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The adsorption behavior of arsenic (As) on speciﬁc crystalline phases of manganese dioxide (MnO2) remains
unclear. In this study, we evaluated the ability of α-MnO2 nanoﬁbers (MO-2) to remove both arsenite (As(III))
and arsenate (As(V)), using experimental and computational methods. The maximum adsorption capacity values
of As(III) and As(V) on MO-2 were 117.72 and 60.19 mg/g, respectively, which is higher than values reported for
α-MnO2, β-MnO2 and γ-MnO2. In particular, because MO-2 has much higher adsorption capacity for As(III) than
As(V), it can be eﬀectively applied in removal of As(III) from groundwater, and a pre-oxidation process is not
required. Fixed-bed tests showed that about 800 mL As(III)- or 480 mL As(V)-contaminated water could be
treated before breakthrough, and MO-2 can be eﬀectively regenerated using only 12 mL of eluent. This means we
can concentrate the As(III) and As(V) by factors of 66.6 and 40.0, respectively. According to density functional
theory (DFT) calculations, As(III) and As(V) form stable complexes on (1 0 0) and (1 1 0) of α-MnO2. Moreover,
the surface complexes of As(III) and As(V) on (1 0 0) are more stable than (1 1 0). Electron transfer from As(III)
on (1 0 0) is greater than (1 1 0). These phenomenon are may due to the fact that (1 0 0) has lower surface
energy than (1 1 0). Partial density of state (PDOS) analysis further conﬁrmed that As(III, V) are chemisorbed on
MO-2, which agreed with the Dubinin-Radushkevich model.

1. Introduction
Heavy metals contamination in water, especially arsenic (As), has
become a worldwide problem in recent decades. Arsenic can cause
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many human ailments and diseases, including kidney disease, reproductive failure, central nervous system, liver and brain damage [1].
Drinking water is the major exposure pathway for As that can aﬀect
humans, and causes serious health risk in many parts of the world, such
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[46]. To the best of our knowledge, the adsorption mechanism of As(III,
V) on diﬀerent facets of typical MnO2 (i.e. α-MnO2) have not been
extensively studied via DFT calculations.
In this study, the adsorption behavior of As(III, V) onto α-MnO2
nanoﬁbers (MO-2) was comprehensively studied in both varies experimental methods and theoretical calculations (i.e. DFT calculations).
MO-2 has shown great performance on As removal, and the adsorption
capacity on As(III) and As(V) were 117.72 and 60.19 mg/g, respectively. Noteworthy, the adsorption ability of MO-2 on As(III) is nearly
two times higher than As(V), which can be eﬀectively applied in removal of As(III) from groundwater, and a pre-oxidation process is not
required. Meanwhile, the adsorption mechanisms of As(III, V) on two
diﬀerent facets in α-MnO2, including (1 1 0) and (1 0 0), were further
identiﬁed. The present work provides an eﬃcient Mn oxide-related
adsorbent which applicable for As removal from aqueous solutions.

as Argentina, Bangladesh, Chile, China, Hungary, India (West Bengal),
Mexico, Romania, Taiwan, Vietnam, many parts of the USA, Nepal,
Myanmar and Cambodia [2–5]. As a result, the United States Environmental Protection Agency (USEPA) has decreased the maximum
contaminant level (MCL) of As from 50 μg/L to 10 μg/L in drinking
water, because of the severe negative impact of As on human health
[6].
Nowadays, adsorption has been recognized as the most appropriate
and eﬀective technique for As removal from water, due to its high efﬁciency, simplicity of operation, and low cost [7–9]. Meanwhile, adsorption technique is especially useful for treating lower concentrations
of As and has commonly been suggested as a polishing step for drinking
water puriﬁcations [10,11]. Many adsorbents have been synthesized
and proposed for As removal, including metal oxide/activated carbon
[12,13], biochar [14], biomass sorbents [15], and organic polymers
[16]. However, the adsorption capacities of the reported adsorbents
were relatively low, and the understanding of intrinsic adsorption
mechanism is still very limited. In natural water, arsenic mainly exists
as the arsenite (As(III)) and arsenate (As(V)). As(III) has higher mobility
and toxicity than As(V), and is commonly present in ground water [17].
Many studies have only focused on the removal of one As species (i.e.
As(III) or As(V)) from water via adsorption [18–22]. Meanwhile, many
reported adsorbents exhibit higher adsorption capacity for As(V) than
As(III), and conventional iron-based adsorption technologies require
the oxidation of As(III) to As(V) because the adsorption capacity for As
(III) is much lower than for As(V) [23–27]. Accordingly, we have focused on the synthesis of a highly eﬀective adsorbent to simultaneously
remove As(III) and As(V) from aqueous solution, especially for As(III).
Combining with the systematically adsorption mechanism analysis of
As on the adsorbent.
Manganese (Mn) is one of the most abundant and widespread elements on earth, and it is non-toxic and inexpensive. Moreover, Mnoxides have a strong aﬃnity toward metal ions due to their large speciﬁc surface areas, typically in the range of 50–300 m2/g [28,29].
Among Mn-oxide adsorbents, manganese dioxide (MnO2) is one of the
most stable Mn-oxides under ambient conditions. In recent decades,
there has been great interest in using MnO2 as an adsorbent for the
removal of various heavy metals from aquatic systems, including Cr
(VI), Pb(II), Cd(II), and Zn(II) [30–33]. In addition, α-MnO2 has shown
great advantages as a catalyst in phenol degradation [34] and carbon
monoxide oxidation [35]. It has also been shown that it can be used to
synthesize highly eﬃcient supercapacitor electrodes [36]. Nevertheless,
to the best of our knowledge, systematic studies of the removal of As
(III) and As(V) from water using α-MnO2 are still very limited.
Quantum chemical calculations, such as density functional theory
(DFT), have been applied to investigate geochemical processes, including interactions between adsorbents and adsorbates [37–41],
especially between As and other metal oxides or metal hydroxyl compounds. By using DFT calculations, Yan et al. have determined adsorption surface complexes of As(V) on the rutile (1 1 0) surface, and
conﬁrmed As(V) bound in an inner-sphere fashion with the edge/
corner-sharing tridentate (ECT) complex is the most favorable adsorption conﬁguration [42]. Meanwhile, He et al. have identiﬁed that the
adsorption of As(V) on TiO2 surfaces involved not only chemical bond
but also H-bond, especially at low pH. And both monodentate and bidentate complexes were formed between As(V) and TiO2 surfaces [43].
Oliveira et al. have proposed mechanisms for As(III) on gibbsite-γ-Al
(OH)3 using DFT calculations, which conﬁrmed that As(III) is not adsorbed via an acid/base, but by a non-dissociative mechanism in which
O–H bonds are not being broken [44]. While the adsorption surface
complexes between As and Mn-oxides and its intrinsic mechanisms are
seldom studied. Only Zhu et al. have investigated the interaction between As(III, V) and Mn-oxides by using DFT calculations [45]; and
Hou et al. have elucidated the eﬀect of oxygen vacancy defects on the
oxidation of As(III) to As(V) on cryptomelane-type manganese oxides
using both experimental and computational results (DFT calculations)

2. Materials and methods
2.1. Chemicals and materials
All chemicals were analytical grade and used without further puriﬁcation. The stock solutions of As(III) and As(V) with the concentration
of 500 mg/L were prepared in deionized (DI) water using sodium arsenate (Na2HAsO4·12H2O) and sodium arsenite (NaAsO2). Graphite
powder, ethanol, potassium hydroxide (KOH), and potassium permanganate (KMnO4) were used for the synthesis of α-MnO2 nanoﬁbers. The
α-MnO2 nanoﬁbers were prepared by a hydrothermal method, and the
synthesis procedure was detailed in the Supporting Information,
Section 1.
2.2. Characterization
The crystalline phase samples were analyzed using X-ray diﬀraction
(XRD, Rigaku UltimaIV) using graphite monochromatized Cu-Ka
(λ = 1.5406 Å) radiation. X-ray photoelectron spectroscopy (XPS)
measurements were carried out with a VG Escalab 250 spectrometer
that was equipped with an Al anode (Al-Kα = 1486.7 eV). The
Brunauer-Emmett-Teller (BET) speciﬁc surface areas and porosity were
determined by using nitrogen-sorption isotherms via a Micrometritics
ASAP 2010 analyzer.
2.3. Adsorption experiments
As(III) and As(V) solutions (50 mL) with initial concentrations
ranging from 10 to 270 mg/L were prepared by diluting the corresponding stock solutions with DI water. Batch experiments were used to
determine the adsorption isotherms of As(III) and As(V). The adsorption
isotherms for As(III) and As(V) at diﬀerent temperatures (20, 30, 40 °C)
were analyzed. The dosage of adsorbent for all the experiments was
0.5 g/L. The adsorption capacity (qe) for As was calculated according to
the following Eq. (1):

qe =

V (C0−Ce )
m

(1)

where qe (mg/g) is the equilibrium adsorption capacity; C0 and Ce (mg/
L) are the initial and equilibrium concentrations of the adsorbate in
solution, respectively; V is the volume (mL) of As solution; m is the mass
(mg) of adsorbent used in the experiment. All the adsorption modeling
equations can be found in Supporting Information, Section 2.
Fixed-bed column sorption experiments were carried out at ambient
temperature using as-prepared MO-2 packed in ﬁxed-bed columns. The
inﬂuent concentration was 200 μg/L for both As(III) and As(V). The
ﬁxed bed was fed in down-ﬂow mode using a peristaltic pump. 0.5 mol/
L sodium hydroxide (NaOH) solution was used as the eluting agent for
desorption. Then MO-2 was washed using DI water for the repeat use.
The column parameters are summarized in Table S1.
493
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seven layers were constrained during the optimization. For the (1 0 0)
slab calculations, the atoms in the top four layers of the slab were relaxed, whereas the atoms in the bottom three layers were constrained.
Optimized H3AsO3 and H2AsO4 molecules were added to the optimized
(1 1 0) and (1 0 0) surface slabs to build the initial interfacial complex.
To further simulate the adsorption of H3AsO3 and H2AsO4 on the (1 1 0)
and (1 0 0) surfaces of α-MnO2 in water, four water molecules were
added to the optimized (1 1 0) and (1 0 0) surface slabs, along with
H3AsO3 and H2AsO4, respectively [42].
The adsorption energy (Ead) for As adsorbed on optimized (1 1 0)
and (1 0 0) surface slabs of α-MnO2 is calculated as Eq. (2):

2.4. Eﬀects of pH
In order to analyze the eﬀect of pH on As removal, the pH values
varied from 3.0 to 13.0 were adjusted using 0.1 mol/L HCl or 0.1 mol/L
NaOH. The concentration of As(III) and As(V) were 100 mg/L and
90 mg/L, respectively. All the suspensions for the isotherm tests were
sealed and stirred in a thermostatic oscillator at 240 rpm for 24 h. After
the adsorption, all the suspensions were ﬁltered through 0.45 μm cellulose acetate membranes and analyzed.
2.5. Regeneration and reuse

Ead = EAs + surf −(Esurf + EAs)

In the experiment, 100 mg of MO-2 was added into 200 mL of
170 mg/L and 180 mg/L As(III) and As(V) solution at pH 6.0, and the
mixture was stirred in a thermostatic oscillator at 240 rpm for 24 h.
After adsorption, the MO-2 was removed from the solution and rinsed
with water. For regeneration, the spent MO-2 was immersed in 0.5 mol/
L NaOH solution and stirred for 2 h in a thermostatic oscillator. The
above procedure was repeated until there was no detection of As in the
eluent. Then MO-2 was removed from the solution and washed with DI
water. The MO-2 was dried at 50 °C before being reused in the next
cycle. The adsorption-regeneration cycles were repeated for 5 times
with the As adsorption capacity monitored.

(2)

where EAs+surf is the total energy, Esurf is the energy of the surface; EAs
is the energy of an isolated H3AsO3 or H2AsO4 molecule [52–54].
The net charge of atoms during As adsorption was calculated as Eq.
(3):

Net Charge = Mulliken Chargeafter−Mulliken Charge before

(3)

where Mulliken chargeafter is the charge of atoms after As was adsorbed
and Mulliken chargebefore is the charge of atoms before adsorption. Note
that a positive value for the net charge suggests a loss of electrons [55].
3. Results and discussions

2.6. Impact of additional anions in solution
3.1. Adsorption isotherms and kinetics
The impact of competing anions on the removal of As(III) and As(V)
was evaluated by adding NaF, NaCl, Na2SO4, NaNO3, NaHCO3 and/or
Na3PO4·12H2O. The concentration of the competing ions was 2.5 mM
(which corresponds to 48.20, 87.65, 237.54, 162.32, 160.03,
218.54 mg/L, respectively). The initial concentration of As(III) or As(V)
was 180 mg/L. The initial pH value of the solution was adjusted to 6.0
with 0.1 mol/L HCl or NaOH. The adsorption experiment was conducted using 20 mL solution and the dosage of the adsorbent was 0.5 g/
L. After adding the adsorbent, the mixture was shaken at 20 °C for 12 h.
The initial and equilibrium concentrations of As in this study were
determined using an 8220 atomic ﬂuorescence spectrophotometer. All
the data points are carried out with the triplicate mean value.

α-MnO2 (MO-2) was characterized in our previous work, and we
have conﬁrmed that this adsorbent was α-MnO2with compact nanoﬁber
morphology [56]. And the pore volume and average pore size of MO-2
are further determined, which is 0.4027 cm3/g and 20.30 nm, respectively (See Fig. S1, Supporting Information (SI)). The adsorption isotherms of the As(III) and As(V) species on MO-2 at diﬀerent temperatures are shown in Fig. 1a and b. The adsorption curves suggest that the
uptake of As(III) and As(V) decreases as the temperature increases.
Langmuir and Freundlich isotherm models were ﬁt to the experimental
data. The correlation coeﬃcient (R2) of the Langmuir model is higher
than that of the Freundlich model for both As(III) and As(V) (Table S2,
SI). Consequently, the Langmuir model is more suitable to describe the
isotherm data. The Langmuir model assumes that the adsorption site
energy is the same for all surface sites and does not depend on degree of
coverage [57]. This suggests that the largest capacity corresponds to a
monolayer, and the surface sites are homogeneous. Moreover, the
maximum adsorption capacity of As(III) on MO-2 is much higher than
that of As(V), which is 117.72 and 60.19 mg/g, respectively, at 20 °C.
Accordingly, As(III) has higher aﬃnity than As(V) toward MO-2, which
is conﬁrmed by the larger kL values, as presented in Table S2.
As comparison, other diﬀerent crystalline phases of MnO2 were
synthesized, including α-MnO2, β-MnO2, and γ-MnO2 [34]. The crystalline phases of as-prepared MnO2 were further characterized and
conﬁrmed using XRD (Fig. S2). The Langmuir isotherm model is suitable to describe the behavior of As(III, V) on α-MnO2, β-MnO2, and γMnO2 (Fig. S3 and Table S3, SI). The maximum adsorption capacity of
As(III) on α-MnO2, β-MnO2, and γ-MnO2 is 32.30, 40.63 and 64.84 mg/
g, respectively. In contrast, the maximum adsorption capacity of As(V)
on α-MnO2, β-MnO2, and γ-MnO2 is 44.56, 29.37 and 57.83 mg/g, respectively. Therefore, MO-2 has higher adsorption capacity on As(III, V)
than α-MnO2, β-MnO2, and γ-MnO2, especially on As(III). The higher
adsorption capacity of As(III, V) on MO-2 as compared to reported αMnO2 could mainly due to the diﬀerences in proportions of exposed
facets according to the XRD patterns. The main facet of MO-2 is (3 1 0),
while it is (2 1 1) for the literature-reported α-MnO2 (see Fig. S2a and
S2b, SI). Meanwhile, the (4 0 0) facet, which belongs to the most stable
(1 0 0) facet group in α-MnO2, is more evident in MO-2 than the reported α-MnO2, which could be another reason for the observed behavior [49]. Furthermore, the BET surface areas of reported α-MnO2, β-

2.7. Computational methods
All the calculations were performed with the Castep package using
Material Studio 7.0. For the plane wave calculations, a cutoﬀ energy of
450 eV was used. The exchange-correlation interaction was treated
within the generalized gradient approximation (GGA) using the
Perdew, Burke and Enzerhof (PBE) functional parameterization. In
order to further improve the accuracy of the band gap calculation of
(1 1 0) and (1 0 0) surface slabs, an on-site Coulomb potential (DFT+U)
correction was applied to the 3d electron structure of Mn atoms
[47–49]. The optimized Hubbard U = 1.6 eV was chosen in this study,
which is consistent with previous studies [50,51]. The convergence
criteria of SCF and energy tolerances were set as 5.0 × 10−5 and
1.0 × 10−5 eV/atom, respectively. A Monkhorst-Pack scheme with a
2 × 1 × 1 k-point grid was employed as well.
The bulk unit cell of α-MnO2 was ﬁrst geometry-optimized, resulting in lattice parameters a = b = 9.898 Å and c = 2.924 Å, which
are consistent with the experimental data (a = b = 9.750 Å and
c = 2.861 Å). The accuracy of the results validated the applicability of
the Castep package to calculate our α-MnO2 slab structures. Both
(1 1 0) and (1 0 0) surface slabs were cleaved from the optimized bulk
structure of α-MnO2. Fourteen layers of (1 1 0) atoms and seven layers
of (1 0 0) atoms were extracted, respectively, and then a 2 × 3 supercell was built. Periodic boundary conditions were applied in all three
dimensions with a vacuum region of 15 Å along the z-axis. In order to
keep the computational cost relatively low, the atoms in the top seven
layers of the (1 1 0) slab were relaxed, whereas the atoms in the bottom
494
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Fig. 1. Adsorption isotherm at diﬀerent temperatures for (a) As(III)
and (b) As(V) on MO-2. Initial As(III) and As(V) concentration
10–270 mg/L; adsorbent dose 0.5 g/L; solution volume 50 mL; and pH
6.0.

MnO2, and γ-MnO2 are 148, 194 and 83 m2/g, respectively. The BET
surface area of MO-2 is 144 m2/g, which is smaller than reported αMnO2 and β-MnO2. However, the adsorption capacities of MO-2 for As
(III, V) are much higher than the literature-reported α-MnO2 and βMnO2. This could mainly due to the morphologies of these adsorbents
are distinctly diﬀerent, which suggests that the morphology of the adsorbent may contribute to its higher adsorption capacity. In addition,
the adsorption capacity of MO-2 is also higher than many other reported literatures (Table S4, SI).
Meanwhile, qm and kL are decreased with increasing temperature,
which indicates an exothermic adsorption process. This can be further
conﬁrmed by thermodynamic analysis using Eqs. (4) and (5):

ΔGo = −RT lnkL
lnkL =

process is chemisorption. We determined E values of 9.46 and 8.17 kJ/
mol for As(III) and As(V) adsorption, respectively. Thus, both As(III)
and As(V) are chemisorbed on the surface of MO-2.
Adsorption kinetic parameters are indispensable when designing
adsorption units, optimizing operation conditions and controlling the
recycle time of a ﬁxed bed experiment. It can be seen that adsorption
process is rapid during the ﬁrst 30 min, slowed down thereafter, and
ﬁnally reached equilibrium (see Fig. S5). In order to further analyze the
rate-controlling step in the adsorption mechanism, the kinetic data
were ﬁt with pseudo-ﬁrst and pseudo-second order kinetic models.
The kinetic parameters calculated from the pseudo-ﬁrst and pseudosecond order kinetic models were detailed in Table S7. In general,
slightly higher correlation coeﬃcient was achieved by pseudo-second
order kinetic model on both As(III, V) adsorption kinetic process. Based
on pseudo-second order kinetic model is based on the assumption that
rate-limiting step might be chemisorption or exchange of electrons
between the adsorbent and adsorbate [61,62]. This suggests that both
As(III, V) are chemisorbed on the surface of MO-2.
The mass transfer model was applied to further analyze As(III, V)
kinetic data (Fig.2a). The details of the mass transfer mathematical
derivation equations were shown in Section 3 in Supporting Information. The mass balance equations are:

(4)

ΔS o ΔH o
−
R
RT

(5)
−3

where R is the universal gas law constant (8.314 × 10 kJ/mol·K); T
is the absolute temperature (K); and kL is the Langmuir adsorption
equilibrium constant (L/mg). ΔH° and ΔS° can be determined according
to Eq. (5). The values of ΔH° and ΔS° were calculated from Figs. S4a and
S4b, depicted in Table S5, in Supporting Information.
All the values of ΔG° are negative, which means that the adsorption
process of As(III, V) onto MO-2 is favorable (see Table S5, SI). For As
(III), ΔG° are −8.26, −7.63 and −7.29 kJ/mol at 20, 30, and 40 °C,
respectively; and ΔH° and ΔS° are −22.54 kJ/mol and −0.049 kJ/
mol·K, respectively. For As(V), the ΔG° values are −6.80, −6.37 and
−6.14 kJ/mol at 20, 30, and 40 °C, respectively; and ΔH° and ΔS° are
−16.42 kJ/mol and −0.033 kJ/mol·K. ΔG° increases with increasing
temperature, indicating that the adsorption process is favorable; and
lower temperature is more favorable for both As(III, V) adsorption. The
negative value of ΔH° suggests an exothermic reaction for the adsorption process for both As(III, V), and the negative ΔS° values reveal the
decreasing randomness at the adsorbent/adsorbate interface during the
adsorption processes [58,59].
Furthermore, we used the Dubinin-Radushkevich model to determine the nature of adsorption process (i.e. chemical or physical)
[60]. The linear equation of the D-R isotherm is expressed as Eq. (6):

lnqe′ = lnqm′ −βε 2

1
2β

(8)

C = bexp[−ht ] + C0−b

(9)

where C is the concentration of As (mg/L) in the bulk solution at time t,
Cs is the concentration of As at the interface (mg/L), h and b are ﬁtting
parameters, and kf is the mass transfer coeﬃcient (cm/s).
The calculated kf value are 1.29 × 10−4 cm/s (R2 = 0.9969) and
3.07 × 10−5 cm/s (R2 = 0.9942) for As(III) and As(V), respectively. It
is evident that the kf of As(III) is higher than that of As(V). This phenomenon suggests that the adsorption kinetics of As (III, V) is controlled
by mass transfer and that the surface reaction rate is very fast.
Meanwhile, breakthrough curves for As(III, V) from the ﬁxed-bed
experiment are also indispensable in facility design and ﬁeld pilot
studies [63]. The column parameters and ﬂow-through experiment
operation schematic ﬂowchart were summarized in Table S1 and Fig.
S6, respectively. As shown in Fig. 2b and c, the treatment volumes of
MO-2 reach 200 bed volumes (BV) (800 mL) for As(III) and 120 BV
(480 mL) for As(V), respectively, before 10 μg/L breakthrough line of
As, which is the limit for As in drinking water. The breakthrough curves
for As(III) and As(V) after three cycles were nearly perfectly superimposed, conﬁrming that the MO-2 adsorbent can be regenerated and
reused without adsorption capacity loss. Furthermore, Fig. 2d illustrates
that the adsorbed As(III) and As(V) can be entirely eluted with only 3
BV (12 mL) of 0.5 mol/L NaOH solution. In other words, 800 mL As(III)
or 480 mL As(V) contaminated water can be eﬀectively treated and
produce only 12 mL of eluent. This means the As(III) and As(V) can be
concentrated by factors of 66.6 and 40.0, respectively. As a result, the
ﬁxed-bed column experiment conﬁrms that MO-2 is potentially

(6)

where qe′ is the amount of metal ions adsorbed per unit weight of the
adsorbent (mol/g), qm′ is the maximum adsorption capacity (mol/g), β is
the activity coeﬃcient related to the mean free energy of adsorption
(mol2/kJ2), and ε is the Polanyi potential (ε = RT ln(1 + 1/ Ce ) ). The
values of qm′ and β were calculated from Fig. S4c and S4d, depicted in
Table S6, in Supporting Information.
The mean free energy of adsorption (E; kJ/mol) is expressed as Eq.
(7):

E=

dC
= kf × a (C −Cs )
dt

−

(7)

A value of E between 8 and 16 kJ/mol indicates that the adsorption
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Fig. 2. (a) Adsorption kinetics for As(III) and As(V) adsorption on MO-2 simulated using the mass transfer model
(Initial concentrations of As(III) and As(V) 170 mg/L and
180 mg/L, respectively; adsorbent dose 0.5 g/L; solution
volume 200 mL), (b) breakthrough curves of As(III) sorption
from feeding solution, (c) breakthrough curves of As(V)
sorption from feeding solution, and (d) dynamic desorption
history of As(III) and As(V). Note: 1 BV is 4.0 mL, and all
experiments were conducted at 20 °C, pH 6.0.

3.3. Regeneration and reuse

applicable for highly eﬃcient removal of As from contaminated water.

The regeneration and recycling behavior of the MO-2 were investigated during ﬁve successive reuse cycles to investigate MO-2 performance. The spent MO-2 was recovered by shaking in 0.5 mol/L
NaOH solution at 240 rpm for 2 h, followed by centrifugation. The
regenerated adsorption capacity of MO-2 is shown in Fig. S8. The capacity of reused MO-2 remained intact for the ﬁrst two cycles and then
slightly dropped after the 5th cycle. After ﬁve regeneration cycles, the
adsorption capacity of MO-2 for As(III) and As(V) only decreased by
9.5% and 16.1% compared with the ﬁrst cycle, illustrating that MO-2
can be repeatedly used.

3.2. Eﬀect of pH on adsorption
It is known that pH value has an evident impact on the adsorbent
performance for As. In this study, the impacts of pH values from 3.0 to
13.0 were evaluated. Fig. S7 displays the adsorption capacity of MO-2
for As(III, V) as a function of pH. The highest adsorption capacity of
MO-2 was achieved at pH 5.0, which account for 86.09 and 34.93 mg/g
for As(III) and As(V), respectively. And the adsorption capacity decreased when pH higher than 5.0. The reason that the adsorption capacity of MO-2 toward As(III, V) varies is attributed to changes in (1)
the degree of ionization of As species with pH, and (2) the zeta potential
of the adsorbent a function of pH. In our previous study, we determined
the zero charge point (pHpzc) of MO-2 is 4.8 [56].
For As(III), the adsorption capacity decreased after pH 5.0, and
dramatically decreased when pH increase from 8.0 to 10.0. As(III) exists
as H3AsO3 with pH values from 0 to 8.0, but when pH is greater than
8.0, the predominant As(III) species become negatively charged (i.e.
H2AsO3−, HAsO32− and AsO33−) [6]. As a result, the adsorption capacity of As(III) on MO-2 decreases when pH greater than 8.0. This is
mainly due to the surface of MO-2 is negatively charged and As(III)
species are negatively charged as well, result in the enhancement of
Coulombic repulsion between As(III) and MO-2 surface. For As(V), the
adsorption capacity increased as pH increased from 3.0 to 5.0, and then
decreased dramatically as pH increased from 5.0 to 7.0. And the adsorption capacity gradually decreased when pH above 7.0. For pH values from 4.0 to 8.0, As(V) exists as H2AsO4- and HAsO42−; and exists as
AsO43− when pH greater than 8.0. The MO-2 surface is positively
charged when pH below 5.0, and negatively charged thereafter. As a
result, when pH values below 5.0, Coulombic attraction exists, and
causes an increase in the adsorption capacity of MO-2. For pH values
from 5.0 to 13.0, Coulombic repulsion exists, which ﬁrst leads to a
dramatic decrease in the adsorption capacity as the pH increases from
5.0 to 7.0 and then gradual decrease after pH 7.0.

3.4. Eﬀect of competing anions
In contaminated water, arsenic is usually accompanied by other
diﬀerent anions, such as ﬂuoride (F-), chloride (Cl-), sulfate (SO42-),
nitrate (NO3-), bicarbonate (HCO3-) and phosphate (PO43−), which may
compete with As for the available active sites on the adsorbent. Even
though F−, Cl−, SO42−, NO3−, HCO3− and PO43− were initially present at 2.5 mmol/L, the As(III, V) adsorption capacity was not signiﬁcantly reduced, even when PO43− was present (see 1). In many
other studies, PO43− was shown to greatly reduce the adsorbent adsorption capacity on As. This is because the molecular structure of
phosphate ion is very similar to that of As [64–67]. Our work conﬁrms
the superior advantage of MO-2 as compared to many other adsorbents
in the presence of PO43−. Meanwhile, MO-2 has also shown great
performance on As(III, V) removal even six anions were present simultaneously with initial concentrations as high as 2.5 mmol/L in
aqueous solution. The adsorption capacity of MO-2 toward As(III) and
As(V) in the mixed six anions solution is 19.53% and 26.17% lower
than that in the DI water, respectively (see Fig. S9c and S9d, SI). It
conﬁrms that the adsorption performance of MO-2 is still acceptable
and relatively high even under severe ambient conditions.
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Fig. 3. XPS spectra of (a) Mn 2p3/2, (b) O 1s and (c) As 3d of
diﬀerent samples. Note: MO-2 represents pristine MO-2;
MO-2 + As(III) represents MO-2 after As(III) adsorption;
MO-2 + As(V) represents MO-2 after As(V) adsorption; Olatt
is lattice oxygen; Oads is surface adsorbed oxygen.

Fig. 4. Optimized As(III) (a) monodentate (A-1) and (b)
bidentate (A-2) complex on (1 1 0); Optimized As(V) (a)
monodentate (B-1) and (b) bidentate (B-2) complex on
(1 1 0). Arsenic atoms are purple, oxygen atoms are red,
manganese atoms are green, and hydrogen atoms are white.

Fig. 5. Optimized As(III) (a) monodentate (C-1) and (b)
bidentate (C-2) complex on (1 0 0); Optimized As(V) (a)
monodentate (D-1) and (b) bidentate (D-2) complex on
(1 0 0). Arsenic atoms are purple, oxygen atoms are red,
manganese atoms are green, and hydrogen atoms are white.

place during As(III) adsorption. The Mn4+/Mn3+ molar ratio of MO-2
after As(V) adsorption is identical (0.63), indicating no redox reaction
occurred. As shown in Fig. 3b, the XPS spectrum of O 1s can be deconvoluted into two individual components at BE = 529.9 and 531.5,
respectively, which corresponds to the lattice oxygen (Olatt) and surface
adsorbed oxygen (Oads). The Oads/Olatt ratio of pristine MO-2 is 0.47,
and determined to be 0.58 and 0.63 after As(III) and As(V) adsorption.
The results further conﬁrm that both As(III, V) are adsorbed on the MO2 surface. The diﬀerence of Oads/Olatt ratio after As(III) and As(V) adsorption is mainly due to the diﬀerent existence species of As (for As
(III), this is H3AsO3; for As(V), H2AsO4-). Meanwhile, the BE values of
As(III) and As(V) at the As 3d core level are 44.3–44.5 and 45.2–45.6
eV, respectively [71]. As shown in Fig. 3c, for the As(III) adsorbed on

3.5. XPS analysis
The surface element composition, metal oxidation states, and adsorbed species of solid material can be detected using XPS measurements. Fig. 3 shows Mn 2p3/2, O 1s and As 3d XPS spectra of the three
samples with diﬀerent treatments. In Fig. 3a, it can be seen that the
asymmetrical Mn 2p3/2 XPS spectrum of each sample can be deconvoluted into four components at binding energy (BE) = 640.7, 642.1,
643.1, and 644.2 eV, which can be assigned to the surface Mn2+,
Mn3+, Mn4+ species and a satellite peak for the Mn3+ species, respectively [68–70]. The Mn4+/Mn3+ molar ratio of pristine MO-2
(0.64) is evidently higher than that of MO-2 after As(III) adsorption
(0.49). This phenomenon is mainly due to the redox reaction that takes
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calculations of As(III) and As(V) on (1 0 0) were summarized in Tables
S10 and S11, respectively. The PDOS of As(III, V) on (1 0 0) is similar to
(1 1 0) (Figs. S13 and S14). The bonding peaks (labeled as I and II) in
VB shift to lower energy after As(III, V) adsorption, demonstrating that
stable adsorption complexes are formed. The antibonding peak (labeled
as III) in the CB is evidently weakened and shifts to lower energy, which
demonstrates that As(III) and As(V) are chemisorbed on the (1 0 0). The
PDOS of Mn at the Fermi level (labeled as IV) is decreased after As(III,
V) adsorption, which reveals that the activity of Mn is reduced while its
stability is increased. This phenomenon further suggests that chemical
reaction occurs between Mn and As. Moreover, the antibonding peak of
Mn in the CB (labeled as V) undergoes a shift to lower energy as well,
and this further conﬁrms that As(III, V) are chemisorbed on the (1 0 0).
Summarizing the adsorption behavior of As(III) and As(V) on (1 1 0)
and (1 0 0), the formed complexes of As(III) and As(V) on (1 0 0) are
more stable than on (1 1 0). It is also evident that As(III) loses more
electrons on (1 0 0) than (1 1 0), which suggests (1 0 0) has greater
oxidizing ability than (1 1 0). Because the surface energy of (1 0 0) is
lower than (1 1 0), it can be concluded that the lower surface energy
facet has stronger oxidizing ability. By combining computational simulations and experimental results, the (1 0 0) is probably the most
important facet for α-MnO2adsorption process. Furthermore, computational results have shown that facet with lower energy can form more
stable surface complex with As, and lower valence As is more easily to
be oxidized.

MO-2, individual As(III) and As(V) signals are present at 44.5 and 45.3
eV, respectively, and 53.48% of As(III) is oxidized to As(V). By contrast,
only As(V) is observed at 45.2 eV in the sample of MO-2 with As(V),
showing that no oxidation reaction takes place during the adsorption
process of As(V) on the surface of MO-2.
3.6. DFT calculations
As reported by Tompsett et al. [49], (1 1 0) and (1 0 0) are the two
most stable facets in α-MnO2, with surface energies lower than 1 J/m2.
The surface energy of (1 0 0) is even lower than (1 1 0). Hence, (1 1 0)
and (1 0 0) facets were used to identify and compare the As(III, V)
adsorption behavior. The optimized (1 1 0) and (1 0 0) surface slabs are
shown in Fig. S10.
As shown in Fig. 4a, As(III) is monodentate on the (1 1 0), with a
single Mn-O bond (2.063 Å). The adsorption energy (Ead) of this complex is determined to be −0.97 eV. Meanwhile, As(III) can also form
bidentate complex on (1 1 0), with two Mn-O bonds (2.012 Å and
1.949 Å) (Fig. 4b). The Ead of bidentate complex is −2.16 eV, which is
lower than monodentate complex, which indicates that bidentate
complex is more stable than monodentate complex. The net charge
analysis revealed that As(III) lost 0.10 e and 0.04 e, and the bonded O
atom also lost 0.1 e and 0.2 e in monodentate and bidentate complexes,
respectively. Under this circumstance, the bond strength of As-O evidently weakened, which suggested the As(III) is less stable after adsorption and easily to be oxidized. Similar adsorption behavior is observed on As(V) adsorption on (1 1 0). For monodentate complex, one
Mn-O bond (1.890 Å) is formed with Ead = −1.03 eV (Fig. 4c); for
bidentate complex, two Mn-O bonds (1.888 Å and 1.893 Å) are formed
with Ead = −2.68 eV (Fig. 4d). By analyzing the As(V) species, the
related atoms (i.e. O, Mn), As-O bond strength, and the net charge remain nearly unchanged after adsorption, which suggests that no redox
reaction occurs. The details of net charge calculations and adsorption
energy calculations of As(III) and As(V) on (1 1 0) are summarized in
Tables S8 and S9, respectively. The partial density of states (PDOS) of
As(III, V) complexes on (1 1 0) was further identiﬁed (Figs. S11 and
S12). The two bonding peaks in the valence band (VB) (labeled as I and
II) shift to lower energy after adsorption, which indicates that stable
adsorption complexes were formed. Meanwhile, the antibonding peak
of As(III, V) in the conduction band (CB) (labeled as III) shows a shift to
lower energy, which indicates that As(III, V) were chemisorbed on the
(1 1 0) surface. Moreover, the PDOS of Mn at Fermi level decreases after
As(III, V) adsorption on the surface slab (labeled as IV), which reveals
that the activity of Mn is reduced but its stability is increased. This
phenomenon further suggests that a chemical reaction takes place between Mn and As. The antibonding peak of Mn in the CB (labeled as V)
shifts to lower energy as well, which further demonstrates that the As
(III, V) are chemisorbed on (1 1 0).
For comparison, the adsorption behavior of As(III) and As(V) on
(1 0 0) were also investigated. As shown in Fig. 5, As(III) and As(V) can
form monodentate and bidentate complex on (1 0 0). In Fig. 5a, As(III)
is monodentate on (1 0 0) with one Mn-O bond (2.184 Å), and Ead is
−1.39 eV. As(III) can also bidentate on (1 0 0) and forms two Mn-O
bonds (2.050 Å and 2.075 Å) (Fig. 5b) with Ead of −2.34 eV. Comparing the Ead of two complexes, the bidentate complex is more stable
than monodentate complex. The net charge analysis reveals that As(III)
lost 0.72 e and 0.16 e in monodentate and bidentate complex, respectively, and the bonded O atom lost 0.13 e for both complexes. Evidently,
the bond strength of As-O is weakened after adsorption, which indicates
that As(III) is less stable and can be easily oxidized. In Fig. 5c, As(V) is
monodentate on (1 0 0) and has one Mn-O bond (1.912 Å), and Ead is
−1.45 eV. For the bidentate complex, two Mn-O bonds (1.927 Å and
1.889 Å) are formed on the (1 0 0) with Ead of −2.86 eV (Fig. 5d). The
related atoms (i.e. O, Mn), As-O bond strength, the net charge remain
nearly unchanged after As(V) adsorption, which indicates that no redox
reaction occurs. The details of net charge and adsorption energy

4. Conclusion
The ﬁndings of this study reveals that MO-2 has excellent adsorption performance toward As(III) and As(V), with the adsorption capacity of 117.72 and 60.19 mg/g, respectively. The performance of MO-2
on As removal is better than reported α-MnO2, β-MnO2, and γ-MnO2.
Moreover, the adsorption behavior of As on MO-2 is exothermic, pHdependent, and has shown superior performance in the presence of high
concentration anions (2.5 mmol/L). Furthermore, DFT calculations
suggests that both As(III) and As(V) can form stable complexes on both
(1 0 0) and (1 1 0), and the adsorption complex on (1 0 0) is more stable
than (1 1 0). The variation of net charge is occurred evidently on (1 0 0)
than (1 1 0), which identiﬁes (1 0 0) is more functional than (1 1 0).
Based on the experimental and theoretical results, it suggests that the
MO-2 can be used as an eﬃcient adsorbent for As removal from water.
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