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ABSTRACT: In this study, hierarchical MnO,-coated mag-
netic nanocomposite (Fe;O0,/MnO,) was synthesized by a
mild hydrothermal process, and its application for removing
heavy metal ions from contaminated water systems was
examined. Structural characterization showed that the Fe;O,
nanoparticle core was coated with amorphous MnO, shell with
flowerlike morphology. The as-prepared nanocomposite had a
large surface area and high magnetic saturation value, which
ensured its good sorption ability and convenience of
separation. Fe;0,/MnO, exhibited a greatly improved removal
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capacity toward four different heavy metals (Cd(II), Cu(II), Pb(II), and Zn(II)) compared to unmodified Fe;O, nanoparticles.
The adsorption property of Fe;0,/MnO, was studied with Cd(II) in more detail. The sorption equilibrium data were well fitted
to the Langmuir model, and the maximum adsorption capacity toward Cd(II) was 53.2 mg g~". Fe;0,/MnO, retained over 80%
of its adsorption capacity under various solution conditions that are typically encountered in natural waters. This nanocomposite
was easily recovered and reused through consecutive adsorption—desorption experiments with the assistance of an external
magnetic field. Overall, the findings propose that Fe;0,/MnO, could be used as an effective recyclable adsorbent for heavy metal

ions.
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1. INTRODUCTION

Heavy metal ion removal from water effluents has attracted
much attention because of their detrimental effects on
ecological systems and human health." There have been a
number of approaches to remove heavy metals, includin
chemical precipitation,z’3 ion exchange,4 membrane filtration,
and adsorption.’™® Of these techniques, adsorption is
considered to be one of the most suitable and effective
choices.”™" In comparison to other adsorbents under
investigation, nanostructured adsorbents exhibit remarkably
enhanced sorption capacity owing to their high surface-to-
volume ratio. During the last 2 decades, various nanosized
adsorbents have been prepared and adopted for water
decontamination, (i.e.,, CeO, nanoparticles,"* fullerenes,"* silica
hollow nanospheres,16 AlL,O; and MgO nanoparticles,'” etc).
However, such nanomaterials still suffer from issues involving
separation inconvenience from the wastewater. Thus, the
development of new nanoadsorbents with a facile separation
property is of great interest.

For this purpose, iron oxide nanoparticles, in particular
magnetite (Fe;0,) and maghemite (y-Fe,O;), have been
extensively applied in designing nanoadsorbents because they
have a large surface area and high magnetic susceptibility."®
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These nanoparticles are attracted to an external magnetic field
but lose magnetism as the applied field is removed, which
allows their fast and convenient isolation in the processing and
recovery stages. Over the past few years, much work has been
done to functionalize magnetic nanoparticles by coating them
with inorganic materials,'® polymers,zo’21 carbon,**** and
biomolecules.**** Proper surface functionalization can prevent
the agglomeration of magnetic nanoparticles and enhance their
stability and sorption capacity. In this respect, it is highly
desirable to explore new functional materials that can
compensate for the limitations of naked magnetic nanoparticles,
with a low cost and environmentally benign nature.

Recent studies have noted that oxide minerals, ubiquitous in
soils and sediments, serve as natural sinks for contaminants in
the environment.”*”” Nanosized manganese oxides (MnO,)
are among the most reactive minerals that have high surface
area, strong oxidizing/adsorptive abilities, and good stability
under acidic conditions.?® It is reported that MnO, attenuates
numerous heavy metal ions via adsorption, ion-exchange, or
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coprecipitation. Therefore, the modification of the Fe;O,
surface with MnO, is anticipated to increase the removal
efficiency of the magnetic nanoparticles for heavy metal ions.
By simultaneously taking advantage of the Fe;O, core and
MnO, shell as well as its mesoporous structure, MnO,-coated
Fe;0, nanoparticles can be an ideal material with great
potential to be used in environmental remediation. Despite the
promising merits of MnQ,, there are only a few rezports on its
use in the functionalization of magnetic particles.”” Although
previous research has highlighted the advantages of MnO,
coating for metal-ion adsorption, they looked into the sorption
percentage without a deep investigation into the mechanism
and experimental parameters. In addition, no study has focused
on the recyclability of MnO,-coated magnetic particles in
wastewater treatment.

In the present study, hierarchically structured MnO,-coated
Fe;0, nanocomposites (Fe;O,/MnO,) were synthesized and
characterized in detail. The obtained magnetic composites were
used to extract heavy metal ions (Cu(Il), Pb(Il), Zn(II), and
Cd(II)) from aqueous systems. The overall performance of
Fe;0,/MnO, was assessed in terms of sorption kinetics,
isotherms, and the effects of various geochemical parameters
(solution pH, ionic strength, coexisting ions, and presence of
natural organic matter). Considering their practical application,
the regeneration and reusability of Fe;O,/MnO, was also
examined.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. The chemicals used in the
experiments were of analytical grade and were obtained from Sigma-
Aldrich. All stock solutions were prepared by dissolving chemicals
(NaCl, CaCl,-2H,0, MgCl,-6H,0, NaNO;, Na,SO,, Na,HPO,,
ZnCl,, PbCl,, CuCl,-2H,0, and CdClL,-2.5H,0) into deionized (DI)
water. The humic acid (HA) stock solutions were prepared by
dissolving Suwannee River humic acid powder (Standard II,
International Humic Substances Society) in DI water, followed by
filtration through a 045 pm cellulose acetate membrane (ADVAN-
TEC) under vacuum. The concentration of HA was expressed as
dissolved organic carbon (mg L™' as DOC) using a total organic-
carbon analyzer (TOC, Shimadzu TOC-V(gy). Fe;0, nanopowder
(<50 nm particle size, >98% purity) was supplied from Sigma-Aldrich.

2.2, Preparation of Fe;0,/MnO, Nanocomposites. The
magnetic composites were prepared via a simple hydrothermal process
on the basis of a previous literature report®® with some modifications.
Typically, 0.51 g of KMnO, was first dissolved in 35 mL of DI water,
and 0.7 mL of HCI (37 wt %) was then slowly added dropwise. After
stirring for 1S min, 0.3 g of Fe;0, was added into the solution. The
mixture was transferred to a Teflon-lined autoclave (50 mL) and
sealed to heat at 110 °C for 6 h. The obtained products were washed
with DI water and ethanol and dried under vacuum at 60 °C for 12 h.

2.3. Characterization. The size and morphology of the products
were examined by field-emission scanning electron microscopy
(FESEM, JEOL-J840) and transmission electron microscopy (TEM,
JEM-2200FS). The elemental compositions were determined by
energy-filtered TEM (EFTEM) and inductively coupled plasma-
atomic emission spectrometry (ICP-AES, IRIS-AP). X-ray diffraction
(XRD) patterns were recorded on a PANalytical X'Pert diffractometer
for crystalline phase identification. Magnetic measurement was
performed on an XL-7 magnetic property measurement system. The
Brunauer—Emmett—Teller (BET) surface area and pore size
distribution were measured by N, adsorption and desorption using
an ASAP 2010 system at 77 K. The zeta potentials and hydrodynamic
size distributions were measured with a Zetasizer ELSZ-1000.

2.4. Batch Adsorption Experiment. Adsorption experiments
were performed at pH 6.3 + 0.1 and room temperature. Each batch
experiment was conducted twice, and the data shown were the average
values. Briefly, Fe;0,/MnO, (0.02 g) was added to 20 mL of a 10 mg/
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L Cu(II), Pb(II), Cd(II), and Zn(II) solution. For the equilibrium
study, Cd(II) concentrations were varied in the range of 10—50 mg/L.
After a specified time on a rolling mixer (15 rpm), the particles were
separated magnetically, and the supernatant was analyzed by atomic
absorption spectroscopy (AAS, SpectrAA-800).

To investigate the effects of pH, ionic strength, coexisting anions/
cations, and HA concentration on the sorption of Cd(II), the solutions
were varied with 0.1 M HCI or 0.1 M NaOH, NaCl, different
electrolyte ions (Ca*, Mg*", NO,~, SO,*", and HPO,*"), and HA,
respectively. For the regeneration, the particles were immersed in 10
mL of a 0.01 M HCI solution for 1 h and washed with DI water to
neutralize the composite. Regenerated Fe;O,/MnO, was used for
adsorption in the succeeding cycles.

3. RESULTS AND DISCUSSION

3.1. Characterization of Fe;0,/MnO,. Figure 1 displays
typical SEM and TEM images of the as-obtained product. The

Figure 1. (a, b) SEM and (c, d) TEM images of Fe;0,/MnO,.

low-magnification SEM image shown in Figure la gives an
overview of the sample, revealing that the product is composed
of many uniform flowerlike architectures. Further observation
from high-magnification (Figure 1b) indicated that the flowery
structure was the build up of many interleaving thin nanoplates.
These nanoplates seemed to grow perpendicularly from a
center. The TEM image of Figure 1c presents the aggregation
of small flowerlike particles with a mean diameter of 60 nm.
The average particle size, as measured in suspension by DLS,
was about 218 nm (Figure S1, Supporting Information), which
was larger than the size measured by TEM. The larger size
determined by DLS compared to TEM was due to both
aggregation and water solvation around the particles. A high-
resolution TEM (HRTEM) is given in Figure 1d, in which an
amorphous overlayer with a thickness of about 3—5 nm on the
Fe;0, core could be clearly identified. The elemental mapping
images obtained from EFTEM exhibited MnO, shell structure,
giving the distribution of the Mn element (Figure S2,
Supporting Information). On the basis of the results of the
HRTEM and EFTEM, it can be concluded that the as-prepared
product consisted of Fe;O, cores and amorphous MnO, shells
(Fe;0,/Mn0,). According to ICP-AES analysis, the actual
MnO, content was found to be ~35.8 wt % of the composite.

dx.doi.org/10.1021/am402615m | ACS Appl. Mater. Interfaces 2013, 5, 9628—9634



ACS Applied Materials & Interfaces

Research Article

S

~
(g
~

—@— Fe,0,
1 | —=— Fe,0,/MnO,

M (emu/g)

(a) (b)
Fe,0, 10 -
- Fe,0,/MnO, S
= E o
(T -
- 8
Z € 10 1
& S
< °
3 o -20
£ s
N -30
-40
20 30 40 50 60 70 80 2
20 (degree)

-10 5 0 5
H (kOe)

10 10

Figure 2. (a) XRD patterns of Fe;O, and Fe;0,/MnO,. (b) Zeta potentials of Fe;O, and Fe;0,/MnO, as a function of pH in 1 mM NaNO;. (c)
Hysteresis loop of Fe;0,/MnO, at 300 K (top inset, expanded curve; bottom inset, photographs showing the magnetic separation and redispersion).

A series of additional measurements was also used to
characterize Fe;O,/MnO,. XRD patterns of bare Fe;O, and
Fe;0,/MnO, are shown in Figure 2a. The two patterns were
similar, and all of the diffraction peaks were indexed as the face-
centered cubic phases of Fe;O,. The results demonstrated that
MnO, coating did not result in a phase change in the structure
of the Fe;O, nanoparticles. No peak assigned to the crystalline
form of MnO, was detected, which could be explained by the
amorphous nature of the outer MnO, layers. The respective
zeta potentials of Fe;O, and Fe;0,/MnO, were measured at
varied pH (Figure 2b). The isoelectric point (IEP) for Fe;0,/
MnO, was found to be around pH 3.7, which was much lower
than that of Fe;O, (pH 6.2). The low IEP value of Fe,O,/
MnO, indicates that the composite facilitates more adsorption
of positively charged heavy metal ions over a wide range of pH
values. Figure 2c¢ demonstrates the hysteresis loop of Fe;0,/
MnO, at 300 K. The saturation magnetization (40 emu g~') of
the composite was less than that reported for pure Fe;O,
nanocrystals, 70.7 emu g_l.31 However, this value was strong
enough to achieve a facile magnetic separation. As shown in the
inset photograph, Fe;O0,/MnO, was rapidly collected within
seconds from an aqueous suspension by an external magnetic
field. In addition, the separated particles were easily redispersed
with gentle shaking to a fairly stable suspension. This is
essentially important for the convenient reuse of Fe;0,/MnO,.
The specific surface areas of pure Fe;0, and Fe;0,/MnO, were
calculated to be 56 and 118 m? g™, respectively. According to
the pore size distribution (Figure S3, Supporting Information),
Fe;0,/MnO, exhibited a mesoporous structure with an average
diameter of 3.3 nm. The pores were likely due to the void
surface of the self-assembled nanoparticles. The large surface
area and mesoporous structure of Fe;O0,/MnO, make them
very promising candidates for the adsorption of pollutants in
water purification.

3.2. Adsorption of Heavy Metal lons. The MnO,-coated
magnetic nanocomposites were applied as adsorbents to
remove heavy metal ions from water. Pure Fe;O, was also
studied for comparison. It was shown that the sorption
reactions of the tested heavy metals (Cu(II), Pb(Il), Zn(IL),
and Cd(II)) by Fe;0,/MnO, were very fast because the
equilibrium was reached within 10 min. More than 95% of the
Cu(II), Pb(II), and Cd(II) could be removed after 5 min. Such
a fast adsorption could be attributed to the absence of internal
diffusion resistance. The metal uptake capacities of Fe;O, and
Fe;0,/MnO, were shown in Figure 3, and Fe;O,/MnO,
exhibited superior sorption efficiencies compared with those
of Fe;O,. The relatively high adsorption capacity of Fe;O,/
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Figure 3. Sorption of Pb(II), Cu(Il), Zn(II), and Cd(II) on Fe;O,/
MnO,. ([adsorbent], 1 g L™ [M(I)], 10 mg L™%; pH 6.3 + 0.1;
contact time, 0.5 h).

MnO, arises from their greater surface area (Fe;O,, 56 m* g™';
Fe;0,/MnO,, 118 m?® g~"), which contributes to the increase in
the number of adsorption sites for metal ions.

The sorption kinetics fitted very well to a pseudo-second-
order model (eq 1), and the obtained kinetic parameters are
listed in Table 1.

4, (1)

where g, and g, represent the amount of heavy metal ions
adsorbed (mg g~') at time t (min) and the equilibrium time
(min), respectively, and k, (g mg™' min™") is the pseudo-
second-order rate constant. The correlation coefficient (R*) was
relatively high (>0.996), and the calculated g, values from the
model fitting were very close to the experimental ones. These

Table 1. Kinetic Parameters for Metal Adsorption onto
Fe;0,/MnO,

experimental ¢, calculated g, k.

metal (mg g_l) (mg g_l) (g mg_lzmin_l) R?

Pb(1I) 9.81 9.85 0.367 0.999
Cu(1I) 9.84 991 0.392 0.996
Zn(II) 8.01 8.15 0.160 0.997
Cd(1n) 9.70 9.76 0.287 0.999
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Figure 4. Sorption of Cd(II) on Fe;0,/MnO, under various solution conditions. Effects of (a) pH, (b) ionic strength, (c) coexisting ions (S mM),
and (d) HA concentration. ([Fe;0,/MnO,], 1 g L™'; [Cd(II)], 10 mg L™", pH 6.3 + 0.1; contact time, 0.5 h).

results imply that the overall rate of the adsorption process is
controlled by chemisorption rather than mass transport.*” The
adsorption rates of Fe;O,/MnO, for the four heavy metal ions
were in the order of Cu(Il) > Pb(I) > Cd(II) > Zn(II).

3.3. Effect of Solution Chemistry on the Adsorption of
Cd(ll). Cd(II) was chosen as a model adsorbate for further
studies. Because of the complexity and variability of natural
water and wastewater, it is highly necessary to investigate the
adsorption capabilities of Fe;0,/MnO, under various solution
chemistry conditions for the application in a practical treatment
system. Therefore, we further examined the influences of pH,
ionic strength, coexisting anion/cations, and the presence of
HA on the removal of Cd(II) by the resulting composite.

The effect of the initial solution pH on Cd(II) adsorption by
Fe;0,/MnO, is shown in Figure 4a, with the pH value ranging
between 4.0 and 11.0 The sorption percentage of Cd(II)
significantly increased upon increasing the pH from 4.0 to 6.0,
and it then remained constant (~97%) in the pH range of 6.0—
9.0. However, it reduced to 80% at pH 11.0. Fe;O,/MnO,
exhibited a high adsorption capacity over a broad pH range.
The dependence of Cd(II) uptake on pH can be interpreted by
the relative distribution of Cd(II) species in solution and the
surface chemistry of Fe;0,/MnO,. Cd(II) in solution exists in
several stable forms, such as Cd**, Cd(OH)*, Cd(OH),, and
Cd(OH);", and these forms are related to the solution pH and

total Cd(IT) concentration.®> Cd?** is predominantly present at
pH < 8.0, Cd(OH)" is the major form at pH > 8.0, and
Cd(OH), and Cd(OH);™ are stable at pH > 10.0. Because
Fe;0,/MnO, is negatively charged above pH 3.7 (cf. Figure
2b), the adsorption of the Cd(II) species is mainly governed by
electrostatic attractions in the pH range of 4.0—11.0. Thus,
Cd(OH), and Cd(OH);™ are difficult to be adsorbed on the
Fe;0,/MnO, surface carrying negative charges, which explains
the slight reduction of adsorption capacity at pH 11.

Figure 4b presents the removal of Cd(II) at various NaCl
concentrations. It was observed that the sorption of Cd(II)
gradually decreased as the ionic strength increased from 1 to
100 mM. The adverse effect of ionic strength is explained by
two reasons: (i) the electrolyte ion (Na*) competes with
positively charged heavy metal ions for the same binding sites
and (ii) the ionic strength influences the interfacial potential of
heavy metals, which would in turn limit their transfer to the
adsorbent surface.>* The ionic strength dependence results
provide molecular evidence for the formation of inner- vs.
outer-sphere surface complexes. Outer-sphere complexation has
proven to be more sensitive than inner-sphere complexes to the
changes in ionic strength.>> Our data suggest an outer-sphere
adsorption mechanism for Cd(1I).

The common ions present in natural water and wastewater
may compete with the heavy metal ions for the available
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Table 2. Equilibrium Parameters for Cd(II) Adsorption onto Fe;O,/MnO,”

Langmuir model Freundlich model Temkin model
QmaXKLCe RT
Q=1 K.C, Q, =K/ Q === In(45C)
Quax (mg g7") Ky (L mg™) R? Ky (mg g™) n R? Ar (L mg™) b R’
53.2 0.77 0.990 20.1 2.07 0.972 8.01 221 x 10? 0.967

“C, (mg L") is the equilibrium concentration of metal, Q. (mg g™') is the amount of metal adsorbed per weight unit of adsorbent at equilibrium,
Quax (mg g7") is the maximum adsorption capacity, K; (L mg™") is the Langmuir adsorption equilibrium constant, K (mg g™') is the Freundlich
constant representing the adsorption capacity, n (dimensionless) is the adsorption intensity, Ay (L mg™") is the Temkin equilibrium binding

constant, and b (dimensionless) is the Temkin isotherm constant.

binding sites of adsorbents, affecting the adsorption process to
some degree. On the basis of these reasons, we evaluated the
influence of common electrolytes such as Ca*, Mg2+, NO;,
SO,>7, and HPO,>~ on Cd(II) removal by Fe;0,/MnO,
(Figure 4c). Herein, the sample containing S mM NaCl was
taken as a reference. The presence of coexisting cations resulted
in a decrease in Cd(II) adsorption, and Ca®* had a greater
impact on this than did Na* and Mg®. Such a different
competing capacity of the added cations may be due to their
different electric charges and hydration energies. Generally,
divelent cations are preferably adsorbed over monovalent ones,
and divalent cations with a lower hydration energy are
preferably adsorbed over those with a higher hydration
energy.36 For the coexisting anions, NO;~ and SO,*~ did not
significantly impact the adsorption of Cd(II) to the composite
compared with CI™. The surface of Fe;0,/MnO, at pH 6.3 +
0.1 is negatively charged and is expected to repel the anions
because of electrostatic repulsion. In contrast, it is interesting to
note that the Cd(II) removal was greatly enhanced in the
presence of HPO,*". This can be related to the metal-like
complexation reaction occurring at higher pH values. Above pH
6, the removal of Cd(Il) from the aqueous solution in the
presence of phosphate is dominated by precipitation of Cd-
phosphate complexes (CdHPO,,), which in turn would result in
nearly complete sorption of Cd(1I).*

Humic substances that are primarily composed of humic and
fulvic acids form most of the naturally occurring dissolved
organic carbon in aquatic systems. Because humic substances
are very active in binding metal ions in water, the interactions
between the metal ions and adsorbent may vary depending on
the presence or absence of humic substances.”® Figure 4d
shows the adsorption of Cd(II) as it is affected by different
concentrations of HA. The addition of 1 mg L™' HA reduced
the Cd(II) adsorption, which was attributed to the competition
between HA and Cd(II) for the available sorption sites of
Fe;0,/MnO,. In addition, the pH value in this study might also
lead to a decrease in the Cd(II) sorption onto HA because HA
tends to form weakly adsorbing complexes with Cd(II) at
higher pH values. Further increases in the HA concentration,
however, had a marginal influence on the removal of Cd(II). It
was found that about 80% of the adsorption capacity of Fe;0,/
MnO, was still retained even in the presence of S0 mg L™ HA.

3.4. Sorption Isotherms of Cd(ll). Different equilibrium
models are often used to determine the adsorption behavior of
an adsorbent. The equilibrium data for Cd(II) sorption were
fitted by Langmuir, Freundlich, and Temkin models,
respectively. The fitted results of all isotherm models are
presented in Table 2. On the basis of the correlation coefhicient
values, it can be seen that the adsorption of Cd(II) was best
described by the Langmuir model, suggesting that Cd(II)
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sorption was limited with monolayer coverage. In other words,
the entire surface has identical sorption capacity and there is no
significant interaction among adsorbed species. This may be
attributed to the homogeneous distribution of surface hydroxyl
groups on the composites and their mesopores. The maximum
sorption capacity (Q,.,,) of Fe;0,/MnO, toward Cd(II) was
532 mg g~

To evaluate the effectiveness of Fe;O,/MnO, as a potential
sorbent for Cd(II), the Q,,,, value was compared with those of
other sorbents reported in the grevious literature (Table S1,
Supporting Information).”***~* The maximum adsorption
capacity of Fe;0,/MnO, was higher or comparable than the
values of alumina, carbon nanotube, and several surface-
modified Fe;O, nanoparticles with humic acid, cyclodextrin
polymer, and mesoporous silica, but it was lower than that of
pure graphene oxide and magnetic graphene oxide composite.
Despite some great advantages of graphene oxide-based
materials, the complicated synthetic procedure and high raw-
material cost have obviously obstructed their wide applications.
In contrast, Fe;O,/MnO, can be prepared by a simple and
controllable method using cheap iron and manganese
precursors. Moreover, the composite provides the separation
convenience via external magnetic fields. It is worth noting that
Fe;0,/MnO, is very stable under acidic conditions because the
MnO, shell effectively protects the magnetic core from leaching
out. For the above reasons, Fe;0,/MnO, can be considered as
a promising sorbent for the efficient removal of heavy metals.

3.5. Regeneration of Saturated Fe;0,/MnO,. From a
practical/industrial point of view, the recycling and reuse of the
adsorbent is an economic necessity. Taking into consideration
that the composite exhibited a poor adsorption capacity at low
pH, acid treatment is likely to be a suitable approach for the
regeneration of Fe;0,/MnO,. Herein, a 0.01 M HCI solution
was used, and the desorption efficiency was found to be 90%.

The adsorption—desorption cycles were repeated five times
using same batch of Fe;0,/MnO, (Figure Sa). As compared to
the first adsorption, the removal efficiency at the fifth cycle
decreased by about 12% to a value of 83%, indicating good
regeneration and reusability. The slight decrease in the
adsorption capacity was attributed to the incomplete
desorption of Cd(I) from the surface of Fe;O,/MnO,. For
Cd(II) ions that go into the vacant site of MnO,, desorption
may be more difficult. After five cycles, the magnetic intensity
of Fe;0,/MnO, did not decrease and the adsorbent could be
separated from solution within 10 s. In addition, the leaching
amount of Fe from the composite into the solution phase was
nearly 0, indicating that the dissolution of the magnetic core
under the stated experimental conditions was negligible. Figure
Sb shows the representative SEM images of fresh and
regenerated composites after the fifth cycle. Although the

dx.doi.org/10.1021/am402615m | ACS Appl. Mater. Interfaces 2013, 5, 9628—9634
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Figure S. (a) Regeneration studies of Fe;0,/MnO, in the removal of
Cd(I1). ([Fe;0,/MnO,], 1 g L™); [Cd(11)], 10 mg L™, pH 63 + 0.1;
contact time, 0.5 h). (b) SEM images of fresh and regenerated
samples.

surface appeared rough and some broken spheres were
observed, the regenerated composites still kept the flowerlike
structure. Overall, our magnetic composite can be easily
recycled and reused several times, which supports their long-
term use in water purification.

4. CONCLUSIONS

An MnO,-coated magnetic nanocomposite with a 3D flowerlike
structure was successfully prepared by a facile hydrothermal
method without using any template and organic surfactant.
Fe;0,/MnO, was easily collected by an external magnetic field
in a few seconds and could achieve a fast and efficient removal
of different heavy metals (Cu(II), Pb(II), Zn(II), and Cd(1I))
from water. The adsorption property was affected by certain
hydrochemical conditions, especially low pH, high ionic
strength, and the presence of calcium ions. Moreover, the
composite could be recyclable up to five cycles without a
significant decrease in its adsorption capacity. Considering the
simple fabrication procedure, environmental friendliness,
excellent removal capacity, and good regeneration performance
of Fe;0,/MnQ,, it is expected that Fe;O,/MnO, has broad
applications for the sorption and preconcentration of heavy
metal ions from aqueous systems.

B ASSOCIATED CONTENT

© Supporting Information

Particle size distribution of Fe;O0,/MnO, obtained from
dynamic light scattering, energy-fillered TEM (EFTEM)
images of Fe;0,/MnO,, N, adsorption—desorption isotherm
of Fe;0,/MnO,, and comparison of the Cd(II) adsorption
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capacity of Fe;O,/MnO, with those of some other adsorbents
reported in the literature. This material is available free of
charge via the Internet at http://pubs.acs.org.
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