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• Magnetite was formed during Fe(II)-in-
duced transformation of lepidocrocite
(Lep).

• Humic acid inhibited Lep transformation
with increasing C/Fe ratios.

• Fe(II)-induced transformation of Lep was
beneficial for binding Cd(II).

• Cd(II) could be immobilized in the newly
formed magnetite structure.

• Humic acid affected Cd(II) transformation
during Fe(II)-induced transformation of
Lep-HA.
A B S T R A C T
A R T I C L E I N F O
Editor: Baoliang Chen

Keywords:
Lepidocrocite
Humic acid
Mineral transformation
Cd(II)
Immobilization
Abiotic reduction of iron (oxyhydr)oxides by aqueous Fe(II) is one of the key processes affecting the Fe cycle in soil.
Lepidocrocite (Lep) occurs naturally in anaerobic, clayey, non-calcareous soils in cooler and temperate regions; how-
ever, little is known about the impacts of co-precipitated humic acid (HA) on Fe(II)-induced Lep transformation and its
consequences for heavy metal immobilization. In this study, the Fe(II)-induced phase transformation of Lep-HA co-
precipitates was analyzed as a function of the C/Fe ratio, and its implications for subsequent Cd(II) concentration dy-
namic in dissolved and solid formwas further investigated. The results revealed that secondary Fe(II)-bearing magne-
tite commonly formed during the Fe(II)-induced transformation of Lep, which further changed the mobility and
distribution of Cd(II). The co-precipitated HA resulted in a decrease in the Fe solid phase transformation as the C/Fe
ratios increased. Magnetite was found to be a secondary mineral in the 0.3C/Fe ratio Lep-HA co-precipitate, while
only Lep was observed at a C/Fe ratio of 1.2 using X-ray diffraction (XRD) and Mössbauer spectroscopy. Based on
XRD, scanning electronmicroscopy (SEM),Mössbauer, X-ray photoelectron spectroscopy (XPS), and Fourier transform
infrared spectroscopy (FTIR) results, newly formed magnetite may immobilize Cd(II) through surface complexes, in-
corporation, or structural substitution. The presence of HA was beneficial for binding Cd(II) and affected the mineral-
ogical transformation of Lep into magnetite, which further induced the distribution of Cd(II) into the newly formed
secondary minerals. These results provide insights into the behavior of Cd(II) in response to reaction between
humic matter and iron (oxyhydr)oxides in anaerobic environments.
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1. Introduction

Iron (oxyhydr)oxides are common minerals in soil environments
(Kappler et al., 2021). Due to their nanoscale structure, higher surface area,
and available reactive sites, iron (oxyhydr)oxide plays an important role in
the geochemical cycles of nutrients and heavy metals (e.g., cadmium),
influencing their chemical speciation and behavior in soils and sediments
(Karimian et al., 2019). Nonetheless, iron (oxyhydr)oxides rarely exist
alone in natural environments and generally coexist with inorganic or
organic components (Bao et al., 2021; Kappler et al., 2021). For instance,
ferrihydrite often coexists with aqueous Fe(II) at the different redox inter-
faces in soils and sediments, which induces redox reactions and leads to
the formation of secondary Fe minerals (Liu et al., 2016). Moreover, due to
the various functional groups of organic matter (OM), such as carboxyl
groups (–COOH) and phenolic hydroxyl groups (–OH), iron (oxyhydr)oxides
tend to adsorb or complex with OM to form Fe-OM associations (Bao et al.,
2021; Chen et al., 2014a; Kleber et al., 2015). Thus, these reactions among
Fe(II), iron (oxyhydr)oxides, and OM could further affect the mobility or
availability of heavy metals in the surrounding environments.

The effects of reactions between Fe(II) and iron (oxyhydr)oxides on the
transformation of Fe minerals and the redistribution of trace metals have
been well reported (Latta et al., 2012; Liu et al., 2016). In sub-anoxic or
anoxic soils, iron (oxyhydr)oxides, such as ferrihydrite would transform
to more crystalline Fe minerals via abiotic catalysis with Fe(II) (Kappler
et al., 2021; Liu et al., 2016; Schulz et al., 2022). These mineral recrystalli-
zation and transformation processes may lead to changes in the surface and
crystalline structural properties and may further affect the environmental
geochemical behaviors of heavy metals and other pollutants in soils and
sediments. For instance, Frierdich and Catalano (2012) investigated the
Fe(II)-activated release of the trace elements Ni(II) and Zn(II) from Ni-
and Zn-substituted goethite and hematite and reported that more Ni(II)
was incorporated into the goethite relative to the hematite during Fe(II)-
induced recrystallization. In our previous study, we also found that
coexisting divalent metal cations, such as Co, Mn, Zn, and Ni, could be
fixed into newly generated secondary minerals such as lepidocrocite (Lep)
and goethite during the dissolution and recrystallization of ferrihydrite
driven by Fe(II), thus reducing the mobility of these metals (Liu et al.,
2016). Recently, Zhou et al. (2022) investigated the effects of the Fe(II)-
induced transformation of scorodite on arsenic solubility and found that
As(V) reduction occurred and a considerable amount of the structural As
(V) was redistributed into extractable phases during the transformation of
scorodite. Furthermore, Zhao et al. (2022b) investigated the fate of
coexisting Cd(II) and As during the Fe(II)-induced transformation of As
(V)/Cd(II)-bearing ferrihydrite and found that Cd(II) had negligible effects
on the redistribution of As(V), but high concentrations of As(V) could
reduce the mobility of Cd(II). Therefore, investigating the role of the
reactions between Fe(II) and iron (oxyhydr)oxides on heavy metals in the
environment is of great significance.

Similar to iron (oxyhydr)oxides alone, Fe-OM associations have been
frequently found to be associated with the mobility and bioavailability of
heavy metals in Fe(II)-based soil environments (Chen et al., 2014a;
Karimian et al., 2019). The association of iron (oxyhydr)oxides with OM
could change the physicochemical properties of the mineral surface
(e.g., adsorption) and act as carriers to complex with metal ions (Du
et al., 2018; Xu et al., 2022). Increases and decreases in the binding of
heavy metals have been observed for iron (oxyhydr)oxide-humic acid com-
posites compared to humic acid (HA) alone (Orsetti et al., 2006; Qu et al.,
2022). In addition, a large number of studies have investigated themobility
and speciation of heavy metals during Fe(II)-catalyzed ferrihydrite
recrystallization in the presence of OM (Karimian et al., 2019; Lu et al.,
2019; Zhou et al., 2020). Karimian et al. (2019) observed copious Sb
(V) reduction to Sb(III) during Fe(II)-induced ferrihydrite transformation
in the presence of HA. Additionally, Zhou et al. (2020) found that co-
precipitated natural OM (Suwannee River natural OM) did not significantly
change the adsorption of Ni onto ferrihydrite, but the co-precipitated natu-
ral OM inhibited the transformation of the ferrihydrite and changed the fate
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of the Ni in the presence of Fe(II). However, these studies primarily focused
on the ferrihydrite-OM complexes (Shen et al., 2022). It remains unclear
whether the transformation of other iron (oxyhydr)oxides in the presence
of OM affect the stability of heavy metals such as Cd.

Soil Cd pollution is aworldwide concern due to the high risks of transfer
to humans through the food chain. Thus, it is necessary to gain fundamental
knowledge about the migration and bioavailability of Cd in soil. Lep (γ-
FeOOH), a poor crystalline iron (oxyhydr)oxide, is commonly found in an-
aerobic, clayey, non-calcareous soils in cooler and temperate regions
(Cornell and Schwertmann, 2003), which consists of iron-centered oxygen
octahedra joined by the sharing of edges into two-dimensionally infinite
layers, with the successive layers held together by hydrogen bonds
(Ewing, 1935). Due to the regular mineral crystal structure belonging to
the rhombic system with layer structure, Lep was selected as the iron
(oxyhydr)oxide probe in this study. In soil environments with relatively
high levels of natural OM, Lep can become persistent through the physico-
chemical reaction with OM (Liu et al., 2022). Coexisting aqueous Fe(II) can
induce Lep transformation to more stable iron (oxyhydr)oxides forms in
anoxic environments (Schulz et al., 2022). These transformations could
influence the morphologies, particle sizes, specific surface area of iron
(oxyhydr)oxides, and thus control the transformation of Cd. However, up
to now, few studies have focused on Fe(II)-induced transformation of Lep
minerals or Lep-OM associations and its effect on the stabilization of Cd
under anoxic conditions.

In this study, the reaction between aqueous Fe(II) and Lep with co-
precipitated OM (C/Fe ratio of 0–1.2), and the further effect on the behav-
ior of Cd(II) were investigated. Specifically, we investigated (i) the phase
transformation of Lep and Lep-HA co-precipitates induced by Fe(II) in the
presence of Cd(II), and (ii) the fate of the dissolved, extractable, and resid-
ual Cd(II) in the Lep and Lep-HA co-precipitates during the reaction. Our
findings provide new insights into the fate of Cd(II) in iron (hydr)oxide
-based systems that approximate natural environments.

2. Materials and methods

2.1. Synthesis of Lep and Lep-HA co-precipitates

HA (purity of 98%)was purchased from J&K Chemicals Co. Ltd. and an
HA stock solution was prepared by suspending the solid in 50mL of Milli-Q
water and adjusting the pH to ~12.0 using 0.1 mol/L KOH. The Lep was
synthesized following the method described by Yen et al. (2002). For the
Lep-HA co-precipitates, the Lep solutions were mixed with HA solutions
first, stirred for 5 min to mix the solution evenly, and placed in a 60 °C
water bath for 3 h. Then, all of the solids were washed with Milli-Q water
three times and with absolute ethyl alcohol two times. Finally, the solids
were heated for 48 h in a 60 °C oven. Totally, three different Fe solids
were synthesized and used in this study, namely pure Lep, Lep co-
precipitated with HA with a molar C/Fe ratio of 0.3 (denoted as Lep-HA-
0.3), and Lep co-precipitated with HA with a C/Fe ratio of 1.2 (denoted
as Lep-HA-1.2).

2.2. Cd stabilization during Fe(II)-induced Lep and Lep-HA co-precipitate
transformation

All of the experiments were conducted in an anaerobic glovebox (Type
A, Coy Laboratory, USA). Before the reaction, all of the solutions were
aerated with N2 (99.99 %) for >2 h, and then, they were quickly moved
to the glovebox and allowed to reach equilibrium for 48 h. Six batches of
experiments were conducted in this study. The reaction was carried out in
a 15-mL centrifuge tube, and the polytetrafluoroethylene (PTFE) tape was
wound around the screw mouth of the tube to ensure its sealing perfor-
mance. Piperazine-N–N-bis-2-ethanesulfonic acid (PIPES) buffer solution,
Fe(II) stock solution, Cd(II) stock solution, and Lep or Lep-HA co-
precipitate were successively added to the 15-mL centrifuge tube. Then,
the reaction centrifuge tube was shielded from light using tin foil and
placed in the centrifuge to react (30 rpm). The reaction temperature was
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25 °C. The reaction volume and pH value were 10 mL and 7.0 ± 0.1. The
final concentration of each species was about 20 mmol/L Fe(III), 2 mmol/
L aqueous Fe(II) (Fe(II)aq), 25 mmol/L PIPES, and 25 mg/L Cd(II), which
were selected by the representative of those found in paddy soil (Chen
et al., 2014b) and previous studies (Du et al., 2018; Zhao et al., 2022a, b).
The Cd(II) stock solution was prepared by dissolving appropriate amounts
of Cd(NO3)2. For the control groups, Fe(II) solution or Cd(II) solution was
not added, and the other conditions remained the same.

The experimental sampling times were 6 h, 1 d, 3 d, 5 d, 10 d, 15 d, and
30 d, and three parallel sampleswere set up for each time point. A 1.5mL sam-
ples of the suspension was collected from each treatment and centrifuged
(10,000 rpm for 15 min). The supernatant was filtered through a 0.22-μm hy-
drophilic syringefilter andwas acidified using 5MHCl in preparation formea-
suring Fe(II) andCd(II) concentrations (dissolvedCFe(II) andCCd). The solidwas
then resuspended in 1.5mL of sodiumacetate buffer solutionwith a pHof 2.88
(Jing et al., 2021) and shaken for 18 h. The centrifuged supernatant was fil-
tered and analyzed to determine the concentrations of Fe(II) and Cd(II) (ex-
tractable CFe(II) and CCd). Then, the concentration of Cd(II) combined with Fe
solid (residual CCd)was calculated by subtracting the concentration of aqueous
Cd(II) (including extractable Cd(II) and dissolvedCd(II)) from the total concen-
tration of Cd(II). The Cd(II) concentrations were determined via inductively
coupled plasma-optical emission spectroscopy (ICP-OES, Perkin-Elmer optima
2000, USA). The Fe(II) concentrations were measured using the ferrozine
method at 510 nm (Zhou et al., 2022). The solid-phase was collected from
the remaining 8.5 mL of the original suspension in a tube for phase analysis
via washing with Milli-Q water, centrifugation, and then freeze-drying.

2.3. Characterization of the solid phase

The X-ray diffraction (XRD) patterns for phase identification and quanti-
fication were obtained using a D8 Advanced Diffractometer (Bruker AXS).
The XRD patterns were recorded over a 2θ range of 6–85° with a step size
of 0.02° and a counting time of 1 s per step. The mineral phase identification
was carried out by matching the obtained XRD patterns with the standard
powder diffraction database (JCPDS PDF-2 database). The surface elements
of the solid samples were measured using X-ray photoelectron spectrometer
(XPS, Thermo Fisher Scientific K-Alpha). The excitation source was an Al
Kα ray (6 eV) with a pass energy of 150 eV and a step length of 1 eV. All of
the XPS patterns were acquired by setting the pass energy of the broad
scans to 100 eV and narrow scans to 50 eV. The XPS results were analyzed
via Gaussian fitting technology (Zhang et al., 2021; Wang et al., 2022). To
evaluate the changes of phase and structure in these amorphous iron
(oxyhydr)oxides during the transformation, the solid samples were also
collected for 57Fe-Mössbauer spectroscopy using a Wissel Elektronik
(Germany) instrument with a closed-loop cryostat (CCS-850, Janis Research
Co., Wilmington, MA, USA) in transmission mode with a 57Co (~50 mCi)
source at ~295 K (Zhou et al., 2020). The isomer shift or central point shift
was calculated using 7 μm α-Fe(O) foil as the background. The data were
calibrated using the α-Fe(0) foil and fitted using Mössbauer 4.0 software.
The morphologies and crystallite sizes of the reacted solid samples were
observed using scanning electron microscope (SEM). First, the solid samples
were dispersed in absolute ethanol (≥99.5 %) and ultrasonicated, and then
were deposited on holey‑carbon film Cu grids. The images were then
recorded using a ZEISS Gemini 300 (Germany) operatedwith an accelerating
electrode of 0.02–30 kV and a probe beam of 3–20 nA. The surface functional
groups of the solid sampleswere analyzed via Fourier transform infrared spec-
troscopy (FTIR) used using a Bruker Vertex-70 infrared spectrometer. For each
measurement, the collection range of the spectrum was 400–4000 cm−1,
the scanning time was 32 scans, and the resolution was 4 cm−1.

3. Results and discussion

3.1. Mobility and fate of Cd(II) in the different treatments

In all of the Fe(II)-bearing treatments, the dissolved Cd(II) concentra-
tions of the three samples decreased rapidly within 1 day, and then slowly
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decreased to 5.5317, 4.7790 and 8.2443 mg/L after 30 days of reaction in
the Lep, Lep-HA-0.3, and Lep-HA-1.2 treatments, respectively (Fig. 1b). The
rapid decrease in the dissolved Cd(II) concentration in the first (about
1 day) stage was due to the formation of the inner-sphere adsorption of
Cd(II) by the Lep or Lep-HA co-precipitates (Du et al., 2018; Zhou et al.,
2020). The slow decrease during the following stage have been caused by
the diffusion of Cd(II) into the Lep and Lep-HA co-precipitates (Scheinost
et al., 2001). In addition, the Cd(II) adsorption capacity in the Lep-HA-1.2
was higher than that of the Lep-HA-0.3 and Lep due to the changes of sur-
face charge and functional group composition of the HA (ThomasArrigo
et al., 2018). A previous study also found that ferrihydrite-HA co-
precipitate with high C loading exhibited a high Cd(II) sorption capacity
due to surface complexation by the active functional groups in HA such as
-COOH (Du et al., 2018). However, the concentrations of dissolved Cd(II)
were lower in all Fe(II)-free treatments than in the Fe(II)-bearing treat-
ments, with the following order: Lep > Lep-HA-0.3 > Lep-HA-1.2. Thus,
the Fe(II) restricted the migration of the dissolved Cd(II) to the mineral sur-
face in the binary iron (hydr)oxide-Cd and ternary iron (oxyhydr)oxides
-HA-Cd systems, which will be discussed further below.

To further explore the Cd(II) distribution during the reaction, the pro-
portions of the extractable Cd were determined at selected times (Fig. 1b
and e). The concentrations of the extractable Cd(II) quickly increased
within 6 h and then remained basically stable over time in both the control
(Fe(II)-free) and Fe(II)-bearing treatments, with the following order: Lep-
HA-1.2> Lep-HA-0.3> Lep. Compared to the Fe(II)-free control treatments,
the concentrations of extractable Cd(II) were significantly lower in the Fe
(II)-bearing treatments. The extractable Cd(II) of the Fe(II)-free treatment
was 1.9 times that of the Fe(II)-bearing treatment. These results suggested
that Fe(II) had an obvious effect on Cd(II) stability, and Cd(II) was more
stable in the Lep and Lep-HA co-precipitates after reacted with Fe(II).

The residual Cd(II) was calculated by subtracting dissolved Cd(II) and
the above described extractable Cd(II) from the total Cd(II). The concentra-
tion of the residual Cd(II) quickly increased within 1 day and remained rel-
atively stable over time in all of the treatments (Fig. 1c and f), indicating
that part of the Cd(II) was incorporated into the secondary iron minerals
during the iron (oxyhydr)oxides transformation, which was similar with
the previous studies (Muehe et al., 2013; Zhou et al., 2020). Muehe et al.
(2013) found that Cd(II) could be immobilized by sorption to and/or
coprecipitation within newly formed secondary minerals that contained
Ca, Fe, and carbonate by microbially mediated turnover of Fe minerals
and Fe minerals-natural OM complexes. Furthermore, the residual Cd(II)
concentrations of all the Fe(II)-bearing treatments were higher than those
of the Fe(II)-free treatments, with following order: Lep > Lep-HA-0.3 >
Lep-HA-1.2. Similar changes in residual heavy metals remaining in the
solids have been observed during Fe(II)-induced transformations of iron
(oxyhydr)oxides (Shen et al., 2022). Shen et al. (2022) found residual Cd
concentrations in iron (oxyhydr)oxides increased in the treatments with
high Fe(II) concentrations during aging process. In this study, the equili-
brated residual Cd(II) concentration of the Fe(II)-bearing treatment
(17.30 mg/L) was about 1.5 times that of the Fe(II)-free treatment with
Lep (10.65 mg/L). The increase in the residual Cd(II) in the Fe(II)-bearing
treatments was primarily caused by the crystal phase transformation of
the Lep, which was driven by the Fe(II). In the presence of HA, the residual
Cd(II) concentration was substantially higher in the Fe(II)-bearing treat-
ment samples (Lep-HA-0.3: 9.84 → 15.78 mg/L; Lep-HA-1.2: 4.95 →
10.36 mg/L) and the proportion of the residual Cd(II) decreased as the
HA concentration increased, implying that the Cd(II) was incorporation
into the Lep-HA co-precipitates after reaction with Fe(II) and that HA
played an important role in the stability of Cd(II).

3.2. Mineralogical and morphological characteristics of the Fe-solid samples

The solid samples were characterized via XRD analysis at different sam-
pling times for the Lep and Lep-HA co-precipitates (Fig. 2). XRD patterns
showed that magnetite was initially detected after 5 days in the Fe(II) and
Cd(II) treatments with Lep, and the diffraction peaks of the Lep gradually



Fig. 1. Variation trend of Cd(II) concentration as a function of the reaction time. (a–c) were Fe(II)-free treatment, and (d–f) were Fe(II)-bearing treatments. (a) and
(d) dissolved Cd(II), (b) and (e) extractable Cd(II), (c) and (f) residual Cd(II) concentrations for all samples without and with Fe(II) treatments, respectively. The data
points represent the average value and standard deviation in triplicate bottles.
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increased during the reaction (Fig. 2a). Magnetite was also detected in the
treatments without addition of Cd(II) (Fig. S1). These results revealed that
the crystallinity of the Lep gradually increased during the reaction, and the
Fe(II) induced the transformation of Lep into the secondary Fe-phase, Lep,
and magnetite (Schulz et al., 2022). However, the crystallinity of the Lep
decreased in the Lep-HA co-precipitates (Fig. 2b–c), implying that some de-
fects may have occurred in its structure. These defects in the Lep may pro-
vide a new space for metal (loid) retention (Hu et al., 2022; Lu et al., 2019).
Magnetite was detected after reaction for 30 days in the Lep-HA-0.3
treatment but not in the Lep-HA-1.2 treatments with or without Cd(II)
addition (Fig. 2b–c, Table. S1), suggesting that the HA inhibited the trans-
formation of the Lep. Similar results have also been reported for the inhibi-
tion of transformation of iron (oxyhydr)oxides by some forms of OM (Sheng
et al., 2020; Shen et al., 2022). HA can form stable complexeswith Fe(III) in
the Lep-HA co-precipitates, which creates a steric hindrance toward its
polymerization into the nuclei of product the crystallites and then inhibits
its subsequent Ostwald ripening and oriented aggregation due to changes
4

in the hydrolysis and precipitation processes (Bao et al., 2021; Sheng
et al., 2020; ThomasArrigo et al., 2019; Zhou et al., 2020). Although resid-
ual Cd(II) was detected in all of the samples, no significant XRD peak shift
was observed in this study. This most likely resulted from the relatively
small amount of structural incorporation, as well as the broadened peak
(Fig. 2).

To further quantify the contents of iron (oxyhydr)oxides in the solid
samples, Mössbauer spectroscopy was used to obtain the information
about the electronic density at the nuclei (isomer shift, IS), the electric
field gradient (quadrupole splitting, QS), and the magnetic environment
(magnetic hyperfine splitting, HF). The Mössbauer spectra of the solid sam-
ples before and after reaction with and without Cd(II) are shown in Fig. 3,
and the corresponding fitting parameters are presented in Table S1. The
spectra before the reaction clearly showed two Fe(III) doublets with values
of ~0.25 mm/s (isomer shift, IS) and ~ 0.58–0.61 mm/s (quadrupole split-
ting, QS) (Fig. 3a–c), indicating that the solid sample was Lep in the both
Lep and Lep-HA co-precipitates (Murad and Schwertmann, 1984). The



Fig. 2. XRDpatterns of solid samples with Fe(II) and Cd(II) addition during reaction. (a) Lep+Fe(II)+Cd(II); (b) Lep-HA-0.3+Fe(II)+Cd(II); (c) Lep-HA-1.2+Fe(II)+Cd(II).
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spectra of the Lep and Lep-HA-0.3 solid samples from the treatment with Fe
(II) and Cd(II) after reaction for 30 days contain a doublet representing Lep
and two broad and relatively symmetric sextets representing magnetite
(including tetrahedral (A) site and octahedral (B) site) (Fig. 3d–e). These
two treatments had similar compositions, containing 64.63 % and
72.41 % Lep and 35.37 % and 27.59 % magnetite, respectively
(Table S1). This suggested that some of the Fe(II)aq was oxidized and
entered into the structure of Lep, resulting in the formation of Lep and
Fig. 3.Mössbauer spectra of solid samples before and after reaction with and without C
samples reacted with Fe(II) and Cd(II); (g–i) Solid samples react with Fe(II) under the Cd
Note: Lep = lepidocrocite; Mgt = magnetite.
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Magnetite. However, the presence of HA and Cd(II) had significant impacts
on the IS values. Compared to the treatment without HA (Lep + Fe(II) +
Cd(II)), the IS value of the A site magnetite increased and the IS
value of the B site magnetite decreased in the presence of HA (Lep-HA-
0.3+ Fe(II) + Cd(II)). The hyperfine magnetic field distributions of the
magnetite under Cd(II)-free conditions increased in the low magnetic
field compared to that of the Cd(II)-bearing treatments, providing evidence
of the structural incorporation of Cd(II) during the Fe(II)-induced
d(II) under the test condition of T= 295 k. (a–c) Solid samples at 0 day; (d–f) Solid
-free condition. Black circle denotes the measured data. Red line denotes fitted data.



Table 1
Binding energies (eV), assignments and quantification of O 1s XPS spectral bands of
Lep and Lep-HA coprecipitates before and after Cd(II)/Fe(II) adsorption.

Treatments Peak (eV) Percentage (%) Assignments

Lep 529.63 37.94 Fe-O-Fe
530.88 51.15 Fe-O-H
531.93 10.91 C-O-C

Lep + Cd(II) 529.55 42.5 Fe-O-Fe, Fe\\O\\Cd
530.76 40.8 Fe-O-H
531.45 16.7 C-O-C, C\\O\\Cd

Lep + Fe(II) + Cd(II) 529.51 36.59 Fe-O-Fe
530.66 46.05 Fe-O-H
531.53 17.36 C-O, C\\O\\Cd

HA 532.26 100 C=O
Lep-HA-0.3 529.76 29.89 Fe-O-Fe

531.03 40.46 Fe-O-H, C-O
532.36 29.65 C=O

Lep-HA-0.3 + Cd(II) 529.55 38.82 Fe-O-Fe
530.81 49 Fe-O-H, Fe\\O\\Cd
531.75 12.17 C-O

Lep-HA-0.3+ Fe(II) + Cd(II) 529.72 35.47 Fe-O-Fe
530.97 52.98 Fe-O-H, C-O
532.37 12.55 C=O

Lep-HA-1.2 529.68 29.7 Fe-O-Fe
531 48.57 Fe-O-H, C-O

532.38 21.73 C=O
Lep-HA-1.2 + Cd(II) 529.6 35.43 Fe-O-Fe

530.92 54.6 Fe-O-H, Fe-O-Cd, C-O
532.27 9.98 C=O

Lep-HA-1.2 + Fe(II) + Cd(II) 529.61 26.71 Fe-O-Fe
530.92 46.19 Fe-O-H, C-O
532.25 27.11 C=O, COO-Cd
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transformation of Lep (Fig. 3, Table S1). Previous studies have shown that
changes in the hyperfine magnetic field distribution of Fe minerals occur,
and this could indicate the incorporation of additional metal cations into
the structure (Huang et al., 2020). For the Lep-HA-1.2 treatments with Fe
(II) and/or Cd(II), the spectra exhibited very similar characteristics for
Lep after reaction for 30 days (Fig. 3f, i). Based on the above XRD results
and Mӧssbauer analysis of these samples, it suggested that the presence of
HA and Cd(II) affect the amounts and structure of the iron (oxyhydr)oxides
during Fe(II)-induced Lep transformation.

The SEM images revealed that the morphology of the reacted solid sam-
ples differed depending on both the HA concentration and the spiked Fe(II)
(Fig. S2). After reacting with the Fe(II) and Cd(II) for 30 days, the configu-
ration of the Lep was destroyed and the morphology changed from short
lath-like particles to spherical nano-sized magnetite particles with rough
surface (Fig. 5a, d), indicating that Lep underwent reductive decomposi-
tion, which further resulted in the agglomeration of magnetite due to the
magneto dipoles and Van der Wall forces (Rajput et al., 2016; Salazar-
Camacho et al., 2013). The presence of HA resulted in the irregular shape
and obvious agglomeration of iron (oxyhydr)oxides, and the morphology
of the Lep-HA-0.3 and Lep-HA-1.2 treatments changed to rounded structures
with a rough surface after reaction for 30 days (Fig. 5b–c, e–f). These differ-
ences in the morphology suggest that the transformation of the Lep was
strongly altered by the presence of the HA and Cd(II). The energy-
dispersive X-ray spectroscopy (EDS) analysis of the Lep-HA-1.2 samples
after reaction for 30 days revealed the elemental distribution on the surfaces
of the composites, and the main elements were Fe, O, and Cd (Fig. S3), sug-
gesting that a close association between the Cd(II) and iron (oxyhydr)oxides.
Similar results of Cd(II) enrichment on iron (oxyhydr)oxides in Fe-OM
composites have been reported in a previous study (Qu et al., 2022).

3.3. Cd, O, and C speciation on reacted Fe-solid surface

XPS analyses was performed to identify the elements on the surface of
the reacted Fe-solids phase. The full-scan spectra of the Lep and Lep-HA
co-precipitates before and after reaction with Fe(II) and Cd(II) for 30 days
are shown on Fig. S4. Almost all of the samples mainly contained C, O,
and Fe, and a new Cd 3d peak appeared for the samples after the addition
of Cd (II), demonstrating that the Cd (II) was successfully loaded onto the
samples. According to Cd 3d spectra (Fig. 4), the two peaks at ~405.19
and ~411.96 eV, correspond to Cd 3d5/2 and Cd 3d3/2, respectively,
indicating that the Cd(II) formed a Cd-OH complex with a hydroxyl group
on the surface of the Lep or Lep-HA co-precipitates under the experimental
conditions after 30 days (Guo et al., 2017; Ren et al., 2022; Zhang et al.,
2016).

In the high-resolution spectrum of the O1s of the Lep (Table 1), the peaks
at 529.63, 530.88, and 531.93 eV correspond to the oxygen bound in the crys-
tal structure (Fe–O–Fe, ~529.63 eV), the oxygen on the surfaces (Fe-O-H,
Fig. 4. XPS spectra of Cd 3d for Lep, Lep-HA-0.3 and Lep-HA-1.2 in the condition with Fe
red lines denote the smoothed data. Other lines denote XPS fitted spectra.
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~530.88 eV), and C\\O (~531.93 eV), respectively (Xu et al., 2022). After
reacted with Fe(II) and Cd(II) for 30 days, the Fe-O-Fe and Fe-O-H contents
both slightly decreased. However, the component of C\\O (~531.93 eV)
increased from ~10.91 % to 17.36 % for the Lep, indicating that some of
the C\\O groups interacted with the Cd(II) and formed a Cd\\O bond.
After the addition of a low concentration of HA, the O 1 s XPS spectra of
the Lep-HA-0.3 co-precipitate could be decomposed into three compo-
nents, namely the oxygen bound in the crystal structure (Fe–O–Fe,
~529.76 eV), the oxygen on the surfaces (Fe-O-H or C\\O, ~531.03 eV),
and the oxygen in the HA (C_O, ~532.36 eV). Compared with the initial
Lep sample, the non-lattice oxygen contents for Lep-HA-0.3 decreased,
indicating that defects may have formed in the Lep after compositing
with the low concentration HA, which was almost consistent with the
XRD results. The peak area at ~531.03 eV increased from ~40.46 % to
~52.98 % for the Lep-HA-0.3 sample with Fe(II) and Cd(II), indicating
that a proportion of the Fe-O-H groups interacted with the Cd(II). The
surface ferric hydroxyl groups played a key role in the formation of Cd(II)
(II) and Cd(II) after reaction 30 days. The black lines denote themeasured data. The
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complexes on the Femineral surfaces, which is in agreement with the result
of previous spectroscopic studies (Bao et al., 2021). However, for the Lep-
HA-1.2 treatment, the surface ferric hydroxyl groups did not seem have a
significant effect on the formation of the Cd(II) complexes. On the contrary,
the contents of the C_O groups increased, also indicating that a proportion
of the surface C_O groups interacted with the Cd(II). A previous study
demonstrated that in a mixed Cd-amino acid solution, Cd(II) can form
aqueous complexes with carboxyl groups (Xu et al., 2022). The Fe-O-Cd
group formed in the Lep-HA co-precipitates after the addition of Cd(II)
in Fe(II)-free treatment but it did not form in Fe(II)-bearing treatments.
This may indicate that the Cd(II) tended to bind to the HA in the co-
precipitates, but not to the hydroxyl group on the surface of the Feminerals
due to the competition with Fe(II) scince the affinity of Cd(II) for mineral
surfaces is lower than that of Fe(II) at neutral pH (Bao et al., 2021; Zhao
et al., 2022a, b; Zhou et al., 2020).

To further understand whether complexation occurred between the
Cd(II) and the HA fraction, the C 1s spectra of the Lep-HA co-
precipitate samples were analyzed. The C 1s XPS results revealed that
the initial HA and Lep-HA co-precipitates exhibited three distinct
peaks at 284.80, 286.48, and 288.50 eV (Fig. 5), corresponding to C-
C/C-H in the aliphatic or amino acid side chains; C-O/C-N in the
ether, alcohol, or amine; and C=O/O-C=O in the ketone or carboxyl
groups, respectively (Guo et al., 2017). After reacted with Fe(II) and
Cd(II) for 30 days, the percentages of the O-C=O group in the Lep-
HA-0.3 and Lep-HA-1.2 decreased from 10.94 % to 7.04 %, and from
17.1 % to 9.04%, respectively, suggesting that the O-C=O group partic-
ipated in the adsorption process (Chen et al., 2020). Regarding to the
Lep-HA co-precipitates, an increase in the C\\O percentage was ob-
served after the Fe(II) and Cd(II) treatments. This may have originated
from the reaction between the C–OH and Cd(OH)2, which formed an
(RCO)2Cd species (Zhang et al., 2016).
Fig. 5. (a) XPS spectra of C 1s for Lep-HA-0.3 and Lep-HA-1.2 before and after reacted w
denote the smoothed data. Other lines denote XPS-fitted fitted spectra. New peaks at 29
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3.4. Functional groups on reacted Fe-solid surface

FTIR analysis was conducted to investigate the changes in the functional
groups of the Lep and Lep-HA co-precipitates before and after the reaction
(Fig. 6). The assignments of each vibration (Table S3) were conducted
based on previous reports (Gehring and Hofmeister, 1994; Gu et al.,
2018; Rajput et al., 2016; Zhang et al., 2020). For all of the initial samples,
three bands were observed at~744,~1022, and~1155 cm−1, whichwere
attributed to the OH out-of-plane bending and OH in-plane bending
(Gehring and Hofmeister, 1994), indicating the presence of Lep in the
samples. During the reactions with Fe(II) and Cd(II), a shoulder band at
571 cm−1 appeared in the Lep spectra, which was attributed to the Fe\\O
stretching vibration of magnetite (Yuan et al., 2021). In addition, a new
weak band at 521 cm−1, attributed to Cd\\O stretching (Saghatforoush
et al., 2012), in the spectra of all of the samples, indicating the role of the
O-containing groups in the Cd(II) adsorption (Fig. 6A). The disappearance
of the OH-stretching of Lep (3381 cm−1) after reacted with Fe(II) and Cd
(II) reactions further revealed that the hydroxyl groups interacted with
the Cd(II). A consistent red shift (from 3160 to 3055 cm−1) was found in
the treatment of Lep with Fe(II) and Cd(II) during the reaction, but this
was not observed for the Fe(II)-free treatment. The band at ~3160 cm−1

was attributed to the hydrogen bonded OH-stretching of Lep. This red
shift may be caused by the formation of more stable OH⋯O groups under
the catalytic action of the Fe(II) (Jia et al., 2013). Some new bands (1975
and 1894 cm−1) were observed for the Lep after the Cd(II)and Fe(II) reac-
tions, and a new band (~1415 cm−1), attributed to C\\O stretching of the
phenolic group (Huang et al., 2012), appeared for the Lep after the Cd(II)
reaction without Fe(II), indicating that the organic functional groups
interacted with the Cd(II).

For the Lep-HA-0.3 treatment, the FTIR results were almost the same
as for the Lep samples. However, the hydroxyl groups disappeared until
ith Fe(II) and Cd(II) 30 day. The black lines denote the measured data. The red lines
5.6 and 292.9 eV allocated to the K+ ion in the KOH solutions.



Fig. 6. FTIR spectra of Lep, Lep-HA-0.3, and Lep-HA-1.2 before and after Fe(II) and Cd treatment (labeled as sample-reaction time). (a) initial sample before reaction; (b–e)
sample after Fe(II) and Cd reaction for 5, 10, 15 and 30 day; (f) sample after Cd reaction for 30 day in a Fe(II)-free condition.
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30 days in the Lep-HA-0.3 treatment with Fe(II) and Cd(II) (Fig. 6B), indi-
cating that the formation of magnetite promoted interactions between O-
containing groups of the Fe minerals and the Cd(II). A shift (from 1151 to
1169 cm−1) of the OH in-plane bending of the Lep was observed in the
Lep-HA-0.3 treatment with Cd after reaction 30 days, which was ascribed
to the surface complexation of Cd(II) to the -OH groups on the surface of
the Lep-HA-0.3. However, this shift was not observed in the Lep and Lep-
HA-0.3 treatments with Fe(II) and Cd(II) during the reaction, indicating
that the HA made a major contribution to the interaction with the Cd(II)
under Fe(II)-free conditions. The same shift (from 1135 to 1169 cm−1) ob-
served for the Lep-HA-1.2 treatment with Cd(II) after reaction for 30 days
(Fig. 6C). Furthermore, the smaller red shift (from 3159 to 3131 cm−1) of
the Lep-HA-1.2 indicates that the co-precipitated HA with a higher C/Fe
ratio inhibited the phase transformation of the Lep via the catalytic action
of the Fe(II). The broad band at 3378 cm−1, which was attributed to the
O\\H stretching bands of Lep-HA-1.2 after Fe(II) and Cd(II) treatment,
remained almost invariant. Based on the above results, the occurrence of
Cd\\O stretching (521 cm−1) suggested that the attachment of the Cd(II)
to the Lep-HA-1.2 primarily occurred in the form of surface complexation
of Cd(II) to the -OH groups on the surface of the HA.

3.5. Variation of dissolved and extracted Fe(II) concentration during Fe(II)-induced
Lep-HA co-precipitates transformation

Previous studies have shown that the changes in the aqueous Fe(II)
concentration induce a phase difference in iron (oxyhydr)oxides, and Fe
(II) adsorption is the first step in the recrystallization of Lep to more
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crystalline Fe oxides (Hiemstra and van Riemsdijk, 2007). In this study,
the concentration of the dissolved Fe(II) sharply decreased (Fig. 7a), while
the concentration of the extractable Fe(II) increased after approximately
6 h for all of the samples (Fig. 7b), which was ascribed to the adsorption
of Fe(II) by the Lep or Lep-HA co-precipitates. Fig. 7c shows that the aqueous
Fe(II) available ability of the Lep and Lep-HA followed the order of Lep >
Lep-HA-0.3 > Lep-HA-1.2. The zeta potential of Lep usually approaches
zero at neutral pH, indicating that the surface is uncharged. Thus, suppres-
sive Fe(II) adsorption of Lep-HA co-precipitates generally depends on
changes in the surface charges and increases in the additional functional
groups in Fe-solid samples (Du et al., 2018; ThomasArrigo et al., 2018).
The suppression of Fe(II) adsorption prevents the recrystallization of Lep
to more crystalline Fe oxides. Thus, magnetite was formed at 5 days for
Lep alone, but it was not detected in the Lep-HA co-precipitates. Subse-
quently, the dissolved Fe(II) concentrations of the Lep-HA-1.2 steadily
decreased toward the end of the experiment, while the dissolved Fe(II)
concentrations of the Lep and Lep-HA-0.3 sharply decreased at 5 days and
15 days, respectively. This subsequent rapid decline may have been due to
the formation of some newly formed Fe phases, e.g., magnetite crystal
nuclei, which incorporated a large amount of Fe(II) into the lattice to partic-
ipate in the subsequent mineralization process (Liu et al., 2022). This
suggests that the HA both inhibited the exchange of iron atoms between
Fe(II) and Lep and hindered the generation of the newly formed crystalline
Fe phases. In addition, a slow increase of dissolved Fe(II) was observed for
the Lep and Lep-HA-0.3 during 1–5 days (Fig. 7a) due to the changes in
the specific surface area and particle size of the Fe-solid, which made the
adsorbed Fe(II) unstable and stripped it from the surface as a results of the



Fig. 7.Variation Trend of Fe(II) concentration ((a) dissolved Fe(II); (b) extractable Fe(II); and (c) aqueous Fe(II)) during the Fe(II)-induced Lep/Lep-HA transformation. Error
bars represent one standard deviation of triplicate subsamples.
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exchange of iron atoms between the Fe(II) and Lep (Zhou et al., 2020). The
extractable Fe(II) concentration at the end of the reaction followed the order
of Lep-HA-1.2 > Lep-HA-0.3 > Lep. However, in terms of early response, the
highest extractable Fe(II) concentration occurred in the Lep-HA-1.2 treat-
ment (Fig. 7b). These results indicate that the Fe(II) was complexed with
the HA and thus suppressed the recrystallization of the Lep to more crystal-
line iron (oxyhydr)oxides. Overall, the HA had several effects on the Fe(II)-
induced process: It adsorbed and complexed on Lep and formed dissolved
complexes with the Fe(III) and Cd(II) (Fig. 7c), which thus inhibited the
degree of atomic exchange between the labile Fe(II) and Fe(III) and
prevented the recrystallization of the Lep to more crystalline iron
(oxyhydr)oxides.

3.6. Mechanisms of the stabilization of Cd(II) during Fe(II)-induced Lep and
Lep-HA co-precipitates transformation

The above results indicate that themobility and distribution of Cd(II) on
the solid surfaceswere strongly controlled byHAduring the transformation
of Lep in the presence of Fe(II). HA bound to the Lep inhibited the transfor-
mation of the Lep to more crystalline phase magnetite. The mechanism of
the Fe(II)-induced Lep transformation is believed to involve electron trans-
fer between the added Fe(II) and structural Fe(III) and occurs via a
dissolution–reprecipitation mechanism that is mediated by the Fe(II) (Liu
et al., 2022). The presence of Fe(II) led to crystal dissolution and subse-
quent magnetite formation in the case of pure Lep. In OM-mineral compos-
ites, the chemical bonding and physically embedded or occluded species
largely restrict the dissolution of the complexed Fe clusters (Kleber et al.,
2015), which indicates the difficulty in the second phase transformation
of the Lep-HA co-precipitates. In addition, the presence of HA increased
the steric hindrance between the aqueous Fe(II) and labile Fe(III) due to
the Fe(II) capturing ability of the carboxyl and hydroxyl functional groups
(Sheng et al., 2020). This would result in occupation of the micropore
passages or surface sites (Chen et al., 2014a), and impede the alignment
and movement of the small clusters and the adhesion and formation of
large aggregates (ThomasArrigo et al., 2019), which would further inhibit
the formation of magnetite (Chen et al., 2015; Jones et al., 2009; Shen
et al., 2022).

Interestingly, HA are very active soil components, particularly in cool,
humid environments where an increase in COOH/Fe(II) ratios will influ-
ence the oxidative products of Fe(II) and lead to changes of iron
(oxyhydr)oxides (Colombo et al., 2015). In this study, without HA, the
Lep after 5 days of reaction produced large amounts of magnetite. In the
presence of small amounts ofHA (C/Fe=0.3), the coprecipitation between
Lep and HA probably modified the reaction pathways and electron trans-
port, resulting in the formation of fewer magnetite. However, in the
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presence of large amounts of HA (C/Fe = 1.2), the Lep–HA coprecipitate
inhibited the formation of magnetite. These showed that large amounts of
HA have an obvious inhibitory effect on the formation of secondary miner-
alization.

Most certainly, the presence of Cd(II) under our experimental condi-
tions did not alter the Lep transformation pathway induced by Fe(II). How-
ever, the presence of Fe(II) changed the the mobility of Cd(II) via inducing
the transformation of Lep, and the presence of HA further affected the redis-
tribution of the Cd(II) between the liquid and solids (Gu et al., 2018; Shen
et al., 2022; Zhang et al., 2021). The mobility of heavy metals in iron
(oxyhydr)oxides relies primarily on surface adsorption. The specific surface
area of secondary iron (oxyhydr)oxides arisen from Fe(II)-induce transfor-
mation usually decreased with the conversion to more crystalline phases
(Chen et al., 2015), leading to decrease of the surface adsorption sites of
Cd(II). In addition, Cd(II) treatment experiment in this studywas performed
at neutral pH. For the Lep with Fe(II) and Cd(II) treatments, the sequester-
ing of the Cd(II) probably occurred through the formation of hydroxyl-Cd
(Figs. 4–5). The Cd(II) did not easily adsorb onto the iron (oxyhydr)oxides
via electrostatic interaction at this pH.

For the Lep and Lep-HA-0.3 with Fe(II) and Cd(II) treatments, a portion
of Cd(II) could be sequestered through structural substitution in newly
formed Fe mineral except for above-mentioned surface binding. Based on
Fig. 1, the Fe(II)-induced reaction promoted the immobilization of more
Cd(II) ions, with ~63–69 % of the residual Cd(II) ions effectively stabilized
by the mineral aggregates after the mineral transformation, indicating that
more Cd(II) can be incorporated into secondary Fe minerals (Liu et al.,
2016; Zhou et al., 2020). Mössbauer spectra also suggest the feasibility of
the incorporation of Cd(II) into magnetite. Previous studies have even
found that Cd, Cr, and Aswere gradually incorporated into the lattice struc-
ture of secondary Feminerals under Fe(II)-induced ferrihydrite transforma-
tion (Hu et al., 2022; Shen et al., 2022; Yuan et al., 2021). The newly
formed Fe mineral in the Lep and Lep-HA-0.3 treatments reflects a stable
means of Cd(II) sequestration, which is possibly associated with structural
incorporation or adsorption onto the defects in the Lep (Hu et al., 2022;
Lu et al., 2019). In contrast, there was negligible magnetite formation
before the migration of the Cd(II) into Fe-solid occurred, suggesting that
the stabilization of Cd(II) primarily occurred through Lep aggregation
prior the formation of the magnetite. Qu et al. (2022) also reported that
the stabilization of Cd(II) occurred prior to hematite formation and primar-
ily via ferrihydrite aggregation.

The mobility of Cd(II) in the Lep-HA co-precipitates was susceptible to
high concentrations of HA (Fig. 1). The HA may have competed with iron
(oxyhydr)oxides for the binding of the Cd(II) due to the fact that the co-
precipitates have higher Cd(II) adsorption capacities than their individual
constituents, except for HA (Vermeer et al., 1999; Liu et al., 2008;
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Qu et al., 2022). In this study, the high HA concentration of the Lep-HA co-
precipitates could promote the surface adsorption and immobilization of
the Cd(II) ions in the suspension due to the negative charges and available
adsorption sites. Similar phenomena has been observed by Lu et al. (2019),
who found that Pb(II) adsorption by goethite-fulvic acid (FA) increased as
the FA loading increased. The possible binding style may include Cd(II) as
a “bridge” between the Lep and HA and or the Cd(II) directly bonded to
the HA and the Fe-organic complexes on the Lep-HA co-precipitates
(Orsetti et al., 2006). In the treatments with Fe(II), the high HA concentra-
tion increased the amounts of surface functional groups, whereas adsorp-
tion capacity of the Cd(II) ions were decreased. This was owing to the
decrease of the specific surface area as a function of increasing C/Fe ratios
(Chen et al., 2015). However, Fe(II) could have interact with the Lep-HA co-
precipitates, which affected the reductive mineral dissolution and formation
of a new mineral (Hu et al., 2022). It had further influenced the
repartitioning of the Fe(II) and Cd(II) in the Lep-HA co-precipitates, and
the phase transformation of the Fe minerals in this study. Based on the
above results, the Cd(II) wasfixed in the Lep-HA co-precipitates before trans-
formation due to the effect of the HA, which resulted in the higher concen-
tration of residual Cd(II) in the Lep-HA-0.3 treatment than in the Lep-HA-
1.2 treatment. Thus, the amounts of extractable Cd(II) was higher than
that of co-precipitate with small amounts of HA (C/Fe = 0.3) owing to
surface complexes and incorporation (Hu et al., 2022). The lowest amounts
of residual Cd(II) in Lep-HA-1.2 may be attributed to the inhibition of min-
eral phase transition, for that newly formed iron (Fe) (oxyhydr)oxides may
immobilize Cd(II) through surface binding, structural substitution, and phys-
ical encapsulation (Hu et al., 2022). This phenomenon has also been
reported for variation metal(loid)s, that is, a high valence-state metal(loid)
would simultaneously be transformed into a low valence-state by the reduc-
tive functional groups of OMs (Du et al., 2018). However, there is currently a
lack of knowledge regarding the HA sequestration stability of OM-Lep
coprecipitates following Fe(II)-induced crystallization. Future studies to
employ an OM component to determine organic carbon stability are highly
recommended at both nano and molecular scales, for that whereas the pres-
ence of heavymetals promoted the generation of nano pore spaces or defects
and consequently enhanced OM sequestration (Hu et al., 2022).

4. Conclusions

In this study, the stabilization of Cd(II) during the Fe(II)-induced transfor-
mation of Lep-HA co-precipitates under anaerobic conditions was studied.
The results revealed that magnetite was formed during the Fe(II)-induced
transformation of Lep and low C/Fe ratio Lep-HA co-precipitates, and the
extent of the transformation decreased as the C/Fe ratios increased. HA
bound to the Lep inhibited the transformation of Lep and further controlled
the the mobility of Cd(II). The proportion of the extractable Cd(II) increased,
while that of the the residual Cd(II) decreased as the HA concentration
increased. The extractable and residual Cd(II) concentration in the Lep-HA
co-precipitates was attributed to the presence of HA and the formation of
magnetite induced by Fe(II), providing the surface sites of Cd(II) through
surface binding, structural substitution, and physical encapsulation. A
portion of Cd(II) have been immobilized by new-formed magnetite. These
findings provide insights into the Cd(II)mobility in Feminerals-OM in anaer-
obic environments via coupling of other redox and chemical processes.
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