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A B S T R A C T

Fe-Mn nodules are widely distributed and regarded as excellent adsorbents for heavy metals. Their adsorption-
desorption reactions with heavy metal ions are usually accompanied by redox processes. Herein, Fe-Mn nodules
were used as adsorbents for Cd(II) and As(III,V) at a constant cell voltage under electrochemically controlled
reduction and oxidation, respectively. The results showed that the adsorption performance for Cd(II) and As
(III,V) was enhanced respectively due to the decrease and increase of Mn average oxidation state (Mn AOS) in Fe-
Mn nodules. High birnessite content and Mn average oxidation state (Mn AOS) improved the adsorption of Cd(II)
and As(III,V). The adsorption capacity for Cd(II) and total As increased with increasing voltage. With increasing
pH, the adsorption capacity for Cd(II) increased first and then reached equilibrium, and that of total As de-
creased and then increased. The Cd(II) electrochemical adsorption capacity (129.9 mg g–1) and the removal
efficiency for total As at 1.2 V (83.6 %) in As-containing wastewater at an initial concentration of 4.068mg L–1

were remarkably higher than the corresponding inorganic adsorption performance (9.46mg g–1 and 70.5 %,
respectively). This work may further promote the application of natural Fe-Mn nodules in the adsorption of
heavy metals from wastewaters.
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1. Introduction

Fe-Mn nodules, which are widely distributed in supergene soils and
sediments, usually contain primary minerals such as quartz, feldspar
and mica, and secondary minerals such as clay minerals and Fe and Mn
oxides (Gasparatos, 2013). As the two most important components with
high surface activities in Fe-Mn nodules, Mn oxides are excellent ad-
sorbents for heavy metal cations due to their low point of zero charge
(PZC) and high adsorption activity; and Fe (hydr)oxides have good
affinity with heavy metal anions because of their large specific surface
area and abundant hydroxyl groups (Feng et al., 2007; Gadde and
Laitinen, 1974; Tan et al., 2005; Xu et al., 2012). Therefore, Fe-Mn
nodules are widely used as adsorbents for heavy metal ions
(Chakravarty et al., 2002; Deschamps et al., 2005; Maity et al., 2005;
Tan et al., 2005).

The adsorption of heavy metals on Fe and Mn oxides usually in-
volves different redox or complex reactions. For example, the adsorp-
tion of Sb(III) on birnessite includes a three-stage process of adsorption,
desorption and re-adsorption of Sb, corresponding to the reduction,
destruction of birnessite and then transformation into vernadite, re-
spectively (Lu et al., 2019). Layer-structured birnessite has higher ad-
sorption capacity for Cd(II) than tunnel-structured pyrolusite, crypto-
melane and todorokite because of the additional adsorption of Cd(II)
above/below the Mn(IV) vacancy sites at interlayers of birnessite in the
form of triple-corner-sharing (TCS) complexes (Liu et al., 2019a; Peng
et al., 2016; Wang et al., 2012). When being adsorbed by magnetite, Cr
(VI) is reduced by the Fe(II) on the surface, followed by the formation of
inner-sphere complex between Cr(III) and hydroxy groups (Yang et al.,
2019b). During the oxidation of As(III) by birnessite, the presence of Fe
(II) reduces the As(III) oxidation due to the competitive effect, and As
prefers to bind with the newly formed Fe(III)-(hydr)oxides as a bi-
dentate binuclear corner-sharing complex (Wu et al., 2018). As for the
hydrogenetic ferromanganese nodules including vernadite (δ-MnO2)
and ferrihydrite, As and Mo are mainly adsorbed on ferrihydrite via
double corner-shared (DCS) complexation and δ-MnO2 via edge-shared
(ES) complexation, respectively (Yang et al., 2019a).

Fe-Mn nodules from different soil environments show significant
differences in their chemical composition, especially in the content and
chemical valence state of Fe and Mn and crystal structures of Fe and Mn
oxides, which result in different adsorption reactions and capacities for
heavy metals. Five typical Fe-Mn nodules in Chinese soils vary greatly
in the crystal structure of Mn and Fe oxides, the Fe and Mn contents
(73.2–189.6 and 54.0–176.2 g kg–1, respectively), and the corre-
sponding Mn AOS (3.41–3.85) (Tan et al., 2005). In Fe-Mn nodules, the
Fe and Mn contents affect the adsorption and enrichment for heavy
metals. As reported, the enrichment capacity for Cd, Pb, Zn and Cu is
related to the Mn content, and that for Cr is affected by the Fe content
in nine typical Fe-Mn nodules of Chinese soils (Tan et al., 2006). The
adsorption capacity of Fe and Mn oxides for heavy metals is largely
determined by their crystal structure and chemical composition. As
reported, the adsorption capacity of Mn oxides for Pb(II), Zn(II) and Cd
(II) follows the order of birnessite > cryptomelane > todorokite >
hausmannite (Feng et al., 2007). Due to its higher Mn AOS, birnessite
generally contains more octahedral vacancies, which contribute to its
higher adsorption capacity for Cd(II), Cu(II), Pb(II) and Zn(II) (Wang
et al., 2012). The adsorption capacity of goethite (α-FeOOH) for As(III)
is nearly two folds that of magnetite (Fe3O4), and that of hematite (α-
Fe2O3) for As(V) is approximately three folds that of magnetite
(Giménez et al., 2007). Therefore, adjustment of the chemical compo-
sition in Fe-Mn nodules may be an effective way to improve their ad-
sorption capacity for heavy metals.

The redox reactions of Fe and Mn oxides often occur with changes in
their chemical composition and adsorption capacity for heavy metal
ions (Liu et al., 2017a; Peng et al., 2016; Yang et al., 2018). The ad-
sorption for heavy metal cations can be facilitated by reduction reac-
tions of Fe and Mn oxides. For example, the adsorption capacities of

birnessite for Ni(II) and Zn(II) can be enhanced by the reduction
transformation from birnessite to feitknechtite (β-MnOOH) and spinel
Zn(II)1−xMn(II)xMn(III)2O4 precipitates, respectively (Lefkowitz and
Elzinga, 2015, 2017). The oxidation reaction promotes the adsorption
of anions on Fe and Mn oxides (compounds). The arsenic adsorption
capacity of siderite (FeCO3) under oxic conditions is nearly 10 folds
higher than that under anoxic conditions due to the oxidation trans-
formation from siderite to goethite (Guo et al., 2013). Therefore, the
regulation of redox reactions is a promising method to change the
chemical composition of Fe and Mn oxides and improve their adsorp-
tion performance.

Electrochemical techniques can be used to effectively control the
redox reaction degree and the corresponding chemical composition of
Fe and Mn oxides, which may significantly improve the adsorption
capacity for heavy metals. Our previous study has indicated that when
redox reactions are controlled by galvanostatic charge-discharge, the
Mn AOS and the surface adsorption sites of birnessite decrease and
increase, respectively, with the maximum adsorption capacity for Cd
(II), Cu(II) and Zn(II) reaching 900.7, 372.3 and 530.0mg g–1, which
are nearly 6, 7 and 8 folds higher than the corresponding isothermal
adsorption capacity (Liu et al., 2017a; Peng et al., 2016; Yang et al.,
2018). The electrochemical adsorption capacity for Ni(II) by α-MnO2/
carbon fiber paper can reach 16.4 mg g–1, which is significantly higher
than that of single carbon fiber paper (0.034mg g–1), because of the
presence of Mn oxide and changes in its chemical composition in-
cluding the decrease in Mn AOS (Li et al., 2018). Therefore, electro-
chemical redox reactions can promote the adsorption performance of Fe
and Mn oxides for heavy metals.

Natural Fe-Mn nodules are widely distributed in nature and can be
easily collected at low cost (Liu et al., 2002), exhibiting great potential
to be applied to real wastewater treatment. However, the electro-
chemical adsorption mechanism of the natural Fe-Mn nodules con-
taining Fe and Mn oxides with different crystal structures may be more
complicated than that of synthesized iron and manganese oxides. In
addition, the chemical composition of natural Fe-Mn nodules varies
with regions, which may have a significant effect on their electro-
chemical adsorption performance. In this work, typical Fe-Mn nodules
in China were collected and used to electrochemically adsorb and re-
move cadmium and arsenic from wastewaters. The adsorption me-
chanism was studied, and the key chemical component in Fe-Mn no-
dules influencing the electrochemical adsorption for Cd(II) and As
(III,V) was investigated, which is of great significance for the selective
exploitation and application of natural minerals.

2. Materials and methods

2.1. Sample preparation

Fe-Mn nodules were collected from three typical regions of China,
Tai’an city (37°33′27″N, 116°59′55″E), Linyi city (34°22′46.5″N,
117°37′5″E) in Shangdong province, and Zaoyang city (32°16′55.7″N,
112°31′38.5″E) in Hubei province, which were named as TA, LY and
ZY, respectively. The collected nodule samples were washed three times
by deionized water and then one time by ethanol. The cleaned nodules
were dried in a vacuum oven at 40 °C for 12 h, and then ground and
sieved with 100 mesh sieves. The photos of TA, LY and ZY, and the
corresponding powder microstructures are shown in Fig. S1. Other
chemical composition of the nodules, including the contents of some
metal elements, particle distribution and clay mineral composition (Fig.
S2), is described in Table S1. The detailed preparation process of Fe-Mn
nodule electrodes is shown in Supporting Information.

2.2. Electrochemical adsorption of Cd(II)

Electrochemical adsorption of Cd(II) was carried out in a 100mg L–1

Cd(II) solution at initial pH 5.0 with 0.1mol L–1 Na2SO4 as the
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background electrolyte. It was performed in a two-electrode system
involving 30mL of wastewater, in which the electrode containing
10mg of Fe-Mn nodules was used as the cathode (2.5 cm×3.5 cm) and
a blank graphite paper was used as the anode (2.5 cm×3.5 cm) at
0–0.9 V for 12 h. The effect of pH on the electrochemical adsorption
capacity for Cd(II) was investigated using ZY in 100mg L–1 Cd(II) so-
lution with initial pH 3.0–6.0. To investigate the effect of chemical
composition on adsorption capacity, the three types of Fe-Mn nodules
were used to electrochemically adsorb Cd(II) in 100–1200mg L–1 Cd(II)
solution. Cyclic voltammetry test was conducted on the electrochemical
workstation (CHI660E, Shanghai Chenhua Instrument Co. Ltd., China)
to study the electrochemical adsorption behavior of Cd(II) on the sur-
face of Fe-Mn nodules within a potential window of 0–0.9 V (vs. SCE) at
a scan rate of 0.5mV s–1. The isothermal adsorption of Cd(II) on the Fe-
Mn nodules was also conducted for the comparation with the electro-
chemical adsorption, and the details are provided in Supporting
Information.

2.3. Adsorption of As(III,V) from industrial wastewater

The As-containing wastewater was collected from a ditch
(30°10′18″N, 114°55′47″E) near a factory in Daye city of Hubei pro-
vince and filtered with 0.45 μm filter membrane. The concentrations of
total As, As(III) and Mn(II) in wastewater were 4.068, 0.459 and
4.90mg L–1, respectively, with pH 7.8. In 30mL of wastewater, a two-
electrode system including an anode containing 70mg of Fe-Mn no-
dules (6.5 cm×7.9 cm) and a blank graphite paper cathode
(6.5 cm×7.9 cm) was used to electrochemically adsorb As at 0.3–1.2 V
for 12 h. The total As removal efficiency of Fe-Mn nodules was also
evaluated at open circuit for comparison. The concentrations of anion
Cl–, NO3– and SO4

2– were 62.70, 32.66 and 1043.52mg L–1, respec-
tively, in the As-containing wastewater. The effect of pH on the elec-
trochemical adsorption of As was studied with initial pH 5.0–7.8 ad-
justed by 0.1mol L–1 H2SO4. The three types of Fe-Mn nodules were
used to electrochemically adsorb As in As-containing wastewater to
investigate the influence of chemical composition on their adsorption
performance. All electrochemical adsorption experiments were carried
out for three times on the battery test system (Shenzhen Neware
Electronic Ltd., China).

2.4. Chemical analysis and characterization

Particle distribution of the three types of Fe-Mn nodules was de-
termined by the pipette-extraction method (Robinson, 1922). The clay
fractions of Fe-Mn nodules were separated by siphon according to
Stoke's Law (Singh et al., 2016). The relative contents of phyllosilicates
were determined by X-ray diffraction (XRD, Bruker D8 Advance

diffractometer with Cu Kα, a tube voltage of 40 kV, a tube current of
40mA, and a step interval of 0.02°) semi-quantitative analysis (Pai
et al., 1999; Srodon, 2006). The crystal structure types of Fe and Mn
oxides were determined by XRD after treatment of the clay fractions
with NaOH solution (Tokashiki et al., 2003). A Zetasizer 3600 (Malvern
Instrument, USA) was used to determine the zeta potential values of the
samples in 1.0mmol L−1 KNO3. Atomic absorption spectroscopy (AAS,
Varina AAS240FS) was used to analyze the contents of some metallic
elements in Fe-Mn nodules after microwave digestion (Sandroni et al.,
2003). XAFS spectra were collected on the 1W1B beamline at Beijing
Synchrotron Radiation Facility of China to analyze the relative contents
of different types of Mn oxides and Mn AOS, and the detailed para-
meters of spectra analysis are shown in Supporting Information.

Before and after adsorption reactions, the chemical composition and
micromorphology of Fe-Mn nodules were respectively characterized by
Fourier transform infrared spectrometer (FTIR, Bruker VERTEX 70) and
FESEM (Hitachi, SU8000). The relative contents and distribution of
elements on nodule surface were determined by energy dispersive
spectrum (EDS). The relative contents and valence states of elements on
the nodule surface were analyzed by X-ray photoelectron spectroscopy
(XPS, Multilab 2000) with Mg Kα at 1253.6 eV, using C 1s peak (284.6
eV) as charge reference. The concentrations of Cd, Fe, Mn, Cr, Cu, Pb,
Zn, Co and Ni in the solutions were determined by AAS, and those of
Cl−, NO3

− and SO4
2− were determined by an ion chromatograph

(Dionex ICS-1100). The concentration of total As and As(III) in the li-
quid phase was quantified by an atomic fluorescence spectrometer
(AFS9700, Beijing Haiguang Instrument Co. Ltd.) using 5 % HCl−2 %
KBH4 solution and 1.5 % HCl−1.5 % KBH4 solution as the carrying
fluid, respectively (Xu et al., 2013).

3. Results

3.1. Characterization of chemical composition of Fe-Mn nodules

As indicated by the XRD patterns and FTIR spectra (Figs. 1a and S3),
goethite, birnessite and lithiophorite were the main Fe and Mn oxides in
TA, LY and ZY. The contents of MnO2 and FeOOH, which represent Mn
and Fe oxides, were 95.7 and 196.3 g kg−1 in TA, 114.3 and 341.0 g
kg−1 in LY, and 93.6 and 229.0 g kg−1 in ZY, respectively (Table S1).
The Mn extended X-ray absorption fine-structure (EXAFS) spectra in-
dicated that among the Mn oxides, birnessite and lithiophorite showed
relative contents of 90.3 % and 9.7 % in TA, 51.0 % and 49.0 % in LY,
and 97.3 % and 2.7 % in ZY, respectively (Fig. 1b and Table S2). Fur-
thermore, the mass contents of birnessite, lithiophorite and goethite
were 86.4, 9.3 and 196.3 g kg−1 in TA, 58.3, 56.0 and 341.0 g kg−1 in
LY, and 91.1, 2.5 and 229.0 g kg−1 in ZY, respectively. The Mn AOS in
TA, LY and ZY was measured to be 3.19, 3.61 and 3.40, respectively

Fig. 1. XRD patterns (a) of TA, LY and ZY clay fractions treated by NaOH and Mn K-edge k3-weighted EXAFS (b) of TA, LY and ZY clay fractions (the open circles are
experimental curves and the lines are the best-fit linear combinations).
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(Fig. 2 and Table S3).

3.2. Electrochemical adsorption of Cd(II) on Fe-Mn nodules

The electrochemical adsorption behavior of Cd(II) on the surface of
Fe-Mn nodules was investigated by cyclic voltammetry. Fig. S4a shows
the cyclic voltammetry curve of ZY electrode in Cd(II) solutions at
different concentrations. A pair of redox current peaks were observed
on the cyclic voltammetry curve for the solution of 1200mg L–1 Cd(II).
The reduction and oxidation current peaks at about 0.2 V and 0.45 V
represented the reduction of Mn(IV) to Mn(III) with the intercalation of
Cd(II) into ZY surface, and the oxidation of Mn(III) to Mn(IV) with the
deintercalation of Cd(II) from ZY surface, respectively (Peng et al.,
2016). With increasing Cd(II) concentration, the CV curve gradually
increased in intensity and deviated from the rectangle shape, suggesting
an increase in specific capacity but a decrease in reversibility due to the
intercalation of Cd(II). Compared with ZY, LY had lower redox current
and a slighter deviation from the rectangle shape, indicating its lower
specific capacity and the redox activity (Fig. S4b).

The adsorption of Cd(II) on Fe-Mn nodules under electrochemical
reduction was investigated in a two-electrode system with Fe-Mn no-
dules as the cathode and a graphite paper as the anode at 0.9 V in
100mg L–1 Cd(II) solution. The electrochemical adsorption capacity of
ZY for Cd(II) gradually increased with time and reached equilibrium at
12 h (Fig. 3a). The influence of voltage on the adsorption capacity was
studied using ZY for 12 h within the range of 0–0.9 V. The results
showed that with increasing voltage, the potential of ZY electrode de-
creased (Fig. S5), and the adsorption capacity increased and reached a
maximum of 43.6 mg g–1 at 0.9 V (Fig. 3b). The effect of pH on the
electrochemical adsorption capacity for Cd(II) was investigated using
ZY in 100mg L–1 Cd(II) solution with initial pH 3.0–6.0. After electro-
chemical adsorption, the pH of the solution increased to 3.19 ± 0.02,
4.70 ± 0.20, 5.86 ± 0.45 and 6.00 ± 0.13 when the initial pH was
controlled at 3.0, 4.0, 5.0 and 6.0, respectively. The adsorption capacity
for Cd(II) and the released Mn(II) respectively increased and decreased,
and then reached equilibrium at initial pH 5.0 (Figs. 3c and S6). The
release ratio of Fe was 3.0 % with initial pH 3.0, and dissolved Fe could
not be detected when the pH was increased to above 4.0. After elec-
trochemical adsorption, the ZY sample was further characterized by
XRD, and no significant change was observed in mineral crystal struc-
ture (Fig. S7).

Fig. 4a displays the adsorption capacities of three types of Fe-Mn
nodules in 0–1200mg L–1 Cd(II) solution for 12 h at 0.9 V. The elec-
trochemical adsorption capacity for Cd(II) generally increased with
increasing initial Cd(II) concentration for all types of Fe-Mn nodules,
and the highest adsorption capacity of TA, LY and ZY was 51.8, 113.1

and 129.9 mg g–1, respectively. The currents in the reaction systems
with different Fe-Mn nodules in 1200mg L–1 Cd(II) solution at 0.9 V
followed the order of ZY > LY > TA (Fig. S8), which was consistent
with the order of electrochemical adsorption capacity for Cd(II). In-
creases in initial Cd(II) concentration resulted in higher Mn2+ release
ratios, and the maximum release ratio of Mn from ZY, LY and TA was
14.1 %, 7.4 % and 3.7 %, respectively (Fig. S9a), which was consistent
with the order of response current.

The isothermal adsorption capacity was compared with the elec-
trochemical adsorption capacity. The adsorption isotherm equation was
fitted by the Langmuir model (Fig. 4b), and the isothermal adsorption
capacities of TA, LY and ZY were 4.79, 5.73 and 9.46mg g–1, respec-
tively, which were significantly lower than the corresponding electro-
chemical adsorption capacities. Increases in equilibrium Cd(II) con-
centration would result in increases in Mn2+ release ratio, and the
maximum Mn release ratio from TA, ZY and LY was respectively 1.6 %,
1.5 % and 0.2 % (Fig. S9b), which had negative correlations with Mn
AOS. The concentration of Fe-Mn nodules used in isothermal and
electrochemical adsorption was 10 and 0.33 g L–1, respectively. The
concentrations of released Fe and heavy metal ions of Cr, Cu, Pb, Zn,
Co, Ni and As from Fe-Mn nodules were below the detection limit after
adsorption, indicating that the heavy metal ions released from the no-
dules would not cause secondary pollution to the environment.

To study the electrochemical adsorption mechanism, XRD and FTIR
were used to characterize ZY electrode before and after adsorption at
0.9 V in solutions with different concentrations of Cd(II) (Fig. S10). The
XRD characteristic diffraction peaks of ZY showed no obvious changes
after adsorption, indicating that no new substances were formed. After
adsorption, the diffraction peak at 0.715 nm attributed to the (001)
crystal surface of birnessite increased, and the intensity of the char-
acteristic absorption bands of birnessite at 497 and 451 cm–1 was also
enhanced (Ling et al., 2017). As shown in Fig. 5, flower-like micro-
spheres specific for birnessite were observed after adsorption, which
further confirmed the results of XRD and FTIR. No significant difference
was observed in the mineral crystal structures, characteristic functional
groups and microstructures of TA and LY before and after electro-
chemical adsorption (Figs. S11–S13).

EDS was further used to investigate the changes in element com-
position and distribution on ZY surface after adsorption in 1200mg L–1

Cd(II) solution at 0.9 V (Fig. 6). The element distribution on ZY surface
before (Area 1, 2) and after adsorption (Area 3, 4) is shown in Fig. 6e–h.
The relative contents of Mn, O and Cd on ZY surface increased and
flower-like microspheres were formed after adsorption. In Area 1, 2 and
4, the relative contents of Mn were 2.1 %, 3.1 % and 31.3 %, those of O
were 3.2 %, 5.2 % and 21.9 %, and those of Cd were 1.1 %, 1.0 % and
4.2 %, respectively (Table S4). The results further showed that the
flower-like microspheres were birnessite with adsorption of Cd(II) on its
surface.

Before and after electrochemical adsorption, the chemical compo-
sition of ZY surface was analyzed by XPS. The relative contents of Mn
and O increased, which could be attributed to the exposure of birnessite
from the inside of electrode due to the reduction dissolution of nodules
on the basis of XRD and FTIR results (Fig. 7a and Table S5). The relative
content of Cd also increased, indicating the adsorption of Cd (Fig. 7b).
Peak fitting of Mn 2p3/2 was performed to analyze the valence state of
Mn in the sample (Fig. 7c–d). After adsorption, the relative contents of
Mn(II) and Mn(III) were elevated from 9.5%–19.1% and 40.2%–42.7%,
respectively. The relative content of Mn(IV) and the corresponding Mn
AOS dropped from 50.3%–38.3 % and 3.41 to 3.19, respectively, in-
dicating the reduction of Mn oxides on ZY surface. The Fe on ZY surface
existed in the form of Fe(III) without change in valence state, as in-
dicated by the same peak position of 712.0 eV in Fe 2p3/2 spectrum
before and after adsorption (Fig. S14) (Peng et al., 2017; Zhang et al.,
2007).

Fig. 2. Normalized Mn K-edge XANES spectra and best-fitted curves (lines) of
TA, LY and ZY clay fractions using the Combo method (difference plots are
indicated at the bottom).
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3.3. Electrochemical adsorption of As on Fe-Mn nodules

To investigate the adsorption behavior of Fe-Mn nodules for heavy
metal anions under electrochemical oxidation, As(III,V) in the waste-
water was adsorbed at 1.2 V in a two-electrode system with ZY as the
anode and a blank graphite paper as the cathode. The concentrations of
total As, As(III) and Mn(II) gradually decreased from 4.068, 0.459 and
4.90mg L–1 to 0.669, 0.088 and 0.19mg L–1 after 12 h, respectively
(Fig. 8a). The effect of voltage and corresponding potential on ad-
sorption was further investigated with adsorption of 12 h. The potential
of ZY anode increased with increasing voltage (Fig. S15a). The appli-
cation of voltage and increases of voltage within 0.3–1.2 V greatly
improved the electrochemical adsorption performance of ZY for As, and
significantly decreased the Mn(II) concentration in wastewater
(Fig. 8b). The effect of initial pH within the range of 5.0–7.8 on the
electrochemical adsorption of As was investigated. With increasing pH,
the potential of ZY electrode decreased (Fig. S15b), and the residual

concentrations of total As, As(III) and Mn(II) in the solution increased
first and then decreased after electrochemical adsorption for 12 h. The
maximum residual concentration of total As and As(III) reached 0.956
and 0.119mg L–1 at pH 7.0, respectively, and that of Mn(II) was
0.46mg L–1 at pH 6.0 (Fig. 8c).

To study the effect of the chemical composition of Fe-Mn nodules on
the adsorption for As, TA and LY were used as the anode instead of ZY,
and blank carbon paper was used as the cathode to adsorb As(III,V)
from wastewater at 1.2 V for 12 h. The concentration of total As de-
creased from 4.068 to 1.104 and 1.193mg L−1, and that of As(III) de-
creased from 0.459 to 0.183 and 0.146mg L−1 after electrochemical
adsorption by TA and LY, respectively. The removal efficiency of total
As followed the order of ZY (83.6 %)>TA (72.9 %)> LY (70.7 %). The
concentration of Fe-Mn nodules used in electrochemical adsorption was
2.33 g L–1. The concentrations of released Fe and heavy metal ions of
Cr, Cu, Pb, Zn, Co and Ni from Fe-Mn nodules were below the detection
limit after adsorption, indicating that the heavy metal ions released

Fig. 3. Cd2+ electrochemical adsorption capacity of ZY in 100mg L–1 Cd2+ solution with initial pH 5.0 at 0.9 V for 0–24 h (a) and at 0–0.9 V for 12 h (b), and with
initial pH 3.0–6.0 at 0.9 V for 12 h (c).

Fig. 4. Cd2+ electrochemical adsorption capacity of Fe-Mn nodules at 0.9 V for 12 h (a) and isothermal adsorption curves of Fe-Mn nodules with pH 5.0 at 25 °C (b).
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from the nodules would not cause secondary pollution.
ZY was further characterized by XRD and XPS to analyze the elec-

trochemical reaction mechanism. No significant change in mineral
crystal structure of ZY was observed after adsorption (Fig. S16). As
indicated by the XPS broad scans, the relative contents of Mn and O
increased on the ZY surface after adsorption at 1.2 V in As-containing
wastewater (Fig. 9a and Table S6), indicating the formation of Mn
oxides. A new peak at 45.36 eV corresponding to As 3d was observed,
indicating that As(V) was adsorbed on the anode surface (Fig. 9b)
(Nesbitt et al., 1998; Peng et al., 2017). After adsorption, the relative
contents of Mn(II) and Mn(III) decreased from 9.5%–6.5 % and
40.2%–21.1%, respectively. The relative content of Mn(IV) and the
corresponding Mn AOS increased from 50.3%–72.4% and 3.41–3.66,
respectively (Fig. 9c–d), and O in the state of O2– increased from
3.9%–13.8% (Fig. S17a), further indicating that Mn oxides were formed
on ZY surface after electrochemical oxidation of Mn(II/III). Fe existed in
the form of Fe (III) on ZY surface without change in valence state, as
indicated by the same peak position of 712.0 eV in Fe 2p3/2 spectrum
before and after adsorption (Fig. S17b) (Peng et al., 2017; Zhang et al.,
2007).

4. Discussion

4.1. Electrochemical adsorption mechanism for cadmium

The Cd(II) adsorption capacity of Fe-Mn nodules was compared with
that of some natural adsorbents (Table S7). In this work, the Cd(II)
isothermal adsorption capacities of the three types of Fe-Mn nodules
were within 4.8–9.5 mg g−1, which are close to those reported in lit-
erature (Table S7). The Cd(II) adsorption capacity of Fe-Mn nodules
under electrochemical reduction was enhanced to 129.9mg g−1, which
is significantly higher than that of some natural adsorbents, including
kaolinite, vermiculite, montmorillonite and manganese nodule residue
with the Cd(II) adsorption capacity of 6.8, 19.7, 30.7 and 42.5 mg g−1,
respectively. Reduction of transition metal oxides including MnO2 is
usually accompanied by the adsorption of cations such as Na+, K+ and

H+ (Zhang and Chen, 2008; Zhang et al., 2018). Hence, the reduction
reactions of Mn oxides can be applied to seawater desalination (Lee
et al., 2014b; Liu et al., 2016). Our previous work has shown that re-
duction reactions of Mn oxides can also be used to remove heavy metal
cations (Liu et al., 2017a, 2017b; Peng et al., 2016; Yang et al., 2018).
Fe and Mn oxides are abundant transition metal oxides in Fe-Mn no-
dules, and their reduction reactions may promote the adsorption for Cd
(II). Thus, the adsorption capacity for Cd(II) under electrochemical
reduction was significantly higher than that under isothermal adsorp-
tion (Fig. 4).

The changes in the chemical composition of Mn oxides under
electrochemical reduction reactions may be favorable to Cd(II) ad-
sorption. Mn AOS on the surface of nodules decreased after electro-
chemical adsorption (Fig. 7c–d). The electrochemical reduction from
Mn(IV) to Mn(II/III) increased the negative charge on the surface, and
then more Cd(II) was adsorbed on Mn oxide surface to balance the
increased negative charge (Figs. 6 and 7b). Therefore, Mn oxides play a
critical role in electrochemical adsorption. Our previous work has de-
monstrated that Zn(II) adsorption is promoted by the reduction trans-
formation of birnessite to hetaerolite (ZnMn2O4) (Liu et al., 2017b).

The different reduction characteristics of Fe and Mn oxides at low
potential indicate that the reduction of Mn oxides rather than iron
oxides promotes the adsorption capacity for Cd(II). Reduction from Mn
(IV) to Mn(III) is easier to occur than that from Fe(III) to Fe(II) at low
potential, due to the higher redox potential of Mn(IV)/Mn(III) pair
(Marcus et al., 2004). During the adsorption reaction, Mn(III) from
reduced Mn(IV) is disproportionated by the Jahn-Teller effect (Lee
et al., 2014a), resulting in the release of Mn(II) into the solution
(Figs. 7c–d and S9a). However, the reduction and dissolution of Fe(III)
was not observed. Fe(II) is easily oxidized to Fe(III) to form ferrihydrite
nanoparticles once Fe(III) is reduced (Boland et al., 2014). Mineral-
phase transformation of goethite was not observed, and dissolved Fe
(II,III) was not detected in the liquid phase, indicating that the reduc-
tion dissolution of Fe(III) could be neglected during electrochemical
adsorption (Fig. S10).

Multiple regression analysis showed that birnessite is the key

Fig. 5. FESEM images of ZY before (a) and after electrochemical adsorption at 0.9 V in Cd2+-containing solutions with different concentrations: 100mg L–1 (b),
400mg L–1 (c) and 1200mg L–1 (d).
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component for Cd(II) adsorption (Table S8) owing to its surface charge
and crystal structure. The Cd(II) adsorption is facilitated by negative
charge on the surface. The PZC of natural birnessite (2.8) is significantly
lower than that of natural lithiophorite (6.9) and goethite (4.0–9.2)
(Kim et al., 2002; Kosmulski, 2009). Cd(II) is adsorbed on Fe and Mn
oxides mainly in the form of hydroxylation cations via hydrolysis in-
duced by the more negative charge on mineral surfaces (Feng et al.,
2007). The formation of hydroxylation cations decreases the hydration
degree of Cd(II) as hydrated ions, and adsorption is thus improved due
to the lowered energy barriers for specific adsorption (Feng et al.,
2007). Also, the crystal structure of minerals significantly affects their
adsorption capacity. As a layer-structured Mn oxide formed by the
stacking of MnO6 octahedron layers and water molecular layers, bir-
nessite possesses many vacancies in the structure of MnO6 octahedron
layers, and the ratio of vacancies can reach 16.7 % (Lanson et al.,
2000). The interlayer sites above and below vacancies are strong ad-
sorption sites for heavy metals (Wang et al., 2012). However, as a layer-
structured Mn oxide formed by the stacking of MnO6 octahedron layers
and LiAl2(OH)6 octahedron layers, lithiophorite does not contain va-
cancies in the structure of MnO6 octahedron layers (Feng et al., 2004;
Yang and Wang, 2003; Zhao et al., 2016). Goethite has a tunnel
structure with the stacking of FeO6 octahedrons, and Cd(II) is only
adsorbed at the surface sites of goethite to form complexes rather than
in the tunnel (Collins et al., 1999). The limited number of adsorption

sites may lead to low adsorption capacity.
The cyclic voltammetry curves further revealed the electrochemical

adsorption process of Cd(II) on birnessite. Our previous results have
indicated that Cd(II) is usually adsorbed above/below the octahedral
vacancies in the birnessite in the form of triple-corner-sharing (TCS)
inner-sphere complexes (Wang et al., 2012). In this work, the cyclic
voltammetry curve of ZY also indicated the formation of inner sphere
complexes between Cd(II) and birnessite due to the redox reactions
(Fig. S4a). The cyclic voltammetry curve gradually deviated from the
rectangle with increasing Cd(II) concentration. The obvious reduction
and oxidation current peaks appeared at around 0.2 and 0.45 V, re-
spectively, which represent the intercalation and incomplete reversible
deintercalation of Cd(II) on the surface of birnessite. This irreversible
intercalation− deintercalation reaction is likely due to the formation of
inner-sphere complex. No obvious redox current peak was observed in
the cyclic voltammetry curve of LY possibly due to the low content of
birnessite (Fig. S4b).

Mn AOS directly reflects the chemical composition and redox be-
havior of Fe-Mn nodules, and also affects the electrochemical adsorp-
tion capacity for Cd(II). The presence of adsorbed Mn(II) decreased the
Mn AOS of Mn oxides with a corresponding decrease in Cd(II) elec-
trochemical adsorption capacity of the Fe-Mn nodules in this work. That
is to say, high Mn AOS contributes to higher adsorption activity of Mn
oxides. Multiple regression analysis also proved that high Mn AOS

Fig. 6. FESEM images of ZY before (a, b) and after electrochemical adsorption at 0.9 V in 1200mg L–1 Cd2+ solution (c, d), and EDX mappings of Mn, O and Cd in
Area 1 (e), 2 (f), 3 (g) and 4 (h).
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Fig. 7. XPS broad scans (a), Cd 3d (b) and Mn 2p3/2 (c, d) of ZY before and after electrochemical adsorption at 0.9 V in 1200mg L–1 Cd2+ solution.

Fig. 8. As and Mn(II) concentration after electrochemical adsorption by ZY in wastewaters with initial pH 7.8 at 1.2 V for 0–24 h (a) and at open circuit and 0.3–1.2 V
for 12 h (b), and with initial pH 5.0–7.8 at 1.2 V for 12 h (c).
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facilitates the electrochemical adsorption for Cd(II) (Table S8).
As reported, Mn(II) can be released during the charge-discharge of

MnO2 in acidic electrolyte (Long et al., 2003). In this work, Mn(II) re-
lease was also observed in the solution (Fig. S6), resulting in a decrease
in the electrochemical adsorption capacity of Cd(II) at low pH. Ad-
ditionally, the surface charge significantly affects the adsorption capa-
city of Fe and Mn oxides for heavy metals. The PZC of ZY was de-
termined to be 3.28 (Fig. S18). The surface negative charge of ZY
increased with increasing pH from 3.0–6.0, leading to an increase in Cd
(II) adsorption capacity at high pH (Spark et al., 1995).

Electrochemical redox reactions changed the chemical composition
of Fe-Mn nodule surface and increased the effective adsorption sites for
heavy metal ions. The active sites inside the adsorbent cannot be fully
utilized, because the adsorption occurs mainly at the bulk electrode/
solution interface (Zhou et al., 2018). In our previous work, active
adsorption sites were well exposed to heavy metal ions during the
dissolution-recrystallization process of birnessite controlled by galva-
nostatic charge-discharge, achieving superb adsorption capacity for Cd
(II), Zn(II) and Cu(II) (Liu et al., 2017a; Peng et al., 2016; Yang et al.,
2018). The reduction reaction of birnessite may also help to make full
use of the adsorption sites (Manning et al., 2002). More adsorption sites
of birnessite were exposed to Cd(II) on the surface of nodules after
electrochemical reduction (Figs. 5 and 6), thereby improving the elec-
trochemical adsorption capacity.

4.2. Electrochemical adsorption mechanism for arsenic

Goethite is generally regarded as an excellent adsorbent for As, and
its isothermal adsorption capacity for As is significantly higher than
that of birnessite (Violante and Pigna, 2002). However, multiple re-
gression analysis showed that birnessite rather than goethite in Fe-Mn
nodule plays a major role in the electrochemical adsorption for As
(Table S9). The effect of birnessite can also be proved by the increase in
the relative contents of Mn and O on the surface of Fe-Mn nodules after

electrochemical adsorption of As (Table. S6). Electrochemically con-
trolled redox reactions promote electron/charge transfer in the faradaic
process and significantly enhance adsorption capacity (Li et al., 2018).
The transformation from Mn(II/III) to Mn(IV) occurs at a higher po-
tential (Hand and Cusick, 2017), which leads to an increase in positive
charge on the nodule surface (Fig. 9c–d). Under the action of electric
field and diffusion, arsenic would migrate to the Fe-Mn nodule anode
and was adsorbed on the surface to balance the increased positive
charge. The increase in Mn AOS on the surface after adsorption con-
firmed this process. The removal efficiency of total As was thus im-
proved due to the electrochemical oxidation of birnessite.

At 1.2 V, the concentrations of As(III) decreased (Fig. 8b), and As(V)
was adsorbed on the anode (Fig. 9b). The oxidation of As(III) occurred
due to both chemical and electrochemical effects. When As(III,V) is
adsorbed on the surface of birnessite, As(V) can be generated from the
oxidation of As(III) on the birnessite surface and then released to the
solution, and Mn(IV) is reduced to Mn(III) in birnessite (Manning et al.,
2002). Adsorption and complexation reactions of As(III) on two Mn(III)
reactive sites occur, and two electrons of As(III) are transferred to Mn
(III) with the formation of As(V) (Hou et al., 2017; Manning et al.,
2002; Zhu et al., 2009). Also, As(III) can be oxidized by H2O2 formed
from the electrochemical reduction of O2 on the cathode based on the
standard potential of O2/H2O2 (0.029 V, vs. SCE) (Kim et al., 2016;
Wang et al., 2014). At the voltage from 0.3 to 1.2 V, the potential of the
cathode from –0.04 to –0.47 V (vs. SCE) contributed to the formation of
H2O2 and oxidation of As(III) (Fig. S15a) (Liu et al., 2019b). As(V) can
be directly adsorbed on birnessite in the forms of bidentate-binuclear,
bidentate-mononuclear and monodentate-mononuclear complexes, and
the former is the most likely form due to its more stable structure than
the latter two (Lafferty et al., 2010, 2011).

Reduction and re-oxidation of birnessite facilitate the adsorption of
As (Liu et al., 2019b). The reduction of birnessite by As(III) causes
changes in the birnessite surface and generation of new adsorption sites
for As(V) and thus contributes to the adsorption of As(V) (Manning

Fig. 9. XPS broad scans (a), Cd 3d (b) and Mn 2p3/2 (c, d) of ZY before and after electrochemical adsorption at 1.2 V in As-containing wastewater.
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et al., 2002). Mn(II) including the reduction product of birnessite in
wastewater was electrodeposited as Mn oxides on the anode surface
(Fig. 9c–d and S17a), further driving the adsorption for As(V) (Fig. 9b).
The decrease of Mn(II) in wastewater after electrochemical adsorption
also confirms this process (Fig. 8a). Fe-Mn nodules with high Mn AOS
contain a higher proportion of Mn oxides, which is conducive to the
oxidation of As(III). The adsorption of As(V) on anode surface can
thereby be facilitated by the reduction of birnessite and re-oxidation of
Mn(II). Multiple regression analysis also proved that high Mn AOS fa-
cilitated the electrochemical adsorption for As(III,V) (Table S9).

The potential of Fe-Mn nodule anode and the existing form of As in
wastewater vary with pH, which would affect the adsorption for As
(Spark et al., 1995). The enhancement of As adsorption capacity could
be mainly ascribed to the oxidation of Mn(II/III) in Fe-Mn nodules in
the presence of electric field. With increasing pH from 5.0–7.0, the
oxidation of Mn(II/III) on the surface of Fe-Mn nodules declined due to
decreases in the potential of ZY anode (Fig. S15b), which is not con-
ducive to the oxidation and adsorption of As (Fig. 8c). The As(III)
mainly exists as H3AsO3 at pH 5.0–7.8, and As(V) exists as H2AsO4

− at
pH 5.0, H2AsO4

− and HAsO4
2− at pH 7.0, and HAsO4

2− at pH 7.8
(Song et al., 2017). As for the original wastewater, the initial pH of 7.8
significantly facilitated the ionization of H2AsO4

−, though the potential
of ZY anode showed a slight decrease. The charge of As(V) was re-
markably enhanced, promoting the adsorption of As(V) (Fig. 8c).
Therefore, the As removal efficiency decreased first and then increased
with increasing initial pH.

The adsorption capacity of Fe-Mn nodules for arsenic was sig-
nificantly higher than that of some natural adsorbents (Table S10). For
example, the adsorption capacities of rice straw biochar and poly-
metallic sea nodule were 0.45 and 0.74mg g−1 for As(III), and 0.55 and
0.74mg g−1 for As(V), respectively. In this work, the adsorption ca-
pacity for total As by Fe-Mn nodules at open circuit reached
1.23mg g−1 from industrial wastewater containing 11 % As(III) and 89
% As(V), and was significantly elevated to 1.46mg g−1 by electro-
chemical oxidation. Therefore, the abundant and eco-friendly Fe-Mn
nodules have great potential to be applied to real wastewater treatment.

In this work, the electrochemically driven redox reactions were
accompanied by changes in the chemical composition of Fe-Mn nodules
and the corresponding adsorption capacity for Cd(II) and As(III,V). The
redox reaction and the adsorption mechanism may well explain the
enrichment processes of heavy metals in Fe-Mn nodules in natural en-
vironments. Fe and Mn oxides in soils have important kinetic effects on
the migration of heavy metals, and the concentration of heavy metals in
soil solutions is associated with the redox of Fe/Mn oxides (Palumbo
et al., 2001). The formation of Fe-Mn nodules in the soils can be at-
tributed to the alternate redox reactions under the conditions of soil
wet-dry alternation. Under the condition of waterlogging, Fe(II) and Mn
(II) ions are released to soil solutions due to the reduction of Fe and Mn
oxides. When the soils are dried, Fe(II) and Mn(II) ions are oxidized and
deposited on the surface of Fe and Mn oxides (Liu et al., 2002).
Therefore, Fe-Mn nodules are easily enriched with some toxic metals
probably due to the redox of Fe and Mn oxides during the formation
processes, and the content of heavy metals in the Fe-Mn nodules (e.g.,
Cd, Ba, Pb, Cr, As) can be 4.3–13.8 times that in the corresponding soil
(Gasparatos, 2013; Latrille et al., 2001). Therefore, the electrochemical
redox of Fe-Mn nodules contributes much to the adsorption of heavy
metals, which may improve the understanding of the enrichment pro-
cesses of Fe-Mn nodules for heavy metals in natural environments.

5. Conclusions

The chemical composition of natural Fe-Mn nodules was regulated
by electrochemical redox reactions to effectively adsorb Cd(II) and As
(III,V). The highest electrochemical adsorption capacity for Cd(II)
reached 129.9 mg g–1, and the highest electrochemical removal effi-
ciency for total As reached 83.6 %, reducing the total As concentration

from 4.068 to 0.669mg L–1. The adsorption capacity is affected by the
chemical composition of Fe-Mn nodules such as birnessite content,
voltage and pH. Birnessite in Fe-Mn nodules is the key component for
electrochemical adsorption, and the heavy metal cation Cd(II) and an-
ions As(III,V) can be effectively adsorbed under electrochemical re-
duction and oxidation, respectively. The nodules with high Mn AOS can
effectively adsorb Cd(II) and As(III,V) by the electrochemical reduction
and oxidation reactions, respectively. Additionally, the reduction of
birnessite and electrochemical re-oxidation of Mn(II) in wastewater on
the anode surface can contribute to the adsorption of As. The high
voltage promotes the redox reactions of birnessite in the Fe-Mn nodules
and the adsorption for Cd(II) and As(III,V). The dissolution of Fe-Mn
nodules at low pH does not facilitate the adsorption of Cd(II). The
oxidation of Mn(II/III) on the surface of Fe-Mn nodule anode declines
and the charge of As(V) increases with increasing pH from 5.0–7.8,
resulting in a first decrease and then an increase in As removal effi-
ciency. On the basis of this work, the symmetric electrode system with
Fe-Mn nodule cathode and anode needs to be further investigated,
which may improve the system tested in this study and facilitate the
purification of complex real water polluted by different types of heavy
metals.
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