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ARTICLE INFO ABSTRACT
Keywords: Manganese (Mn) oxides have high Cd(II) sorption affinities and could effectively immobilize Cd(II) in soil and
Mn(IID)-rich 3-MnO, aquatic systems. However, coexisting Fe(II) can react with Mn oxides at oxic-suboxic interfaces, thereby af-
Cadmium fecting Cd(II) immobilization by Mn oxides. Mn(IV)-rich Mn oxides in the environment are readily to be reduced
Ferrous _im“ to Mn(III)-rich Mn oxides by natural organic matter. Herein, we determined the effects of Fe(I) on Cd(II) im-
Ad,sorp,tlon mobilization by Mn(III)-rich 8-MnO,, (denoted as HE-MnO,) at pH 5.5 and 7.5. Results show that Fe(II) decreased
Oxidation . | A .
Precipitation Cd(II) retention on HE-MnO,, at pH 5.5 but had no effects at pH 7.5 due to the high Cd(II) adsorption affinity of

HE-MnO, at high pH. Poorly crystalline Fe oxides, likely ferrihydrite, uniformly precipitated on HE-MnO,
surfaces upon Fe(II) addition at both pHs. 3-MnOOH formed at the high initial Fe(II) concentration at pH 7.5. Cd
(II) was mainly adsorbed on HE-MnO, rather than the newly formed Fe oxides and 3-MnOOH which had low Cd
(II) adsorption capacities. The decrease of Cd(II) sorption in the presence of Fe(II) could be explained by the
reduction of HE-MnO,, the precipitation of Fe oxides on HE-MnO,, and the competition of generated Mn(II) for
the sorption sites. Cd(II) formed double-corner sharing (DCS) and double-edge sharing (DES) complexes with Mn
(III) edge sites on HE-MnO,. After the addition of Fe(II), Cd(II) formed only DCS complexes with Mn(III) edge
sites. The alternation of the surface complexes caused by Fe(II) promoted Cd(II) desorption from HE-MnO,. This
work suggests that Fe(II) can decrease the removal efficiency of Cd(II) by Mn(IIl)-rich 8-MnO, at oxic-suboxic
interfaces in the environment.
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1. Introduction

As a nonessential element for human beings, cadmium (Cd) ex-
posure from contaminated soils through food chain and dust would do
harm to the liver and kidney, posing great threat to human health
[1-3]. Mining wastes and industrial discharge are the main sources of
Cd in soils [4-6]. Although the total Cd concentration is low in con-
taminated soils, the bioavailability of Cd(II) tends to be high because of
its weak sorption to common components. However, Mn oxides have
high sorption affinity for Cd(II) because of their large amount of ne-
gative charges and abundant structural defects [7,8]. Attempts have
been made to use Mn oxides to mitigate Cd pollution [1]. Mn oxides
effectively reduced Cd solubility and Cd accumulation in wheat [9].

Mn oxides play an important role in controlling the migration and
transformation of trace elements and pollutants in the environment
[10]. They are strong oxidants and readily reduced by redox-sensitive
compounds, such as As(III), Fe(I), Mn(II) and S(II) in the environment
[10-12]. The redox reactions can affect metal immobilization by Mn
oxides [10,13-15]. Hinkle et al. [15] observed that Mn(II) decreased
both Zn(II) and Ni(II) uptake by 8-MnO, at pH 4 and that both ions
migrated from the interlayer to the edge sites. The effects of Mn(II) on
Zn(II) and Ni(I) sorption correlated with Mn(II)-induced structural
changes and the competition of Mn(II) for surface sites. Lefkowitz et al.
[10] found that Mn(II) led to the desorption of Zn(II) from acid bir-
nessite at pH 6.5, but enhanced Zn(II) sorption at pH 7.5 by the reaction
with structural Mn(IV), generating Mn(III) which coprecipitated with
Zn(II) and Mn(II) to form Zn-substituted hausmannite.

At oxic-suboxic interfaces in the environment, Fe(Il) is a common
species and an important reductant for Mn oxides [11,12].

Both Fe(III) and Mn(II) ions, derived from partial reduction of Mn
oxides by Fe(I), were adsorbed by Mn oxides [13] or precipitated as
ferrihydrite, jacobsite, lepidocrocite and goethite [13,14], depending
on the reaction conditions. The sharp reaction between Mn oxides and
Fe(II) indicates that Cd(II) immobilization by Mn oxides is likely to be
affected by coexisting Fe(II). However, the ternary Fe(II)-Cd(II)-Mn
oxides reaction system is essentially unknown and, to our knowledge,
unstudied. Most studies focused too much on the sorption behavior of
Cd(II) on Mn oxides. A differential pair distribution function (d-PDF)
analysis carried out by Genuchten et al. [16] demonstrated that Cd(II)
was adsorbed at the vacancy sites of 3-MnO,. According to the re-
lationship between Mn average oxidation state and Cd(II) sorption
behavior, Cd(II) was assumed to be adsorbed at the interlayer of H*-
birnessite [17]. Cd isotopic fractionation was observed in the process of
Cd(ID) adsorption by H ™ -birnessite [18]. Extended X-ray absorption fine
structure (EXAFS) spectroscopy showed that Cd(II) was adsorbed to the
external surface or migrated into the tunnels in the cryptomelane
structure (KMngO;6) [19]. However, all these studies neglected the
impact of Fe(II) on Cd(II) immobilization by Mn oxides. This omission
raises important questions directly relevant to the fate of Cd im-
mobilized by Mn oxides in the environments undergoing redox oscil-
lations. In the present study, we thus investigated the effects of Fe(II) on
Cd(II) immobilization by Mn oxides. The experiments were conducted
at pH 5.5 and 7.5, representing the acidic and slightly alkaline condi-
tions respectively. Higher pH values were not considered in this paper
because Cd toxicity is not a serious concern in strongly alkaline en-
vironments.

Vernadite, a nanoparticulate layered Mn oxide rich in Mn(IV), is a
reactive and abundant Mn oxide in soils and sediments [1,20]. La-
boratory studies showed that its synthetic analogue, 8-MnO,, is readily
reduced by natural organic matter (NOM) and as a result, Mn(III) ac-
cumulated at the edge and/or vacant sites of 8-MnO,, [21]. Considering
the abundance of NOM, Mn(Ill)-rich vernadite is probably more
common than Mn(IV)-rich vernadite in natural environment. However,
despite being easily reduced by NOM in the natural environment, Mn
(IV) oxides are often used as the representative Mn oxides in studies
dealing with heavy metal immobilization. In this study, Mn(IIl)-rich 8-
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MnO,, prepared by reducing 8-MnO, using sodium 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonate (HEPES) (denoted as HE-MnO,), which
was more environmentally relevant, was used as the representative Mn
oxide, to determine the effects of Fe(Il) on Cd(II) immobilization. The
reaction products were thoroughly characterized using X-ray powder
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, X-
ray photoelectron spectroscopy (XPS), transmission electron micro-
scopy (TEM), and EXAFS spectroscopy, which could help to disclose, at
the molecular scale, the changes in the coordination environments for
Cd(II) immobilization by HE-MnO, induced by Fe(II). The results pro-
vide new insights into the processes governing Cd(II) immobilization by
Mn oxides in environments undergoing redox oscillations.

2. Materials and methods

All chemicals used here were of analytical grade or purer. Ultrapure
deionized water (> 18 MQ-cm) was used for preparation of solutions
and for rinsing.

2.1. The preparation of HE-MnO,

HE-MnO, was obtained by equilibrating §-MnO, in HEPES bulffer.
The Mn(III) proportions before and after the treatment were 4.5% and
34% respectively determined using pyrophosphate extraction. The de-
tailed preparation and determination are described in Supplementary
Material (SM). It has been reported that 8-MnO, generally contained
about 14% vacancy sites in the layer, and the HEPES treatment led to
12% of Mn(III) and 2% of Mn(II) occupying the vacancy sites in the
form of triple corner-sharing (TCS) complexes above the vacancy sites
[22]. The remaining Mn(III) created by the HEPES treatment was lo-
cated at edge sites instead of the interior of the sheets as supported by
the EXAFS and pair distribution function analyses [22]. Our previous
study showed that Mn species located at the particle edge sites were all
Mn(III), accounting for about 22% of the total Mn [23].

2.2. Cd(II) sorption and desorption on HE-MnQO, in the absence and
presence of Fe(ID)

Sorption experiments were carried out in N, atmosphere to inhibit
Fe(II) oxidation by O,. 150 mM Fe(II) stock solution and 50 mM Cd(II)
stock solution were prepared by dissolving FeSO4,7H,O or Cd
(NO3),4H,0 to deionized water under N, atmosphere and stored in the
serum bottles. HE-MnO,, suspension was prepared by dissolving a cer-
tain amount of HE-MnO, stock suspension in 50 mM NaNOs, which was
buffered at pH 5.5 and 7.5 with 50 mM 2-morpholinoethanesulfonic
acid (MES) and HEPES respectively and the final Mn concentration was
16.7 mM. Once purged with N, the suspensions (30 mL) were trans-
ferred to sealed 100-mL serum bottles. Aliquots of Cd(II) and Fe(II)
stock solution were added to the HE-MnO,, suspension, yielding final Cd
(II) concentrations at 0, 0.1 and 0.5 mM and Fe(II) concentrations at 0,
0.5 and 5.0 mM. The sample IDs are summarized in Table S1. The
suspensions were shaken at 28 °C on a reciprocal shaker. After 76 h, a
1 mL aliquot sampled from the suspension was filtered through a 0.22-
um membrane and added with an equal volume of 1 M HCI for the
determination of dissolved Fe, Cd and Mn concentrations. Fe(II) and Fe
(III) concentrations were analyzed by UV-vis spectroscopy (UV-2700,
Shimadzu, Japan). Dissolved Cd and Mn concentrations were de-
termined using a flame atomic absorption spectrophotometer (Z-2000,
Hitachi, Japan).

Desorption experiments were conducted to determine the lability of
Cd(I) in the solids. At the end of the sorption experiments, the sus-
pensions were centrifuged, the supernatants were decanted, and the
solid phase was resuspended in 30 mL of 50 mM NaNOs; solution buf-
fered at pH 5.5 and 7.5 with 50 mM MES and HEPES, respectively. The
suspensions were shaken at 28 °C on a reciprocal shaker. After 42h,
1 mL aliquots were sampled from the suspensions for the measurement
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of dissolved Cd concentrations as described above.

Additional sorption experiments were carried out without the des-
orption experiment, and the reacted solids were separated from aqu-
eous solutions by centrifugation, rinsed with deionized water, and
freeze-dried for the following characterization.

2.3. Characterization of sorption samples

The freeze-dried HE-MnO, samples were analyzed by XRD, FTIR,
XPS, TEM, and EXAFS spectroscopy. XRD measurements were carried
out with a powder diffractometer (Ultima IV, Rigaku, Japan) with Cu
Ka radiation. The diffractometer was operated at a tube voltage of
40kV and a current of 50mA at a 0.02° 26 interval using a 25s
counting time per step. For the FTIR analysis, the solid samples were
mixed with KBr in an agate mortar for data collection with a Nicolet
5700 spectrometer (Nicolet, USA).

XPS data were collected on an ESCAILAB-250Xi spectrometer
(Theromofisher, Japan) with monochromatic Al Ka radiation
(1486.6 eV). Survey and regional scans were collected with a pass en-
ergy of 100 eV and 25 eV, and an energy size of 1.0eV and 0.1 eV, re-
spectively. XPS Cls peaks were used as an inner standard calibration
peak at 284.8 eV. XPS peak fitting was performed using a nonlinear
least-square fitting program (XPSpeak software 4.1).

The solid samples to be analyzed by TEM were suspended in ethanol
and drops of the suspension were deposited onto carbon-coated support
film on TEM grids. Spatially resolved elemental maps were acquired
using TEM-mapping (JEM-200CX, JEOL, Japan).

For EXAFS spectroscopic analysis, solid samples were pressed into
tablets and sealed with Kapton tape for EXAFS data collection. Cd K-
edge EXAFS data were collected from selected sorption samples in
fluorescence mode and from standard reference samples in transmission
mode with Si(311) monochromator at the beamline BL14W1 of
Shanghai Synchrotron Radiation Facility (SSRF). Ag foil was measured
concurrently with the samples for internal energy calibration. Data
processing was performed using Athena based on IFEFFIT [24]. The k*
weighted x(k) function was Fourier transformed using a Hanning
window, and all shell-by-shell fitting was conducted in R-space. A single
threshold energy value (AE,) was allowed to vary during fitting. A liner
combination fitting (LCF) analysis of k*>-weighted EXAFS spectra was
used to quantify the proportion of each Cd species in the solids. The
reference compounds for the LCF analysis included Cd(OH),, H*-bir-
nessite_Cd, y-MnOOH_Cd, and goethite_Cd. The latter three references
were Cd(I)-loaded minerals. The preparation details of these references
and the sorption samples are provided in SM.

3. Results and discussion
3.1. Effects of Fe(I) on Cd(II) sorption and desorption by HE-MnO

After the sorption, dissolved Fe was detected in none of the reaction
systems (data not shown). For the systems with 5.0 mM Fe(II), Fe(Il)
likely formed large amounts of precipitates because sorption by HE-
MnO, alone cannot lead to such a high Fe(I) removal. Fe(II) could be
oxidized by Mn oxides to generate Fe(IIl) ions that, in turn, precipitated
as Fe(Ill) oxides when the protons were insufficient [25].

At pH 55 in the absence of Fe(ll) (pH5.50Fe 0.1Cd,
pH5.5_0Fe_0.5Cd), ~2.2mM Mn(II) was released to the solution (Fig.
S1), due to the slight reduction by MES buffer, accounting for 15% of
the total Mn in HE-MnO,. A higher amount of Mn(II) (2.4-4.8 mM) was
released upon Fe(II) addition, especially in the system with 5.0 mM Fe
(I), produced from the reductive dissolution of HE-MnO, by Fe(Il).
However, little Min(II) was released to the solution at pH 7.5, which was
due to the strong adsorption of Mn(II) by Mn oxides and its subsequent
oxidation by Mn(IV) in Mn oxides at high pH [21,26].

Cd(ID) sorption impacted by Fe(II) is shown in Fig. 1a, b. At pH 5.5,
0.5-5.0mM Fe(Il) reduced the relative Cd(II) uptake from 89.6% to
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70.7% when initial Cd(II) concentration was 0.1 mM and from 69.4% to
49.6% when initial Cd(II) concentration was 0.5 mM. Cd(II) was com-
pletely removed at pH 7.5 and Fe(Il) addition had nearly no effect on
the Cd(II) removal, which could be ascribed to the high Cd(II) sorption
capacity of HE-MnO, at pH 7.5. The addition of 5.0 mM Fe(II) led to no
more than 15% dissolution of HE-MnO, while Cd(II) sorption at pH 5.5
decreased by 21% and 29% for initial Cd(II) concentration at 0.1 mM
and 0.5mb], respectively, indicating that in addition to the partial
dissolution of HE-MnO, induced by the Fe(II) addition, other reasons
existed for the reduction of Cd(II) sorption. Fe oxides are generally
positively charged or electrically neutral at pH 5.5 and 7.5 due to their
high isoelectric points (7-9.3) [27,28]. The surface charge of HE-MnO,
was similar to that of 8-MnO, whose isoelectric point was less than 3
[23,29]. Thus, it could be inferred that HE-MnO, was negatively
charged at pH 5.5 and 7.5. The distinctly different surface charge be-
tween HE-MnO, and Fe oxides would lead to the different affinities for
Cd(Il) arising from the electrostatic interactions. It has been reported
that Cd(II) sorption on Fe oxides was much lower than that on Mn
oxides [8,16]. It was reasonable to speculate that the precipitation of Fe
oxides on the surface of HE-MnO, was responsible for the reduction of
Cd(II) sorption. In contrast, arsenic sequestration by §-MnO, was en-
hanced in the presence of Fe(II) [30]. That opposite phenomenon was
due to the higher As(V) sorption on Fe oxides than that on Mn oxides. In
addition, Mn(II) generated from the redox reaction between Fe(II) and
HE-MnO- might also increase Cd(II) mobility by competition with Cd
(I) for sorption sites [15].

Besides inhibiting Cd(II) sorption, the addition of Fe(II) promoted
Cd(II) desorption in NaNOj; solution (Fig. 1c, d). At pH 5.5, Fe(Il) ad-
dition increased Cd(II) desorption from 7.4% to 13.4% when initial Cd
(II) concentration was 0.1 mM and from 17.0% to 22.2% when initial
Cd(II) concentration was 0.5 mM. It was reasonable to speculate that
the binding mechanisms of Cd(II) were altered by Fe precipitation on
HE-MnO, or the partial reduction of HE-MnO,, and thus, facilitating Cd
(II) desorption. However, Cd(II) desorption at pH 7.5 was less than 1%,
even after the addition of Fe(Il), demonstrating the strong affinity of
HE-MnO, for Cd(II) at pH 7.5.

To explain the mechanisms of Cd(II) sorption and desorption on HE-
MnO, in the presence of Fe(Il), further characterizations were con-
ducted.

3.2. XRD and FTIR analyses

The XRD patterns of the reacted solids are shown in Fig. 2. For the
systems without Fe(Il), the absence of (00 1) reflections (24° 26) de-
notes the disorder in the stacking of the phyllomanganate sheets along
the c-axis, and those at 37° and 66° 20 suggest hexagonal layer sym-
metry [31]. The low intensities of the diffraction peaks are consistent
with small particle sizes of 8-MnO,. For the systems with Fe(II), obvious
changes occurred to XRD patterns of pH7.5_5.0Fe_0.5Cd, where the
characteristic peaks of feitknechtite (3-MnOOH) (19.2°, 33.3°, 35.2°,
37.7°, 44.0°, 49.3°, 58.5° 20) appeared. These peaks are not observed in
other systems, indicating that high pH and high Fe(II) concentrations
favored B-MnOOH formation. Formation of (3-MnOOH was also ob-
served during the reduction of 8-MnO, by fulvic acid, Fe(Il) and HS™ in
previous studies [21,32]. Lefkowitz et al. [26] reported that 3-MnOOH
was produced when acid birnessite reacted with Mn(Il) at pH 7.0-8.5
while no mineralogical transformation occurred at pH < 7, consistent
with our results that 3-MnOOH was only found in samples reacted at pH
7.5 but not at pH 5.5.

No characteristic peaks of Fe oxides are observed in the XRD pat-
terns, suggesting the formation of poorly crystallized Fe oxides, likely
ferrihydrite, which is hard to detect by XRD [33].

FTIR spectra of samples are shown in Fig. 3. The peak at 760 cm ™
arose from the vibration of Mn-O [34]. This peak disappeared with the
addition of 5.0 mM Fe(Il), suggesting that HE-MnO, was severely cor-
roded by high Fe(II) concentrations. New peaks emerged at 946 cm ™!
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Fig. 2. XRD patterns for samples and the red diamonds denote the reflection
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peaks of B-MnOOH [35], in line with the XRD results.

3.3. X-ray photoelectron spectroscopy

The theoretical molar ratios of Fe to Mn in the bulk phase (added Fe
(I1)/(total Mn - dissolved Mn(II)) and the molar ratios determined from

-
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o
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XPS survey spectra (Fig. S2a) for the reacted samples are shown in
Table S2. Because the elemental data provided by XPS mainly reflects
the composition of solid surfaces, the higher Fe / Mn ratio determined
by XPS than that in the bulk phase indicated that Fe was enriched, i.e.,
precipitated on the surface of HE-MnO,, covering the signal of Mn.
High-resolution XPS spectra of Fe2p are shown in Fig. S2b. Binding
energy (BE) of Fe2ps,, for all samples were ~711 eV. It is difficult to
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Fig. 4. XPS results of Mn2p spectra of samples and their corresponding fitting curves are also given.

estimate the Fe valence through the binding energy of Fe2p3,, because
of the overlapping of the binding energy of Fe(Il) and Fe(Ill) com-
pounds, which varies from 706.5 to 711.0 and 710.2 to 713.3 eV, re-
spectively [34]. It was reported that the Fe2p3  satellite peaks of Fe(II)
and Fe(IlI) were around 715eV and 719 eV respectively while the
Fe2p; /5 satellite peaks of Fe(II) and Fe(IIl) were around 729.0 eV and
732.5 eV respectively [36]. The large difference between Fe2p satellite
peaks of Fe(II) and Fe(III) could favor the discrimination of the two Fe
valences in samples. Fe2ps, satellite peak located at 719eV, and
Fe2pl/2 satellite peak located at 732 eV in both pH5.5_5.0Fe_0Cd and
pH7.5_5.0Fe_0Cd, indicating that the oxidation state of Fe in these
samples were all Fe(III), i.e., all Fe(I) added to the system was oxidized
to Fe(lll) by HE-MnO,. Although the weak peaks of Fe in
pH5.5_0.5Fe_0Cd and pH7.5_0.5Fe_0Cd hindered the estimation of the
Fe valence, it could be speculated that Fe in pH5.5_0.5Fe_0Cd and
pH7.5_0.5Fe_0Cd was also Fe(III) because of the lower amounts of Fe(II)
added.

High-resolution XPS spectra of Mn2p3,» and corresponding peak
fitting results are shown in Fig. 4 and Table S3. The fitted Mn2p3 5 peak
position for Mn(II) ranged from 640.8 to 641.0 eV, the Mn(III) peak
ranged from 641.8 to 642.0eV, and Mn(IV) ranged from 642.6 to
643.0 eV, consistent with previous studies [37]. The molar ratio of Mn
(ID:Mn(III):Mn(IV) in HE-MnO, without the addition of Fe(II) was
about 2:24:74, rather close to the results acquired by pyrophosphate
extraction method and those reported by Simanova et al. [22]. After
reacting with 0.5mM Fe(II), the average oxidation state of HE-MnO,
slightly decreased from 3.72 to 3.68 at pH 5.5 and from 3.71 to 3.65 at
pH 7.5 (Table S3), due to the slight reduction of HE-MnO,, by Fe(II). In
the systems where 5.0 mM Fe(II) was added, the proportion of Mn(IV)
decreased from 74% to 49%, accompanied with the increase of the Mn
(II) and Mn(II) proportions, leading to the large reduction of the
average oxide oxidation states (AOS) of HE-MnO,, consistent with Fe2p
XPS results that all Fe(II) was oxidized to Fe(III).

3.4. Transmission electron microscopy

pH5.5_0Fe_0Cd, pH5.5_5.0Fe_0.5Cd and pH7.5_5.0Fe_0.5Cd were
characterized using TEM (Fig. 5). In the systems without Fe(II) and Cd
(ID), the particle sizes of HE-MnO, were about 20 nm (Fig. 5a). The
flocculated morphology and the selected-area electron diffraction
(SAED) pattern indicated poor crystallinity of HE-MnO,, consistent
with the XRD data. After reacting with 5.0 mM Fe(Il) at pH 5.5 and 7.5,
the morphology of the mineral phase was no longer flocculated (Fig. 5b,

c), likely arising from the precipitation of Fe oxides on HE-MnO,. The
molar ratio of Mn:Fe:Cd was 69.3:24.1:6.6 in area I for
pH5.5_5.0Fe_0.5Cd, close to the theoretical value in this sample. New
phases with the diameter of ~200 nm were observed in area II for
pH7.5_5.0Fe_0.5Cd. The SAED pattern of area II indicated the high
degree of crystallinity of the new phases. The molar ratio of Mn:Fe:Cd
in this area was 95.6:3.3:1.1, suggesting its enrichment of Mn. Con-
sidering the FTIR and XRD results, the bulk materials in area II were
likely to be B-MnOOH. The ratio of Cd:Mn in area II was significantly
lower than that in area I, demonstrating that the Cd(II) sorption capa-
city on B-MnOOH was much lower than that on HE-MnO,, which might
be due to the high isoelectric point of B-MnOOH at pH 7.5 and its high
degree of crystallinity.

EDS (energy dispersive X-ray spectroscopy) mapping of selected
areas in pH5.5_5.0Fe_0.5Cd and pH7.5_5.0Fe_0.5Cd are shown in Fig.
S3. The distribution of Fe and Mn are similar, suggesting that Fe pre-
cipitated uniformly on the surface of Mn oxides at pH 5.5 and 7.5 rather
than forming Fe oxides separated from Mn oxides. Cd distribution
completely overlapped with Fe and Mn distribution, demonstrating that
Cd(II) was adsorbed uniformly by the Fe-Mn oxides. However, it was
hard to verify whether Cd(II) was mainly adsorbed by Mn oxides or
newly formed Fe oxides, which could be revealed by EXAFS spectro-

scopy.

3.5. EXAFS spectroscopy

To investigate the microscopic mechanisms of Cd(II) sorption on
HE-MnO, in the presence of Fe(II), Cd K-edge EXAFS spectra for sorp-
tion samples were collected, which were analyzed by LCF and shell-by-
shell fitting. According to the LCF analysis (Fig. 6, Table 1), the pro-
portion of Cd(OH), was 19-37% in all samples, indicating that a por-
tion of Cd(II) formed as Cd,(OH), polymers on HE-MnO,. Cd,(OH),
polynuclear complexes were also found to form when Cd(II) was ad-
sorbed by kaolinite and red mud using EXAFS spectroscopy [38,39].
The polynuclear complexes were formed due to the accumulation of
adsorbed Cd(II). In the systems with Fe(II) added, a negligible pro-
portion of Cd(II) (0-7%) existed as goethite_Cd, indicating that Cd(II)
was mainly adsorbed by Mn oxides even in the presence of Fe oxides,
arising from the much higher Cd(II) sorption capacity of Mn oxides than
Fe oxides. H*-birnessite was rich in vacancies [40], and Cd(II) was
adsorbed mainly on those vacancies [16,19]. The absence of H™ -bir-
nessite_Cd in the LCF analysis for all samples indicated that Cd(II) was
not adsorbed on vacancies but at the edge sites of HE-MnO,. This is
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Fig. 5. TEM images of (a) pH5.5_0Fe_0Cd, (b) pH5.5_5.0Fe_0.5Cd and (c) pH7.5_5.0Fe_0.5Cd.

because that the presence of abundant Mn(III) in HE-MnO, blocked the
vacancies for Cd(II) adsorption due to the high affinity of Mn(III) to
vacancies of Mn oxides [21], and thus, edge sites became important and
the major sites for Cd(II) adsorption. It was reported that Ni was mainly
sorbed at the vacancy sites of 3-MnO, while most Ni was sorbed at the
edge sites in Mn(IIl)-rich 8-MnO, [22]. In contrast, the contribution of
y-MnOOH_Cd was significant (63-77%) for all samples. Considering
that all Mn is Mn(III) in y-MnOOH, it was reasonable to speculate that
Cd(II) was mainly bound with Mn(III) sites, consistent with the fact that
Mn species located at the particle edge of HE-MnO, were all Mn(III).
Shell-by-shell fitting results are shown in Fig. 7 and Table 2. In all
samples the coordination numbers of Cd-O shell were close to 6 and the
Cd-O distances were ~2.3 f\, indicating that the adsorbed Cd(II) was in
an octahedral environment [41]. The Cd-Fe path was not considered in
the process of shell fitting because of the little contribution of Fe oxides
to Cd(II) adsorption implicated by the LCF analysis. Only the second
shell of Cd-Mn was fitted. The fitting returned two Cd-Mn shells with

the distances of 3.72-3.76 A and ~ 3.2 A in the absence of Fe(ID).
Generally, the metal-Mn distance depends on the coordination
structure metal ions forming with MnOg [41], Mn valence in MnOg
[22], and the protonation of the surface O to which metal binds [42].
When distorted MnOg and CdOg polyhedra linked as a face sharing
complex, the Cd-Mn distance was shorter than 3 A. When an edge
sharing complex was formed, the Cd-Mn distance ranged from 3.0 to
3.4 A. When a double corner sharing (DCS) complex was formed, the
Cd-Mn distance ranged from 3.6 to 4.2 A [41]. The Ni-Mn distance was
0.18 A larger when Ni formed an edge-sharing complex on HE-MnO,
than 8-MnO, owing to the larger radius of Mn(III) than Mn(IV) [22].
For the double edge sharing (DES) complex Pb(II) formed on hexagonal
birnessite, the Pb-Mn distance increased by 0.11-0.22A when O in
MnOg correlating with PbOg was protonated [42]. Several investiga-
tions have reported the Cd-Mn distance when Cd(II) was adsorbed by
Mn oxides. Bochatay et al. [41] investigated Cd(II) sorption com-
plexation on y-MnOOH using EXAFS spectroscopy and found that the
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Fig. 6. Cd kz-weighted EXAFS spectra for Cd reference standard and Cd(II)
sorption samples (solid curves), overlapped with LCF results (scatter curves).
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Table 1
Results of LCF analysis of the Cd K-edge EXAFS spectra for samples reacted
under various conditions.

Sample ID Proportion (%) R-factor
vy-MnOOH_Cd Goethite_Cd Cd(OH),
pH5.5.0.5Cd 64 0 36 0.033
pH5.5_0.5Fe_0.5Cd 73 3 24 0.039
pH5.5_5.0Fe_0.5Cd 74 7 19 0.033
pH7.5.0.5Cd 73 0 27 0.027
pH7.5_0.5Fe_0.5Cd 77 2 21 0.055
pH7.5_5.0Fe_0.5Cd 65 0 35 0.058
(@) (b)

pH7.5 5.0Fe 0.5Cd
pH7.5 0.5Fe 0.5Cd

pH7.5_0.5Cd

HOK(A™)
FT magnitude

pH5.5 5.0Fe 0.5Cd

pH5.5 0.5Fe 0.5Cd

pH5.5 0.5Cd

2 3 45 6
R (&)

K (A'1)

Fig. 7. (a) Cd K-edge EXAFS spectra and (b) and the Fourier transforms for Cd
reference standard and Cd(II) sorption samples (solid curves), overlapped with
shell fitting results (scatter curves).
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distance was 3.2 A and they attributed this distance to the edge sharing
complexes Cd(II) formed with Mn(Il[)Og. Randall et al. [17] in-
vestigated Cd(II) sorption on cryptomelane, which has a tunneled
structure using EXAFS spectroscopy, and found that the Cd-Mn distance
was 3.65 A with Mn coordination number at 4.9, demonstrating that Cd
(II) formed corner sharing complexes with MnOg. The Cd-Mn distance
for CA(II) sorption by 8-MnO,, was 3.66 A deduced from differential pair
distribution function results, which arose from the TCS complexes of Cd
(II) formed at the vacancy sites of 8-MnO, [16]. Our unpublished data
also showed that the Cd-Mn distance was 3.66 A and Cd-Mn co-
ordination number was close to 6, when Cd(II) was adsorbed on §-
MnO,, arising from Cd(II) occupation at the vacancy sites. The Cd-Mn
distance of 3.72-3.76 A in the present study was slightly longer than
those found in TCS complexes (3.66 A), and the corresponding co-
ordination numbers were small (1.6-1.8), demonstrating that Cd(II)
formed DCS complexes at the edge sites of HE-MnO,, in agreement with
LCF results. The elongation of Cd-Mn distance was likely due to Cd(II)
binding with Mn(III)Og considering that only Mn(III) sites were located
at the edge of HE-MnO,. The distance of 3.2 A could be attributed to the
DES complexes to Mn(IIl) edge sites.

In the systems with Fe(II) added, two Cd-Mn distances of 3.7 A and
3.9 A were returned. The Cd-Mn distances were 3.47 A and 3.97 A in the
structure of CdMn,0,4, where 3.97 A arose from the DCS complexes of
CdOe with Mn(III)Og. Thus, the surface complexes of Cd(II) formed
with HE-MnO, transformed from DES and DCS complexes to only DCS
complexes upon Fe(II) addition, which might be due to that Fe oxides
formed on the surface of HE-MnO, or the partial reduction of HE-MnO,
altered available surface sites of HE-MnO,, for Cd(II). The alternation of
Cd(II) coordination associated with HE-MnO, after Fe(II) addition
could well interpret the higher Cd(II) desorption with Fe(II) addition. It
could be inferred that DCS complexes of Cd(II) formed on HE-MnO, had
a lower binding energy than DES complexes, and thus, easy to be des-
orbed. Edge-sharing complexes were generally thought to be more
stable than corner-sharing complexes [43]. Previous DFT results
showed that DCS complexes Pb(II) formed on the edge sites of hex-
agonal birnessite were less stable than DES complexes [42].

4. Conclusions

Reaction of Fe(II) with HE-MnO, led to the formation of poorly
crystalline Fe oxides, likely ferrihydrite, precipitated uniformly on the
surface of HE-MnO,, the partial dissolution of HE-MnO,, and reduction
of the average Mn valence in HE-MnO,. Well crystallized 3-MnOOH
was generated at pH 7.5 with a high Fe(II) concentration. The addition
of Fe(II) reduced Cd(II) immobilization on HE-MnO,, at pH 5.5 whereas
had nearly no effect on Cd(II) immobilization at pH 7.5 because of the
extremely high affinity of HE-MnO, for Cd(II). Cd(II) was adsorbed on
HE-MnO, rather than newly formed Fe oxides and B-MnOOH, which
have lower affinities for Cd(II) than HE-MnO,. Thus, the decrease of Cd
(II) sorption in the presence of Fe(II) was mainly due to the reduction of
HE-MnO,, the precipitation of Fe oxides on HE-MnO, and the compe-
tition of generated Mn(II) for the sorption sites. Adsorbed Cd(II) formed
DES and DCS complexes with Mn(III) edge sites on HE-MnO,. After the
addition of Fe(II), Cd(II) only formed DCS complexes on HE-MnO,,
which might be due to that the partial reduction of HE-MnO, or Fe
oxides precipitated on HE-MnO, changed the available surface sites for
Cd(II). Cd(II) desorption was enhanced in the presence of Fe(Il), espe-
cially at pH 5.5, which could be explained by the lower binding energy
of DCS complexes Cd(II) formed on HE-MnO, than DES complexes.

Our findings shed light on the Cd(I) immobilization by Mn oxides in
environments where Fe(Il) coexists with Mn oxides at the oxic-suboxic
interface. The presence of Fe(II) would reduce the removal and increase
the mobility of Cd(II) under acidic conditions. Mn oxides have an ex-
tremely high sorption capacity for Cd(II) as shown in this study. It is
therefore reasonable to assume that a small amount of Mn oxides is
sufficient for effective immobilization of Cd(II) in the soil. Mn oxides
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Table 2
Results of shell-by-shell fitting of the Cd K-edge EXAFS spectra for samples reacted under various conditions.
Sample ID AE, (eV) Shell Coordination number R (A) o> (A% R-factor
pH5.5.0.5Cd 5.6 = 0.5 Cd-0 55 += 0.2 2.27 = 0.01 0.0111 0.0021
Cd-Mn 1.6 = 0.7 3.76 = 0.04 0.0167
Cd-Mn 0.5 = 0.4 3.21 = 0.07 0.0167
pH5.5_0.5Fe_0.5Cd 45 += 0.5 Cd-O 5.8 + 0.3 2.27 = 0.01 0.0120 0.0017
Cd-Mn 22 * 1.5 3.69 = 0.03 0.0128
Cd-Mn 1.7 = 1.0 3.89 = 0.05 0.0128
pH5.5_5.0Fe_0.5Cd 4.2 = 0.5 Cd-O 6.1 = 0.3 2.26 = 0.01 0.0122 0.0026
Cd-Mn 1.9 = 0.7 3.68 = 0.04 0.0128
Cd-Mn 1.8 = 0.8 3.87 = 0.05 0.0128
pH7.5.0.5Cd 5.2 = 0.5 Cd-O 54 = 0.2 2.27 = 0.01 0.0105 0.0021
Cd-Mn 1.8 = 0.6 3.72 = 0.03 0.0151
Cd-Mn 0.4 = 0.4 3.20 = 0.08 0.0151
pH7.5_0.5Fe_0.5Cd 4.7 + 0.5 Cd-O 5.6 = 0.3 2.27 = 0.01 0.0121 0.0017
Cd-Mn 22 + 1.4 3.70 = 0.03 0.0132
Cd-Mn 21 £ 1.1 3.89 = 0.04 0.0132
pH7.5_5.0Fe_0.5Cd 4.8 £ 0.5 Cd-O 5.8 + 0.3 2.26 *+ 0.01 0.0122 0.0026
Cd-Mn 24 + 0.7 3.71 = 0.03 0.0132
Cd-Mn 2.1 = 0.8 3.90 = 0.04 0.0132
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