” (3.1-3.9 umol/g) treatments, while adsorbed Cd exhibited
an initial increase followed by a decline, reaching 3.1, 7.6, and 4.4
pmol/g at 720 h, respectively (Fig. 4a, b, c). By contrast, R-Lep treat-
ments showed continuous decreases in adsorbed Cd to 3.2, 3.6, and 3.4
pmol/g at 720 h, accompanied by progressive coprecipitated Cd accu-
mulation to 7.2, 5.2, and 5.5 pmol/g (Fig. 4a, b, ). In systems with 5.0
mM Fe(Il), both adsorbed and coprecipitated Cd contents increased
continuously after 8 h (Fig. 4d). At the end of the reaction, the contents
of adsorbed (3.7 pmol/g) and coprecipitated (5.2 pmol/g) Cd in the
“P-Lep-5.0" treatment surpassed those in the “R-Lep-5.0" treatment
(adsorbed Cd: 1.8 pmol/g; coprecipitated Cd: 3.9 pmol/g), primarily due
to the notable Mag formation in the “P-Lep-5.0" treatment. Collectively,
Fe(II)-induced transformation of Lep substantially increased coprecipi-
tated Cd content, thereby enhancing Cd stability.

Previous studies have demonstrated that Cd incorporation into Mag
occurs via Fe(III)/Fe(II) substitution (Shi et al., 2021) and/or physical
encapsulation (Zhou et al., 2020). Consequently, the amount of newly
formed Mag was expected to correlate positively with coprecipitated Cd
content. However, in systems with 0.2-2.0 mM Fe(Il), incorporated Cd
increased substantially during R-Lep transformation, whereas P-Lep
treatments showed minimal variation. Notably, R-Lep-2.0 yielded less
Mag than P-Lep-2.0, contradicting the expected trend (Fig. 4c). Struc-
tural Cd incorporation is known to reduce the hyperfine magnetic field
distribution of minerals (Bu et al., 2023; Huang et al., 2020). Accord-
ingly, R-Lep-2.0 exhibited a lower hyperfine magnetic field distribution
for Te'Fe3t (480.75 kOe) and O°'Fe?S* (484.14 kOe) compared to
P-Lep-2.0 ("'Fe3*: 494.51 kOe; “'Fe?5": 486.66 kOe) (Table S2). These
data indicate that Mag derived from R-Lep sequestered Cd more effi-
ciently via lattice substitution than that from P-Lep. This disparity is
attributed to the topotactic transformation mechanism operative in
R-Lep treatments, which proceeds via solid-state atomic rearrangement
without dissolution, thereby retaining Cd within the precursor structure
and facilitating its incorporation into the product Mag lattice.

3.6. Environmental implication

Lep is a crucial intermediate for crystalline iron oxides transformed
from metastable iron minerals. This study demonstrated that Lep
properties (facet ratio and crystallinity) profoundly influence mineral-
ogical transformation and concurrent Cd redistribution. At low Fe(II)
concentrations, poorly crystalline Lep preferentially undergoes homo-
epitaxial growth, which facilitates Cd mobilization. However, at high Fe
(II) concentrations, it is more likely to transform into Mag, thereby
enhancing Cd sequestration through adsorption. Notably, highly
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crystalline Lep favors Mag formation via topotactic transformation. The
resulting Mag can immobilize Cd within its structure more effectively
than that formed from poorly crystalline Lep through dis-
solution-reprecipitation, thereby enhancing the stability of Cd. Given
the similarity in composition and structure between Lep and other iron
minerals, this study provides new insights into the transformation
mechanisms of the same mineral exhibiting different properties and
their impacts on heavy metal redistribution, which is of great signifi-
cance for the use of iron minerals in the remediation of heavy metal
pollution in redox-fluctuating environments.

4. Conclusion

In this study, the effects of mineral properties (facet and crystallinity)
on Lep transformation and associated Cd redistribution were systemat-
ically investigated. The results demonstrated that the influence of min-
eral properties on Lep transformation into Mag varies with increasing Fe
(II) concentrations. At low Fe(II) concentrations (Fe(II)/Fe(III) molar
ratios = 0.01-0.06), the facet-dependent Fe(II) adsorption capacity of
Lep exerted a dominant control on the transformation process. At high
Fe(II) concentrations (Fe(II)/Fe(III) molar ratios = 0.1-0.3), the electron
transfer capacity, which is crystallinity-dependent, assumed greater
importance during mineralogical transformation. Low Fe(II) concen-
trations promoted homoepitaxial growth of Lep and enhanced Cd
migration, while high Fe(II) concentrations encouraged the trans-
formation of Lep into Mag and increased Cd stability. The trans-
formation pathway of Lep is crucial for Cd bioavailability in natural
environments. Furthermore, the divergent transformation mechanisms
for Lep with distinct properties were elucidated. The transformation of
P-Lep into Mag proceeded primarily via dissolution-reprecipitation,
whereas Mag formation from R-Lep occurred through a topotactic pro-
cess. The Mag produced from P-Lep and R-Lep exhibited differences in
morphology and stoichiometry, accounting for variations in Cd immo-
bilization capacity. Notably, Mag formed via topotactic transformation
demonstrated superior Cd incorporation within its structure, thereby
enhancing Cd stability. These findings demonstrate that Lep trans-
formation mechanisms and Cd (im)mobilization are governed by min-
eral properties, thereby advancing our understanding of heavy metal
behavior constrained by iron minerals in redoximorphic environments.
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