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Abstract: The ternary nanocomposites Fe3Os/Ag/polyoxometalates (Fe3O4/Ag/POMs) with
core—shell-core nanostructure were synthesized by coating [Cu(CsHgN>O),(H,O)JHo [Cu(CeHgN,O),
(PoMo05073)]-4H,O polyoxometalates on the surface of Fe3Os4/Ag (core-shell) nanoparticles.
The transmission electron microscopy/high resolution transmission electron microscopy (HR-TEM)
and X-ray powder diffraction (XRD) analyses show that the Fe304/Ag/POMs ternary nanocomposites
reveal a core-shell-core nanostructure, good dispersibility, and high crystallinity. The vibrating
sample magnetometer (VSM) and physical property measurement system (PPMS) demonstrated
the good magnetic properties and superparamagnetic behavior of the nanocomposites at 300 K.
The UV-vis spectroscopy displayed the broadband absorption of the Fe3O4/Ag/POMs with the
maximum surface plasmon resonance of Ag nanostructure around 420 nm. The dye removal capacity
of Fe304/Ag/POMs was investigated using methylene blue (MB) as a probe. Through adsorption and
photocatalysis, the nanocomposites could quickly remove MB with a removal efficiency of 98.7% under
the irradiation of visible light at room temperature. The removal efficiency was still as high as 97.5%
even after six runs by magnetic separation of photocatalytic adsorbents after processing, indicating
the reusability and high stability of the nanocomposites. These Fe304/Ag/POMs photocatalytic
adsorbents with magnetic properties will hopefully become a functional material for wastewater
treatment in the future.
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1. Introduction

Multifunctional nanocomposites of different compositions have greater attractiveness in basic
research and application compared with their one-component counterparts due to their distinct
dimensional structure, rich composition, and better performance [1-5]. The compositions are abundant
and versatile, including magnetic, semiconductor, organic, inorganic, and metallic materials [6-10].
Magnetite (Fe3O4) and noble metal silver (Ag) are two very important typical materials used in a large
number of studies on magnetic and metallic materials. Fe304 holds an extraordinary position in the
field of magnetic materials, arising from not only its unusual physicochemical properties [11,12] but
also from its non-toxic and excellent biocompatibility, which is especially interesting for applications
for the biomedical community such as drug delivery, cancer treatment, biosensor, magnetic resonance
imaging, etc [13-16]. Simultaneously, Fe3O4 also possesses a number of interesting phenomena, like
mixed valence, charge ordering, superparamagnetic behavior, and metal-insulator transitions called
Verwey transitions [11,17]. Also, Fe3O4 has a large constant magnetic moment and can be easily
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collected by using an external magnetic field placed outside the extraction container without additional
centrifugation or filtering of the sample, making sampling and collection easier and faster [18-22].
Alternatively, Ag has unparalleled advantages in chemical stability, flexibility, biological activity, and
selectivity as an environmentally friendly material, and is widely used in biology, catalysis, medicine,
and other fields [23-27]. Moreover, Ag nanoparticles have strong surface plasmon resonance (SPR)
absorption and high electron capture performance in the visible region [28,29], which can be used
to modify the visible light absorption and carrier generation and separation of materials, as well
as enhance the photocatalytic activity of the materials. At the same time, Ag also provides a new
electron transport pathway for charge carriers and can enhance conductivity [30]. Combining these
two materials by synthesis into a single nano-entity has been successfully achieved with exciting
results, such as particle size controllable or different core-shell ratios of nanoparticles [31-33].

Furthermore, polyoxometalates (POMs), as new types of porous material with rich composition,
high negative charge and various geometric topologies, have been widely used as adsorbents for
removing inorganic and organic contaminants [34-37]. Unfortunately, most POMs are readily
soluble [38]. In order to solve the recycling problem of POMs, POMs are often combined with
nanomaterials to improve the utilization of POMs.

Now, a large amount of organic dye wastewater discharge poses a major threat to the aquatic
environment and human health due to its toxicity and carcinogenicity [39]. There is an urgent need to
find an ideal remover that not only reduces the organic dyes in the contaminants with high efficiency
and low loss, but also achieves selective separation and recovery to achieve a green chemistry concept.
Nanocomposites have attracted great interest due to their versatility. We previously synthesized
Fe304/POMs nanocomposites processing excellent adsorbability for cationic dyes. The magnetic
Fe304/POMs nanocomposites are beneficial for the separation of adsorbents after processing [40]. In this
work, Fe304, Ag, and POMs three materials are combined into a single entity by nanoengineering, the
final nanostructure performing the unique properties of Fe;04, Ag, and POMs, simultaneously, would
bring out novel collective phenomena due to the interaction of Fe304, Ag, and POMs. The spherical
ternary nanocomposites were synthesized first by encapsulating Ag on the surface of Fe304 core to
form core-shell Fe3O4/Ag nanoparticles, and then coating the Fe;04/Ag nanoparticles with POMs to
form core—shell-core Fe304/Ag/POMs nanoparticles. The research on their magnetism revealed that
the nanocomposites exhibited superparamagnetic behavior. By applying an external magnetic field,
the nanocomposites could be easily separated from the mixed solution and reused. In the methylene
blue (MB) removal experiment, the nanocomposites not only exhibited good adsorption performance,
but also exhibited increased photocatalytic performance and could more completely remove MB. In the
cycle test, the removal efficiency of MB by nanocomposites was almost similar, indicating the reusability
and high stability of the nanocomposites. The high efficiency and cyclability of the nanocomposites in
dye removal can be attributed to the synergistic effect of the three components in the nanocomposites.

2. Experimental

2.1. Materials and Measurements

All chemicals were obtained from Aldrich (Beijing, China). The Fe3;Os/Ag nanoparticles
were synthesized by Iron(Ill) acetylacetonate (Fe(acac)s;, 99.9%, Aldrich), Ag acetylacetonate
(Ag(acac), 99.9%), poly(ethylene glycol)-block—poly(propylene glycol)-block—poly(ethylene glycol)
(PEO-PPO-PEO, Mn = 5800), octyl ether (CgH;;OCgHj;, 99%), and 1,2-hexadecanediol
(C14HyoCH(OH)CH,(OH), 90%).  Polyoxometalates (POMs) was synthesized by copper(Il)
perchlorate hexahydrate (Cu(ClOy),-6Hy0, 98%), sodium molybdate dihydrate (Na;MoO4-2H,0,
99%), pyridine-2-carboxamide (CgHgN,O, 98%), and phosphoric acid (H3POj, 85%). During the
experiment, all materials were processed without further treatment, and distilled water was used for
the experimental water.
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The structures and morphology of Fe3O4/Ag/POMs nanocomposites were analyzed by XRD (X'Pert
Pro, Bruker, Karlsruhe, Germany) using Cu K« radiation in the angular range 26 = 5°-90° at 293 K and
TEM (JEOL 2010F, JEOL Ltd., Tokyo, Japan). The elements of Fe304/Ag/POMs nanocomposites were
analyzed using X-ray photoelectron spectrometer (XPS, Thermo Scientific Escalab 250Xi, Waltham, MA,
USA) with Al Ka X-ray as the excitation source. The UV-vis spectroscopy was acquired from a TU-1900
spectrometer at room temperature (UV-vis, HitachiU4100, Beijing Purkinje General Instrument Co.,
Ltd., Beijing, China). The Fourier transform infrared spectroscopy (FTIR, Nicolet Company, Waltham,
MA, USA) studies of POM, Fe304/Ag nanoparticles and FezO4/Ag/POMs nanocomposites were
recorded in the wavelength range of 5004000 cm~!. The dried samples were magnetically measured
using VSM (Lakeshore 7300, Westerville, OH, USA) and PPMS (Quantum Design, San Diego, CA,
USA) to evaluate the magnetic properties of the nanocomposites in relation to the applied magnetic
field and temperature.

2.2. Synthesis of Fe304/Ag

The Fe304/Ag nanoparticles were prepared in the order of synthesis of Ag on the surface of the
Fe304 seeds similar to that reported in the literature [41]. First, the Fe;04 seeds were produced in the
presence of Fe(acac); (0.1324 g, 0.375 mmol), 1,2-hexadecanediol (0.6461 g, 2.5 mmol), PEO-PPO-PEO
(0.7878 g) and octyl ether (10 mL) at a high-temperature (280 °C for 1 h). Then, after cooling down to
room temperature, Ag(acac) (0.0258 g, 0.125 mmol) with 2 mL octyl ether was added to the solution
to coat with Ag nanolayers. In the process, the reaction mixture was heated to 80 °C in 1 h and the
temperature kept for 2 h, then rapidly heated to 215 °C and refluxed for 2 h. After the reaction was
complete, the light brown powder was obtained by centrifuging, washing with ethanol-hexane (1:2),
and drying at room temperature. The Ag element content was 44.21% and the Fe element content
40.13% in the Fe304/Ag nanoparticles (Figure S1).

2.3. Synthesis of POMs

The POMs were synthesized using the method reported in the literature [40,42,43]: Taking
Cu(ClO4),-6H,0 (0.093 g, 0.25 mmol) and pyridine-2-carboxamide (0.061 g, 0.5 mmol) in a beaker, and
adding 15 mL of distilled water to prepare a solution, and stirring at 50 °C for 0.5 h. After cooling
to room temperature, 10 mL aqueous solution of Na,MoO4-2H,0O (0.242 g, 1.0 mmol) was added to
the solution, the pH was maintained at 3 by dropwise addition of concentrated H3POy, and then
the mixture was stirred for 0.5 h at room temperature and filtered. The blue precipitate obtained by
filtration was dried by heating to obtain POMs. After filtering the mixture, the powders were stored for
the following synthesis. The filtrate was allowed to evaporate at room temperature. After 3 days blue
crystals suitable for X-ray studies were filtered off, washed with distilled water and dried in a desiccator
at room temperature to give a yield of 38.4% based on Mo. Anal calc. for Cy4H3z4CuyMosNgO3,P)
(1615.30): C, 17.85; H, 2.12; N, 6.94; Cu, 7.87; Mo, 29.70. Found: C, 17.85; H, 2.14; N, 6.92; Cu, 7.88;
Mo, 29.66.

2.4. Synthesis of Fe304/Ag/POMs

Fe304/Ag/POMs ternary nanocomposites were synthesized via a sonochemical method. In a
typical synthesis, Fe;O4/Ag nanoparticles (5 mg), and POMs powders (50 mg) were added to a 50 mL
beaker containing ethanol (10 mL) and water (10 mL), then ultrasonically treated for 10 h to obtain a
uniform muddy liquid. After the reaction was completed, the obtained products were gathered using
a placed magnet. The magnetic products Fe3O4/Ag/POMs were washed with ethanol several times.
The weight ratio of POMs in Fe304/Ag/POMs was 83.5% (Figure S2).

2.5. Dye Removal Experiment

The removal performance of nanocomposites was investigated by measuring the removal efficiency
of MB from the solution at room temperature. The concentration of 15 mg/L MB solution was prepared
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by dissolving the dye powder in distilled water. The dye removal experiment was started with 5 mg of
Fe;04/Ag/POMs nanocomposites which were dispersed in 30 mL of 15 mg/L MB solution, stirring
the mixture in the dark to establish adsorption—desorption equilibrium between the MB molecules
and the surface of the remover, following by illumination. The photocatalytic reaction was carried
out at room temperature, under simulated visible light provided by a CEL-HXF300 Xe lamp (300 W,
Zhongjiao Jinyuan Technology Co., Ltd., Beijing, China) at a distance of 10 cm from the lamp to the
reaction beaker. The lamp was equipped with a filter to match the visible light with the wavelength
ranging from 400 to 800 nm. About 5 mL of the solution was taken every 2 min and centrifuged at
4500 rpm for 3 min. The filtrate was then analyzed using a UV-vis spectrophotometer to measure the
absorption of MB.

3. Results and Discussion

3.1. Morphology and Monodispersity of Fe304/Ag/POMs Nanocomposites

The microstructure and particle size of Fe;04/Ag/POMs nanocomposites were analyzed by
TEM/HRTEM comparing with Fe;O4/Ag nanoparticles. As shown in Figure 1a,d, Fe304/Ag/POMs and
Fe304/Ag are highly crystalline, substantially spherical and have uniform particle size. The narrow
size distributions from size counting of a range of TEM photos can be intuitionistically described by
the curve of Gaussian function, and the histograms show that the average size of Fe304/Ag/POMs and
Fe;04/Ag are ~14.5 nm and ~11.7 nm respectively (Figure 1b,e). The highly regular lattices of single
Fe304/Ag/POMs are shown in Figure lc. As labeled, the lattice spacing of 2.49 A corresponds to the
(311) crystal plane of Fe30y, and the spacing of 2.07 A corresponds to the (200) crystal plane of Ag,
which proves that Fe;O4 and Ag exist simultaneously in the same nanocomposite. The discernible
core-shell-core nanostructure can be observed in Figure 1f, in which the shallow center region
corresponds to FezOy, the darker shell portions correspond to the heavier element Ag, and the obvious
interface lines delimitate the regions of the nanocomposite. These results demonstrate that POMs
were successfully covered on the surface of Fe3sO4/Ag, which were in conformity with the further
XRD measurements and the aggregation and dispersion experiments. Furthermore, the elemental
mappings (Figure S3a-i) illustrate the distribution of the elements Ag, Fe, Mo, P, Cu, C, O, and N in the
Fe304/Ag/POMs nanocomposites, indicating that Ag, Fe304 and POMs coexist in Fe304/Ag/POMs
nanocomposites. These further confirm the successful formation of Fe;O04/Ag/POMs nanocomposites.

Frequency (a.u.)

9 01 2 1B M
Diameter (nm)

(e)

Frequency (a.u.)

12 13 14 15 16 17
Diameter (nm)

Figure 1. Transmission electron microscopy (TEM) bright-field micrographs of (a) Fe3O4/Ag
nanoparticles and (d) Fe3O4/Ag/POMs nanocomposites; particle size histogram with Gaussian fit of
(b) Fe304/Ag nanoparticles and (e) Fe304/Ag/POMs nanocomposites; high resolution transmission
electron microscopy (HR-TEM) of an individual Fe3O4/Ag/POMs (c,f).
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3.2. XPS Spectra

The XPS study demonstrates the information on the chemical composition of the prepared
Fe304/Ag/POMs nanocomposites, and the relevant experiment results are shown in Figure 2. The energy
levels of P, Mo, C, Ag, N, O, Fe, and Cu, which were obtained from the full XPS spectra of Figure 2a,
are in good accordance with previous reports, confirming the existence of related elements of the
nanocomposites. The binding energy of Ag 3d, Fe 2p, Cu 2p, and Mo 3d was calibrated using the C1s
peak (BE = 285.7 eV) as a standard. The peaks of binding energy at 368.2 eV and 374.2 eV in Figure 2b
correspond to Ag 3ds, and Ag 3dsp, of pure silver, which proves the existence of Ag [44]. The Fe 2p
peaks are resolved into two peaks around 709.1 and 725.0 eV in Figure 2c, which are attributed to Fe
2p3/2 and Fe 2p ), respectively. The binding energy around 709 and 714 eV conforms to Fe?* 2p;/, and
Fe3* 2psp [45,46]. It could be observed from Figure 2d that the distinct peaks at 935.4 eV and 955.3 eV
can be attributed to Cu 2p3, and Cu 2pyj,, respectively, showing an oxidation state of +2. The satellite
peaks between Cu 2p3z;» and Cu 2py (941-945 eV) provide evidence of the existence of CuO [47].
The peaks observed at 232.6 eV and 235.8 eV (Figure 2e) can be attributed to the Mo 3d5, and Mo 3d3)»,
respectively, indicating that the valence of Mo in POMs is mainly VI [48]. The XPS spectra of Cu 2p
and Mo 3d are in full compliance with the original skeleton of the POMs. The above analysis proves
that Fe304/Ag/POMs nanocomposites contain three components of Ag, Fe304 and POMs.
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Figure 2. X-ray photoelectron spectrometer (XPS) spectra of Fe304/Ag/POMs nanocomposites: (a) full
spectrum, (b) Ag 3d map, (c) Fe 2p map, (d) Cu 2p map, (e) Mo 3d map.

3.3. XRD Patterns

The crystal structure and the phase purity of the Fe304/Ag/POMs nanocomposites were analyzed
by XRD and compared with those of Fe304/Ag and POMs. Figure 3c represents the diffraction pattern
of the Fe;0,4/Ag nanoparticles. The diffraction peaks discovered at 38.3°, 44.4°, 64.6°, 77.59°, and 81.75°
can be indexed to (111), (200), (220), (311), and (222) planes of Ag (JCPDS No. 87-0720), respectively.
The diffraction peaks located at 35.5° and 43.1° are assigned to the (311) and (440) of the Fe3O4
(JCPDS No. 85-1436). Compared with Fe3Oy, the relatively strong reflection intensity of Ag is mainly
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attributed to the fact that Ag has a much stronger scattering ability than Fe;O4 because Ag has a higher
atomic number [49]. These characteristic peaks of Fe304/Ag reappear simultaneously in the diffraction
pattern of Fe;0,4/Ag/POMs (Figure 3b) together with those of POMs, confirming the formation of
Fe3;04/Ag/POMs nanocomposites.
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Figure 3. X-ray powder diffraction (XRD) patterns for (a) POMs, (b) Fe304/Ag/POMs nanocomposites
and (c) Fe304/Ag nanoparticles (The diffraction peak of Ag is represented by squares, and the Fe3Oj is
represented by inverted triangles).

3.4. FTIR Spectroscopy

Figure 4 compares the FTIR spectra of POMs, Fe304/Ag/POMs and Fe3O4/Ag. The IR spectrum of
POM:s is described in Figure 4a. It is obvious that the characteristic peaks at ~3380 cm™~! belong to
the O-H stretching vibration of water, and the peak at ~3069 cm™! is related to v(N-H) of C4HgN,O.
The series of strong bands are also related to CcHgN,O which are in the range of 1684-1133 cm™L
Bands between 1120 cm™! and 1009 cm™ are attributed to v(P-O) stretching vibration [50,51], and the
bands at ~906 cm™! and ~669 cm ™! are credited to v(Mo = Od) and v (Mo—O-Mo), respectively [51].
The FTIR pattern of Fe304/Ag has a characteristic peak at 584 cm™! owing to the Fe-O skeletal
vibrations (Figure 4c) [52]. These characteristic vibrations and bending modes reappear in the FTIR
spectrum of the Fe304/Ag/POMs (Figure 4b), further demonstrating that the nanocomposites had been
successfully synthesized.
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Figure 4. FTIR spectra of (a) POMs,

Fe304/Ag nanoparticles.

(b) Fe3O4/Ag/POMs nanocomposites, and (c)

3.5. UV=Vis Spectroscopy

The optical property of Fe304/Ag/POMs was assessed by comparing the UV-vis absorption spectra
of Fe304/Ag/POMs, POMs and Fe;O4/Ag dispersed in H,O. From Figure 5b, the two absorption bands,
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which correspond to the charge transfer of Ot—Mo and Ob—Mo in POMs, are noticed near ~210 nm
and ~264 nm, respectively [53]. As given in Figure 5c, Fe304/Ag nanoparticles exhibit absorption bands
at about 415 nm, which are attributable to the enhanced light trapping of surface plasmon resonance
of the Ag nanostructure [54]. As anticipated, in Figure 5a, Fe304/Ag/POMs show absorption bands
at about 215 nm and 265 nm arising from POMs, in addition, an absorption band at about 420 nm
from Fe3O4/Ag. The band shape of Fe3O4/Ag/POMs nanocomposites is similar to that of POMs and
Fe304/Ag. The slight shift of the position may be due to the interaction of Ag, Fe304 and POMs.
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Figure 5. UV-vis absorbance spectra of (a) Fe304/Ag/POMs nanocomposites, (b) POMs and (c) FezO4/Ag
nanoparticles dispersed in H,O.

3.6. Magnetic Properties of Fe304/Ag/POMs Nanocomposites

The magnetic property of Fe30,4/Ag/POMs nanocomposites was studied by VSM and PPMS. It can
be seen from the hysteresis curves in Figure 6a, at 300 K, the coercivity of Fe;0,/Ag nanoparticles is
~2.19 Oe and the magnetization is ~29.75 emu/g (curve 1), while Fe304/Ag/POMs show a coercivity
of ~5.07 Oe and magnetization of ~22.41 emu/g (curve 2). The magnetization decreases due to the
POMs coated on the surface of the Fe3O4/Ag nanoparticles. The Fe;04/Ag/POMs nanocomposites
possess superparamagnetic behavior at room temperature. The special feature of superparamagnetic
nanocomposites is their prompt response to a remote magnetic force. This is because superparamagnetic
nanocomposites do not retain magnetism after removal of the external magnetic field. Also, they
have large constant magnetic moments and can be easily collected by using an external magnetic
field placed outside of the extraction container without additional centrifugation or filtration of the
sample [55-57]. At 5 K, the coercivity of the Fe;04/Ag/POMs nanocomposites increases to 258.24 Oe
and the magnetization reduces to 14.21 emu/g (curve 3), indicating that the superparamagnetism is
converted to ferromagnetism. Figure 6b shows the magnetization temperature (MT) curves in a field
cooling (FC) and zero field cooling (ZFC) mode for a given magnetic field of 500 Oe and a temperature
range of 2-400 K. As exhibited in Figure 6b, the blocking temperature (TB) is about 220 K. Below TB,
the magnetization of the ZFC curve rapidly decreases from 4.94 emu/g (at 220 K) to 1.79 emu/g (at 2 K),
and the FC curve tends to be flat, which corresponds to the phenomenon that the nanocomposites
show superparamagnetic behavior at 300 K.

The magnetic properties of the nanocomposites facilitate their convenient and quick separation,
eliminating the requirement for repeated centrifugation of the nanocomposites in practical applications.
Figure 7 shows the aggregation and dispersion of nanocomposites in water. As canbe seen from Figure 7,
the Fe3O4/Ag/POMs nanocomposites are collected as one small piece from the uniformly distributed
gray-black solution by the magnet under the influence of an applied magnetic field. The collected
nanocomposites can be re-dispersed uniformly in the solvent and the process is repeatable. All the
prepared nanocomposites could be collected by magnets without residual visible particles, ruling
out the possibility of the existence of Ag and POMs alone, further confirming the formation of
Fe3;04/Ag/POMs nanocomposites.
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Figure 6. (a) Hysteresis curves recorded of Fe;04/Ag nanoparticles at 300 K (curve 1), Fe304/Ag/POMs
nanocomposites at 300 K (curve 2) and 5 K (curve 3) (Inset: Field response around the origin), and
(b) ZFC-FC curves of Fe304/Ag/POMs nanocomposites under a magnetic field of 500 Oe.
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Figure 7. The dispersion—collection process of Fe304/Ag/POMs in water.

3.7. Dye Remouval Activity of the Nanocomposites

The dye wastewater, derived from textiles, silk, and tanneries contains a large amount of organic
pollutants which are highly toxic and carcinogenic, posing a serious threat to the environment
and ecology [58-60]. Physical and chemical methods such as adsorption, advanced oxidation, and
electrolysis have been used to remove dye wastewater [61]. Nevertheless, for adsorption, the problems
of adsorption saturation and sorbent consumption are insurmountable [62]. In advanced oxidation
and electrolysis processes, highly toxic derivatives may be produced and the operating costs are very
high [60,63,64]. Therefore, the development of efficient methods is essential for the advanced treatment
of dye wastewater. Taking the removal of MB as a probe, the removal effect of ternary nanocomposites
on dye wastewater was investigated.

The removal activity of ternary Fe;04/Ag/POMs nanocomposites was investigated by removing
MB from dye wastewater. Figure 8a shows the UV-vis absorption spectra of MB with the presence of
Fe30,4/Ag/POMs at different intervals. Under stirring in the dark, the intensity of the main absorption
peak gradually decreases with the increase of time within 0-16 min and remains unchanged at
16-20 min to reach adsorption equilibrium, indicating the adsorption activity of Fe3O4/Ag/POMs.
In 20-26 min, the intensity of the main absorption peak decreases with the increase of time under visible
light irradiation, which is assigned to the photodegradation of MB. Figure 8b displays a comparative
study for the removal of MB in the presence of (1) Fe304/Ag/POMs, (2) Fe304/POMs, and (3) Fe304/Ag
under visible light irradiation after reaching adsorption equilibrium. The ordinate is represented by
C/Cp, where C is the concentration corresponding to the maximum absorption wavelength of MB at
each time interval, and C is the initial concentration of MB. With the presence of Fe304/Ag, MB was
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photodegraded after reaching adsorption equilibrium revealing a removal efficiency of 14.7% (curve 3).
For Fe304/POMs, only an adsorption efficiency of 79.0% emerged with no photodegradation of MB
(curve 2). However, with the addition of Ag, Fe304/Ag/POMs achieved a removal efficiency of 98.7%
indicating interesting photocatalytic activity besides adsorption capacity for removing dye (curve 1).
The improved removal efficiency arising from nanoengineering Fe3Oy4, Ag, and POMs into a single
entity might be attributed to the fact that Ag serves as an electron acceptor, by which chemisorbed
molecular oxygen reacts with photogenerated electrons to form an active oxygen species, facilitating the
trapping of photogenerated electrons, in addition to the electrostatic interactions between adsorbents
and dye molecules [49]. Fe304/Ag/POMs nanocomposites are expected to become a novel dye remover
with adsorption and photocatalysis functions at the same time, since the synergistic effect of POM and
Ag can more effectively remove organic dyes from water pollution.
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Figure 8. (a) Absorption spectra of methylene blue (MB) in the presence of Fe3O4/Ag/POMs
nanocomposites, (b) removal of MB wunder irradiation of visible light after reaching
adsorption equilibrium.

For the reusability investigation, the Fe304/Ag/POMs nanocomposites were magnetically collected
and washed with distilled water. The recovered nanocomposites were again used to remove
MB under the same reaction conditions. The results showed that the removal efficiency of the
nanocomposites decreased only by about 1.2% after six repeated tests (Figure 9a). The FTIR spectrum
of the nanocomposites collected after the removal of methylene blue was similar to that obtained
for as-synthesized, indicating the stability and resistance to light corrosion of the nanocomposites
(Figure 9b). The good reusability and stability of removers are very important factors to avoid waste
and reduce consumption in the actual application of dye removal.
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Figure 9. (a) Histogram of recycling to remove MB for six cycles and (b) FTIR spectra as-synthesized
and after cyclic removal of MB six times with the Fe3O4/Ag/POMs nanocomposites.

4. Conclusions

In conclusion, we successfully synthesized the ternary nanocomposites Fe;O04/Ag/POMs by
coating POMs on the surface of Fe3O4/Ag (core-shell) nanoparticles. The systematic characterization
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proves nanocomposites of core-shell-core nanostructure, narrow particle size distribution, high
crystallinity, and good optical absorption properties in water. Moreover, the ternary nanocomposites
Fe;04/Ag/POMs show good superparamagnetic behavior at room temperature and the Tp of
nanocomposites is 220 K at a field strength of 500 Oe. This is beneficial to their applications in
the fields of catalysis, biology, medicine, wasterwater treatment etc. In the experiment for removing
MB, Fe304/Ag/POMs achieved a removal efficiency of 98.7%, revealing interesting photocatalytic
activity in addition to adsorption capacity for removing dye. Simultaneously, in the cycle test, the
nanocomposites had almost similar removal efficiency for MB; the FTIR spectrum of the nanocomposites
collected after the removal of MB was similar to that obtained for as-synthesized, indicating stability
and resistance to light corrosion of the nanocomposites. It could be proved that nanocomposites
with magnetic properties, high stability, and recyclability have the potential to be novel magnetic
dye removers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1255/s1,
Figure S1: SEM-EDS analyses of Fe;04/Ag nanoparticles. Figure S2: Thermogravimetric analyses of (a) Fe304/Ag
nanoparticles and (b) Fe30,4/Ag/POMs nanocomposites. Figure S3: (a) STEM image and (b—i) corresponding
elemental mappings of Fe304/Ag/POMs nanocomposites.

Author Contributions: Conceptualization, S.Z., C.L. and H.L.; software, C.M.; validation, H.T. and C.M.; data
curation, 5.Z. and C.L.; writing—original draft preparation, S.Z.; writing—review and editing, H.L., J.L. and M.L,;
supervision, H.L.

Funding: This research was funded by the National Natural Science Foundation of China (No. 51172064).

Acknowledgments: The authors gratefully acknowledge the financial support for this study from the National
Natural Science Foundation of China.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Choi, S,; Han, S.I; Jung, D.; Hwang, H.].; Lim, C.; Bae, S.; Park, O.K,; Tschabrunn, C.M.; Lee, M.; Bae, S.Y.;
et al. Highly conductive, stretchable and biocompatible Ag-Au core-sheath nanowire composite for wearable
and implantable bioelectronics. Nat. Nanotechnol. 2018, 1, 1048-1056. [CrossRef] [PubMed]

2. Shi,H; Yu, Y;; Zhang, Y.; Feng, X.; Zhao, X.; Tan, H. Polyoxometalate/TiO,/Ag composite nanofibers with
enhanced photocatalytic performance under visible light. Appl. Catal. B Environ. 2018, 221, 280-289.
[CrossRef]

3. Zhang, Y,; Bo, X.; Nsabimana, A.; Munyentwali, A.; Han, C.; Li, M.; Guo, L. Green and facile synthesis of
an Au nanoparticles@polyoxometalate/ordered mesoporous carbon tri-component nanocomposite and its
electrochemical applications. Biosens. Bioelectron. 2015, 66, 191-197. [CrossRef] [PubMed]

4. Zhang, Y,; Wang, H.; Yao, Q.; Yan, F; Cui, C.; Sun, M.; Zhang, H. Facile and green decoration of Pd
nanoparticles on macroporous carbon by polyoxometalate with enhanced electrocatalytic ability. RSC Adv.
2016, 6, 39618-39626. [CrossRef]

5. Zhuang, Y.F; Cao, X.Y.; Zhang, J].N.; Ma, Y.Y,; Shang, X.X,; Lu, ].X;; Yang, S.L.; Zheng, K.; Ma, YM.
Monomer casting nylon/graphene nanocomposite with both improved thermal conductivity and mechanical
performance. Compos. Part A Appl. Sci. Manuf. 2019, 120, 49-55. [CrossRef]

6.  Abdullah, N.H.; Shameli, K.; Abdullah, E.C.; Abdullah, L.C. Solid matrices for fabrication of magnetic iron
oxide nanocomposites: Synthesis, properties, and application for the adsorption of heavy metal ions and
dyes. Compos. Part B Eng. 2019, 162, 538-568. [CrossRef]

7. Chowdhury, S.; Balasubramanian, R. Graphene/semiconductor nanocomposites (GSNs) for heterogeneous
photocatalytic decolorization of wastewaters contaminated with synthetic dyes: A review. Appl. Catal.
B Environ. 2014, 160, 307-324. [CrossRef]

8. Liu, W,; Cheng, L.; Li, S. Review of electrical properties for polypropylene based nanocomposite.
Compos. Commun. 2018, 10, 221-225. [CrossRef]

9.  Mensah, B.; Gupta, K.C,; Kim, H.; Wang, W.; Jeong, K.U.; Nah, C. Graphene-reinforced elastomeric
nanocomposites: A review. Polym. Test. 2018, 68, 160-184. [CrossRef]


http://www.mdpi.com/2079-4991/9/9/1255/s1
http://dx.doi.org/10.1038/s41565-018-0226-8
http://www.ncbi.nlm.nih.gov/pubmed/30104619
http://dx.doi.org/10.1016/j.apcatb.2017.09.027
http://dx.doi.org/10.1016/j.bios.2014.11.022
http://www.ncbi.nlm.nih.gov/pubmed/25460901
http://dx.doi.org/10.1039/C6RA06643G
http://dx.doi.org/10.1016/j.compositesa.2019.02.019
http://dx.doi.org/10.1016/j.compositesb.2018.12.075
http://dx.doi.org/10.1016/j.apcatb.2014.05.035
http://dx.doi.org/10.1016/j.coco.2018.10.007
http://dx.doi.org/10.1016/j.polymertesting.2018.04.009

Nanomaterials 2019, 9, 1255 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lee, Y,; Kim, E.; Park, Y,; Kim, J.; Ryu, W.; Rho, J.; Kim, K. Photodeposited metal-semiconductor
nanocomposites and their applications. J. Materiom. 2018, 4, 83-94. [CrossRef]

Walz, F. The Verwey transition-a topical review. |. Phys. 2002, 14, R285. [CrossRef]

Gupta, A K.; Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles for biomedical
applications. Biomaterials 2005, 26, 3995-4021. [CrossRef] [PubMed]

Salvati, A.; Pitek, A.S.; Monopoli, M.P,; Prapainop, K.; Bombelli, F.B.; Hristov, D.R.; Kelly, PM.; Aberg, C,;
Mabhon, E.; Dawson, K.A. Transferrin-functionalized nanoparticles lose their targeting capabilities when a
biomolecule corona adsorbs on the surface. Nat. Nanotechnol. 2013, 8, 137-143. [CrossRef] [PubMed]
Liang, C.; Guo, B, Wu, H,; Shao, N.; Li, D.; Liu, J.; Dang, L; Wang, C; Li, H; Li, S, et al.
Aptamer-functionalized lipid nanoparticles targeting osteoblasts as a novel RNA interference-based bone
anabolic strategy. Nat. Med. 2015, 21, 288-294. [CrossRef] [PubMed]

Jedrzak, A.; Grzeskowiak, B.E; Coy, E.; Wojnarowicz, J.; Szutkowski, K.; Jurga, S.; Jesionowski, T,;
Mréwezyniski, R. Dendrimer based theranostic nanostructures for combined chemo-and photothermal
therapy of liver cancer cells in vitro. Colloid. Surface. B 2019, 173, 698-708. [CrossRef] [PubMed]

Wang, M.Q,; Liang, Y.; Zhang, Z.C.; Ren, G.H,; Liu, Y.J.; Wu, S.S.; Shen, J. Ag@Fe30,@C nanoparticles for
multi-modal imaging-guided chemo-photothermal synergistic targeting for cancer therapy. Anal. Chim. Acta
2019. [CrossRef]

Shao, H.Q.; Hou, P; Wang, X.H.; Liu, X.; Li, X.M.; Liu, H.L.; Wu, ].H. Facile synthesis and magnetic properties
of hybrid-phase iron oxide nanoparticles by polymer-supported nanoemulsion. Sci. Adv. Mater. 2014,
6,1708-1715. [CrossRef]

Zhang, Y.Z.; He, YX,; Qin, Q.D.; Wang, EC.; Wang, WK,; Luo, YYM. The synthesis of Cu/Fe/Fe3O4
catalyst through the aqueous solution ball milling method assisted by high-frequency electromagnetic field.
Superlattice. Microst. 2018, 118, 123-129.

Xin, T.; Ma, M,; Zhang, H.; Gu, J.; Wang, S.; Liu, M.; Zhang, Q. A facile approach for the synthesis of magnetic
separable Fe304@TiO;, core-shell nanocomposites as highly recyclable photocatalysts. Appl. Surf. Sci. 2014,
288, 51-59. [CrossRef]

Zhan, J.; Zhang, H.; Zhu, G. Magnetic photocatalysts of cenospheres coated with Fe3O4/TiO, core/shell
nanoparticles decorated with Ag nanopartilces. Ceram. Int. 2014, 40, 8547-8559. [CrossRef]

Cheng, L.; Ruan, W.; Zou, B.; Liu, Y.; Wang, Y. Chemical template-assisted synthesis of monodisperse
rattle-type Fe30,@C hollow microspheres as drug carrier. Acta Biomater. 2017, 58, 432-441. [CrossRef]
[PubMed]

Cao, Y.; Wen, L.; Svec, E; Tan, T.; Lv, Y. Magnetic AuNP@Fe3;O, nanoparticles as reusable carriers for
reversible enzyme immobilization. Chem. Eng. J. 2016, 286, 272-281. [CrossRef]

Kale, M.].; Avanesian, T.; Christopher, P. Direct Photocatalysis by plasmonic nanostructures. ACS Catal. 2017,
4,116-128. [CrossRef]

Liu, T,; Li, B.; Hao, Y,; Han, F.; Zhang, L.; Hu, L. A general method to diverse silver/mesoporous-metal-oxide
nanocomposites with plasmon-enhanced photocatalytic activity. Appl. Catal. B Environ. 2015, 165, 378-388.
[CrossRef]

Hou, W,; Liu, Z,; Pavaskar, P, Hung, W.H.; Cronin, S.B. Plasmonic enhancement of photocatalytic
decomposition of methyl orange under visible light. J. Catal. 2011, 277, 149-153. [CrossRef]

Cushing, K.S,; Li, ].T.; Meng, E; Senty, T.R.; Suri, S.; Zhi, M.].; Li, M.; Bristow, A.D.; Wu, N.Q. Photocatalytic
activity enhanced by plasmonic resonant energy transfer from metal to semiconductor. J. Am. Chem. Soc.
2012, 134, 15033-15041. [CrossRef]

Burdusel, A.C.; Gherasim, O.; Grumezescu, A.M.; Mogoanta, L.; Ficai, A.; Andronescu, E. Biomedical
applications of silver nanoparticles: An up-to-date overview. Nanomaterials 2018, 8, 681. [CrossRef]

Xu, B.; Li, Y.D.; Gao, Y.Q.; Liu, S.; Lv, D.; Zhao, S.J.; Gao, H.; Yang, G.Q.; Li, N.; Ge, L. Ag-Agl/Bi3O4Cl for
efficient visible light photocatalytic degradation of methyl orange: The surface plasmon resonance effect of
Ag and mechanism insight. Appl. Catal. B Environ. 2019, 246, 140-148. [CrossRef]

Ma, N.; Zhang, X.Y.; Fan, W.Y,; Guo, S.; Zhang, YJ.; Liu, Y;; Chen, L.; Jung, Y.M. SERS study of Ag/FeS/4--MBA
interface based on the SPR effect. Spectrochim. Acta. A 2019, 219, 147-153. [CrossRef]

Karimi, A.; Kazeminezhad, I.; Azizi, S. Ag/aFe;O3-rGO novel ternary nanocomposites: Synthesis,
characterization, and photocatalytic activity. Ceram. Int. 2019, 45, 3441-3448. [CrossRef]


http://dx.doi.org/10.1016/j.jmat.2018.01.004
http://dx.doi.org/10.1088/0953-8984/14/12/203
http://dx.doi.org/10.1016/j.biomaterials.2004.10.012
http://www.ncbi.nlm.nih.gov/pubmed/15626447
http://dx.doi.org/10.1038/nnano.2012.237
http://www.ncbi.nlm.nih.gov/pubmed/23334168
http://dx.doi.org/10.1038/nm.3791
http://www.ncbi.nlm.nih.gov/pubmed/25665179
http://dx.doi.org/10.1016/j.colsurfb.2018.10.045
http://www.ncbi.nlm.nih.gov/pubmed/30384266
http://dx.doi.org/10.1016/j.aca.2019.08.035
http://dx.doi.org/10.1166/sam.2014.1929
http://dx.doi.org/10.1016/j.apsusc.2013.09.108
http://dx.doi.org/10.1016/j.ceramint.2014.01.069
http://dx.doi.org/10.1016/j.actbio.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28602854
http://dx.doi.org/10.1016/j.cej.2015.10.075
http://dx.doi.org/10.1021/cs400993w
http://dx.doi.org/10.1016/j.apcatb.2014.10.041
http://dx.doi.org/10.1016/j.jcat.2010.11.001
http://dx.doi.org/10.1021/ja305603t
http://dx.doi.org/10.3390/nano8090681
http://dx.doi.org/10.1016/j.apcatb.2019.01.060
http://dx.doi.org/10.1016/j.saa.2019.04.005
http://dx.doi.org/10.1016/j.ceramint.2018.10.259

Nanomaterials 2019, 9, 1255 12 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Song, D.; Yang, R.; Wang, C.; Xiao, R.; Long, E. Reusable nanosilver-coated magnetic particles for ultrasensitive
SERS-based detection of malachite green in water samples. Sci. Rep. 2016, 6, 22870. [CrossRef] [PubMed]
Yu,S.J.; Wei, Q.; Du, B.; Wu, D.; Li, H.; Yan, L.G.; Ma, HM.; Zhang, Y. Label-free immunosensor for the detection
of kanamycin using Ag@Fe3O,4 nanoparticles and thionine mixed graphene sheet. Biosens. Bioelectron. 2013,
48, 224-229. [CrossRef] [PubMed]

Amarjargal, A.; Tijing, L.D.; Im, LT, Kim, C.S. Simultaneous preparation of Ag/Fe3O; core-shell
nanocomposites with enhanced magnetic moment and strong antibacterial and catalytic properties.
Chem. Eng. ]. 2013, 226, 243-254. [CrossRef]

Zhu, S.H.; Gao, X.Q.; Dong, F.; Zhu, Y.L.; Zheng, H.Y.; Li, YW. Design of a highly active silver-exchanged
phosphotungstic acid catalyst for glycerol esterification with acetic acid. J. Catal. 2013, 306, 155-163.
[CrossRef]

Yu, B.; Zou, B.; Hu, C.W. Recent applications of polyoxometalates in CO, capture and transformation.
J. CO, Util. 2018, 26, 314-322. [CrossRef]

Miiller, A.; Petters, E.; Pope, M.T.; Gatteschi, D. Polyoxometalates: Very large Clusters-nanoscale magnets.
Chem. Rev. 1998, 98, 239-272. [CrossRef] [PubMed]

Hao, Y.; Gao, R;; Lu, S.; Liu, D.; Tang, Y.; Guo, Z. Water-compatible magnetic imprinted nanoparticles served
as solid-phase extraction sorbents for selective determination of trace 17beta-estradiol in environmental
water samples by liquid chromatography. J. Chromatogr. A 2015, 1396, 7-16. [CrossRef] [PubMed]

Zhou, W.H.; Li, N.; Cao, M.H.; Hu, C.W. Three-dimensional Ag/POM/Cu,0 tricomponent nanohybrids with
enhanced visible-light photocatalytic activity. Mater. Lett. 2013, 99, 68-71. [CrossRef]

Jing, EF,; Liang, RW.; Xiong, J.H.; Chen, R.; Zhang, S.Y,; Li, YH.; Wu, L. MIL-68(Fe) as an efficient
visiblelight-driven photocatalyst for the treatment of a simulated waste-water contain Cr(VI) and Malachite
Green. Appl. Catal. B 2017, 206, 9-15. [CrossRef]

Fang, N.; Ji, YM,; Li, C.Y,; Wu, Y.Y,; Ma, C.G,; Liu, H.L.; Li, M.X. Synthesis and adsorption properties
of [Cu(L),(HoO)JH;[Cu(L),(P,Mo503)]-4HyO/Fe30,4 nanocomposites. RSC Adv. 2017, 7, 25325-25333.
[CrossRef]

Li, C,; Guan, Z.; Ma, C.; Fang, N.; Liu, H.; Li, M. Bi-phase dispersible Fe30,/Ag core-shell nanoparticles:
Synthesis, characterization and properties. Inorg. Chem. Commun. 2017, 84, 246-250. [CrossRef]

Thomas, J.; Ramanan, A. Phosphomolybdate cluster based solids mediated by transition metal complexes.
Inorg. Chim. Acta 2011, 372, 243-249. [CrossRef]

Dakovi¢, M.; Popovi¢, Z.; Giester, G.; Raji¢-Linari¢, M. Thiocyanate complexes of the group 12 metals with
pyridine-2-carboxamide: Synthesis and structural characterization. Polyhedron 2008, 27, 210-222. [CrossRef]
Mikhlin, Y.L.; Pal’'yanova, G.A.; Tomashevich, Y.V,; Vishnyakova, E.A.; Vorobyev, S.A.; Kokh, K.A. XPS and
Ag L3-edge XANES characterization of silver and silver—gold sulfoselenides. J. Phys. Chem. Solids 2018,
116, 292-298. [CrossRef]

Zilm, ML.E,; Staruch, M.; Jain, M.; Wei, M. An intrinsically magnetic biomaterial with tunable magnetic
properties. J. Mater. Chem. B 2014, 2, 7176-7185. [CrossRef]

Liu, H.L.; Wu, J.H.; Min, J.H.; Lee, ].H.; Kim, Y.K. Monosized core-shell Fe;0,4 (Fe)/Au multifunctional
nanocrystals. . Nanosci. Nanotechnol. 2009, 9, 754-758. [CrossRef] [PubMed]

Zhang, D.; Wang, B.; Gong, X.; Yang, Z; Liu, Y. Selective reduction of nitrate to nitrogen gas by novel
CuyO-CuO@FeO composite combined with HCOOH under UV radiation. Chem. Eng. . 2019, 359, 1195-1204.
[CrossRef]

Xu, J.L,; Tao, S.C.; Bao, L.Z.; Luo, ].M.; Zheng, Y.F. Effects of Mo contents on the microstructure, properties
and cytocompatibility of the microwave sintered porous Ti-Mo alloys. Mater. Sci. Eng. C 2019, 97, 156-165.
[CrossRef]

Wang, X.H.; Liu, H.L.; Zhang, W.X,; Cheng, W.Z,; Liu, X.; Li, X.M.; Wu, J.H. Synthesis and characterization of
polymer-coated AgZnO nanoparticles with enhanced photocatalytic activity. RSC Adv. 2014, 4, 44011-44017.
[CrossRef]

Li, Z.L.; Wang, Y.; Zhang, L.C.; Wang, J.P; You, W.S.; Zhu, Z.M. Three molybdophosphates based on
Strandberg-type anions and Zn(Il)-H,biim/H;O subunits: Syntheses, structures and catalytic properties.
Dalton Trans. 2014, 43, 5840-5846. [CrossRef]


http://dx.doi.org/10.1038/srep22870
http://www.ncbi.nlm.nih.gov/pubmed/26964502
http://dx.doi.org/10.1016/j.bios.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23688606
http://dx.doi.org/10.1016/j.cej.2013.04.054
http://dx.doi.org/10.1016/j.jcat.2013.06.026
http://dx.doi.org/10.1016/j.jcou.2018.05.021
http://dx.doi.org/10.1021/cr9603946
http://www.ncbi.nlm.nih.gov/pubmed/11851505
http://dx.doi.org/10.1016/j.chroma.2015.03.083
http://www.ncbi.nlm.nih.gov/pubmed/25890441
http://dx.doi.org/10.1016/j.matlet.2013.02.073
http://dx.doi.org/10.1016/j.apcatb.2016.12.070
http://dx.doi.org/10.1039/C7RA02133J
http://dx.doi.org/10.1016/j.inoche.2017.08.019
http://dx.doi.org/10.1016/j.ica.2011.02.028
http://dx.doi.org/10.1016/j.poly.2007.09.014
http://dx.doi.org/10.1016/j.jpcs.2018.01.047
http://dx.doi.org/10.1039/C4TB00925H
http://dx.doi.org/10.1166/jnn.2009.C018
http://www.ncbi.nlm.nih.gov/pubmed/19441386
http://dx.doi.org/10.1016/j.cej.2018.11.058
http://dx.doi.org/10.1016/j.msec.2018.12.028
http://dx.doi.org/10.1039/C4RA09382H
http://dx.doi.org/10.1039/C3DT53023J

Nanomaterials 2019, 9, 1255 13 of 13

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

D’Cruz, B.; Samuel, J.; George, L. Characterization, non-isothermal decomposition kinetics and photocatalytic
water splitting of green chemically synthesized polyoxoanions of molybdenum containing phosphorus as
hetero atom. Thermochim. Acta 2014, 596, 29-36. [CrossRef]

Rajabi, M.; Mahanpoor, K.; Moradi, O. Preparation of PMMA/GO and PMMA/GO-Fe304 nanocomposites
for malachite green dye adsorption: Kinetic and thermodynamic studies. Compos. Part. B 2019, 167, 544-555.
[CrossRef]

Wei, L.H.; Wang, Z.L.; Zhao, ] W.; Wang, ].P. Synthesis and Structure Investigation of a Transition Metal
Ion Bridging Bis (diphosphopentamolybdates), [H, BIIM]3s[HBIIM]4[Mn(H;O)4(P,Mo05073),]-7H,O. Chin. .
Struct. Chem. 2010, 29, 784-788.

Dong, Z.; Wu, M.; Wu, ].; Ma, Y;; Ma, Z. In situ synthesis of TiO,/SnOx-Au ternary heterostructures effectively
promoting visiblelight photocatalysis. Dalton Trans. 2015, 44, 11901-11910. [CrossRef] [PubMed]

Pu, X.L.; Jiang, Z.C.; Hu, B.; Wang, B.H. y-MPTMS modified nanometer-sized alumina micro-column
separation and preconcentration of trace amounts of Hg, Cu, Au and Pd in biological, environmental and
geological samples and their determination by inductively coupled plasma mass spectrometry. J. Anal.
Atom. Spectrom. 2004, 19, 984-989. [CrossRef]

Ji, Y;; Liu, X.; Guan, M.; Zhao, C.; Huang, H.; Wang, C. Preparation of functionalized magnetic nanoparticulate
sorbents for rapid extraction of biphenolic pollutants from environmental samples. ]. Sep. Sci. 2009,
32,2139-2145. [CrossRef] [PubMed]

Tahmasebi, E.; Yamini, Y.; Moradi, M.; Esrafili, A. Polythiophene-coated Fe304 superparamagnetic
nanocomposite: Synthesis and application as a new sorbent for solid-phase extraction. Anal. Chim. Acta 2013,
770, 68-74. [CrossRef]

Bhatia, D.; Sharma, N.R; Singh, J.; Kanwar, R.S. Biological methods for textile dye removal from wastewater:
A review. Crit. Rev. Environ. Sci. Technol. 2017, 47, 1836—1876. [CrossRef]

Modak, J.B.; Bhowal, A.; Datta, S. Extraction of dye from aqueous solution in rotating packed bed.
J. Hazard. Mater. 2016, 304, 337-342. [CrossRef]

Katheresan, V.; Kansedo, J.; Lau, S.Y. Efficiency of various recent wastewater dye removal methods: A review.
J. Environ. Chem. Eng. 2018, 6, 4676-4697. [CrossRef]

Wang, J.; Bai, R. Formic acid enhanced effective degradation of methyl orange dye in aqueous solutions
under UV-Vis irradiation. Water Res. 2016, 101, 103-113. [CrossRef] [PubMed]

Mo, J.; Yang, Q.; Zhang, N.; Zhang, W.; Zheng, Y.; Zhang, Z. A review on agro-industrial waste (AIW) derived
adsorbents for water and wastewater treatment. J. Environ. Manag. 2018, 227, 395-405. [CrossRef] [PubMed]
Li, F; Xia, Q.; Gao, Y.Y.; Cheng, Q.X,; Ding, L.; Yang, B.; Tian, Q.; Ma, C.Y,; Sand, W.; Liu, Y.B. Anaerobic
biodegradation and decolorization of a refractory acid dye by a forward osmosis membrane bioreactor.
Environ. Sci. Water Res. Technol. 2018, 4, 272-280. [CrossRef]

Li, F; Huang, J.; Xia, Q.; Lou, M.; Yang, B.; Tian, Q.; Liu, Y. Direct contact membrane distillation for the
treatment of industrial dyeing wastewater and characteristic pollutants. Sep. Purif. Technol. 2018, 195, 83-91.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.tca.2014.09.010
http://dx.doi.org/10.1016/j.compositesb.2019.03.030
http://dx.doi.org/10.1039/C5DT01850A
http://www.ncbi.nlm.nih.gov/pubmed/26061220
http://dx.doi.org/10.1039/B403389B
http://dx.doi.org/10.1002/jssc.200900018
http://www.ncbi.nlm.nih.gov/pubmed/19548216
http://dx.doi.org/10.1016/j.aca.2013.01.043
http://dx.doi.org/10.1080/10643389.2017.1393263
http://dx.doi.org/10.1016/j.jhazmat.2015.10.062
http://dx.doi.org/10.1016/j.jece.2018.06.060
http://dx.doi.org/10.1016/j.watres.2016.04.044
http://www.ncbi.nlm.nih.gov/pubmed/27258621
http://dx.doi.org/10.1016/j.jenvman.2018.08.069
http://www.ncbi.nlm.nih.gov/pubmed/30212686
http://dx.doi.org/10.1039/C7EW00400A
http://dx.doi.org/10.1016/j.seppur.2017.11.058
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials and Measurements 
	Synthesis of Fe3O4/Ag 
	Synthesis of POMs 
	Synthesis of Fe3O4/Ag/POMs 
	Dye Removal Experiment 

	Results and Discussion 
	Morphology and Monodispersity of Fe3O4/Ag/POMs Nanocomposites 
	XPS Spectra 
	XRD Patterns 
	FTIR Spectroscopy 
	UV–Vis Spectroscopy 
	Magnetic Properties of Fe3O4/Ag/POMs Nanocomposites 
	Dye Removal Activity of the Nanocomposites 

	Conclusions 
	References

