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Abstract: With a large specific surface area, high reactivity, and excellent adsorption properties,
nano zerovalent iron (nZVI) can degrade a wide variety of contaminants in wastewater.
However, aggregation, oxidation, and separation issues greatly impede its wide application. In this
study, MoS2/Fe3O4/nZVI nanocomposites were successfully synthesized by a facile step-by-step
approach to overcome these problems. MoS2 nanosheets (MNs) acted as an efficient support
for nZVI and enriched the organic pollutants nearby, leading to an enhanced removal efficiency.
Fe3O4 nanoparticles (NPs) could not only suppress the agglomeration and restacking of MNs, but also
facilitate easy separation and recovery of the nanocomposites. The synergistic effect between MNs
and Fe3O4 NPs effectively enhanced the reactivity and efficiency of nZVI. In the system, Cr(VI) was
reduced to Cr(III) by nZVI in the nanocomposites, and Fe2+ produced in the process was combined
with H2O2 to further remove 4-Chlorophenol (4-CP) through a Fenton reaction. Furthermore, the
nanocomposites could be easily separated from wastewater by a magnet and be reused for at least five
consecutive runs, revealing good reusability. The results demonstrate that the novel nanocomposites
are highly efficient and promising for the simultaneous removal of Cr(VI) and 4-CP in wastewater.

Keywords: nZVI; modification; nanocomposites; Cr(VI); 4-CP; Fenton reaction; pollution treatment;
recyclability; wastewater

1. Introduction

As a typical contaminant in wastewater, Cr is one of the most toxic heavy metals to humans
and the environment, which widely exists in leather tanning, metallurgy, paint pigments, etc. [1,2].
Cr mainly occurs in two common oxidation states (Cr(III) and Cr(VI)) in the environment. The toxicity
of Cr(III) species is one hundred times lower than that of Cr(VI) [3]. Therefore, converting Cr(VI) to
Cr(III) is frequently applied as an efficient approach for Cr(VI) removal. As another group of common
water pollutants, chlorophenols (CPs) can be found in wastewater from various industrial processes,
such as tanning, manufacturing preservatives, pesticides, and so on [4,5]. They are listed as “priority
toxic pollutants” by the US Environmental Protection Agency (EPA) due to their strong toxicity and
poor biodegradability [6,7]. Therefore, substantial studies have been conducted to remove CPs from
wastewater. Among various methods reported, the dechlorination of CPs is considered to be the most
effective method because the CP pollutants (phenol) can be subsequently oxidized to CO2 and H2O
and thus be completely removed [8]. In fact, heavy metals and organic pollutants often co-exist in
industrial wastewater, and wastewater containing both Cr(VI) and 4-CP is common [9]. Therefore, it is
of great significance to remove Cr(VI) and 4-CP simultaneously from wastewater.

Nanomaterials 2017, 7, 303; doi:10.3390/nano7100303 www.mdpi.com/journal/nanomaterials

http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0001-9273-2898
https://orcid.org/0000-0001-6445-7737
http://dx.doi.org/10.3390/nano7100303
http://www.mdpi.com/journal/nanomaterials


Nanomaterials 2017, 7, 303 2 of 19

In the past decades, nano zerovalent iron (nZVI) has attracted great attention due to its
excellent performance in the removal of a wide range of contaminants, including halogenated organic
compounds [10], nitroaromatic compounds [11], organic dyes [12], phenols [13], heavy metals [14],
metalloids [15], and so on. In particular, many studies have demonstrated that nZVI can effectively
remove Cr(VI) and CPs in wastewater [3,16,17]. With a small particle size, large surface area, and
superior reactivity, nZVI exhibits enhanced capability in the catalytic removal of contaminants
compared with normal-sized iron particles [18]. However, due to a large specific surface area and
intrinsic magnetic interaction, nZVI is easy to aggregate and can be oxidized by surrounding media,
resulting in a loss of mobility and reactivity [19]. What is more, nZVI also has the trouble of separation
from the degraded system, which makes it difficult to recover and reuse nZVI [20]. These problems
limit the application of nZVI to a certain degree. To overcome these problems, great efforts have been
made to modify nZVI [21,22].

As a frequently used strategy, nZVI can be immobilized on a support, such as clays [23],
polysaccharides [24], resins [25], membranes [26], grapheme [27], and so on. With a layered structure
similar to that of graphene, MoS2 has attracted tremendous research interest in many fields, such
as catalysis, solar cells, electronic devices, and energy storage [28,29]. MoS2 nanosheets (MNs) are
composed of single or several layers of S-Mo-S sandwich layers stacked together by van der Waals
interactions [30]. MNs possess many superior properties, including a large surface area and excellent
chemical and thermal stability, which make them favorable for various applications [31]. In recent
years, a wide variety of methods have been proposed to prepare MNs, for example, mechanical
exfoliation [32], liquid exfoliation [33], chemical vapor deposition [34], the hydrothermal method [35],
and so on. It has been used as an alternative of graphene to act as a support for nZVI for aqueous
pollutants removal [36]. Apart from avoiding the aggregation of nZVI, MNs also have the capability
to enrich the organic pollutants nearby, leading to a greater removal efficiency [37]. In addition,
MoS2 can be decorated with Fe3O4 nanoparticles (NPs), which are low-cost, easy to fabricate, and
environmentally friendly [38]. Fe3O4 NPs can not only suppress the agglomeration and restacking of
MNs, but also facilitate easy separation and recovery of the nanocomposites [37]. It helps to improve
the sustainability of wastewater treatment process, which is a significant research trend in recent
years [39,40].

Although many researchers have done substantial studies on the preparation and application
of nZVI, MNs, and Fe3O4 nanoparticles [18,21,32–35], to the best of our knowledge, magnetically
separable MoS2/Fe3O4/nZVI nanocomposites (MFNNs) have not been reported for the simultaneous
removal of Cr(VI) and 4-CP in wastewater. In this study, to enhance the mobility and reactivity
of nZVI and facilitate its separation and recovery from the degraded system, MoS2/Fe3O4/nZVI
nanocomposites were successfully synthesized by a facile step-by-step method. They exhibited
high activity, convenient separation, and good recyclability. These properties demonstrate that
MoS2/Fe3O4/nZVI nanocomposites could be highly effective and efficient for pollution treatment
in wastewater.

2. Materials and Methods

2.1. Materials

MoO3 (AR, ≥99.5%) was purchased from Kermel Chemical Technology Co. Ltd. (Tianjin, China).
Thiourea (NH2CSNH2) (AR,≥99.0%), FeCl3·6H2O (ACS), FeSO4·7H2O (AR,≥99.0%), NaBH4 (≥98.0%),
and ammonia solution (AR, 25–28%) were purchased from Aladdin Industrial Corporation
(Shanghai, China). 4-chlorophenol (≥99.0%) was purchased from J&K Chemical Ltd. (Beijing, China).
K2Cr2O7 (≥99.95%) and H2O2 solution (≥30.00%) were purchased from Guangfu Fine Chemical
Research Institute (Tianjin, China). Isopropyl alcohol (≥99.7%), ethanol absolute (≥99.8%), and anhydrous
methanol (HPLC) were purchased from Real&Lead Chemical Technology Co. Ltd. (Tianjin, China).
1,5-diphenylcarbazide (DPC) (AR) was purchased from Chemart Chemical Technology Co. Ltd.
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(Tianjin, China). Phosphoric acid (≥85.0%) and sulfuric acid (95.0–98.0%) were purchased from Yuxiang
Chemical Technology Co. Ltd. (Tianjin, China). All the compounds were used without further
purification. Deionized water was provided by Barnstead Nanopure Water Purifier (Thermo Fisher
Scientific, Waltham, MA, USA) throughout this work.

2.2. Synthesis of MoS2 Nanosheets (MNs)

In a typical procedure, 0.4 g MoO3 and 6.35 g thiourea were mixed together, thoroughly ground,
and loaded into a quartz boat. The boat was quickly pushed into the hot zone of the tube furnace after
the furnace temperature had been stabilized at 850 ◦C under the atmosphere of nitrogen. Before the
reaction, the furnace was flushed with N2 for 30 min to remove any traces of oxygen. After calcination
at 850 ◦C for 3 h, the tube furnace was cooled down to room temperature, and the resulting black
powder was then collected.

2.3. Synthesis of MoS2/Fe3O4 Nanocomposite (MFN)

MFN was synthesized by a hydrothermal method. A total of 90 mg MNs was dispersed into
60 mL deionized water and isopropyl alcohol (1:1, volume ratio). Then, the mixture was treated by
mechanical agitation and sonication at the same time for 3 h. After that, 0.0506 g FeCl3·6H2O and
0.0261 g FeSO4·7H2O were added to the suspension and the obtained mixture was then vigorously
agitated at 80 ◦C for 30 min. After adding 0.75 mL ammonia solution quickly, the suspension was
transferred into a 100 mL Teflon-lined stainless steel autoclave, sealed tightly, and heated at 120 ◦C for
2 h. After cooling naturally, the black product was collected by centrifugation, washed with deionized
water and ethanol several times, and dried in a vacuum oven at 60 ◦C for 6 h.

2.4. Synthesis of MoS2/Fe3O4/nZVI Nanocomposites (MFNNs)

A total of 50 mg MFN was dispersed into 20 mL deionized water and isopropyl alcohol (1:1, volume
ratio). After adding 0.0810 g FeCl3·6H2O, the obtained mixture was vigorously agitated under nitrogen
atmosphere for 30 min. Then, 5 mL 0.18 M NaBH4 solution was added drop by drop at the speed
of one to two drops per second into this mixture and vigorously stirred under nitrogen atmosphere.
Subsequently, the suspension was agitated continuously for another 20 min. Finally, the black solid
product was collected by centrifugation, washed with deionized water and ethanol several times, and
dried in a vacuum oven at 60 ◦C for 6 h. The synthesis schematic of MFNNs is illustrated in Scheme 1.
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2.5. Characterization

X-ray diffraction (XRD) patterns of the obtained solid products were obtained using a Rigaku
D/max-2500 X-ray diffraction analyzer (Rigaku, Tokyo, Japan) with Cu Kα (λ = 0.154 nm) radiation at
40 kV/100 mA at a scanning speed of 6◦/min. Nitrogen adsorption isotherms were measured with an
ASAP 2020 adsorption analyzer (Micromeritics, Norcross, GA, USA) at 77 K. The Brunauer-Emmett-Teller
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(BET) method was utilized to calculate the specific surface areas. Scanning electron microscopy
(SEM) images were taken by a Hitachi S4800 (Hitachi, Tokyo, Japan). High resolution transmission
electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDS) measurements were
performed on a Tecnai G2 F20 TEM (FEI, Eindhoven, The Netherlands) at an operating voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo ESCALAB 250XI
(Thermo Fisher Scientific, Waltham, MA, USA) for compositional and chemical states analysis on the
surface. The concentration of Cr(VI) was obtained by 1,5-diphenylcarbazide (DPC) method with a UV-Vis
spectrophotometer (Hitachi, U-3010, Tokyo, Japan) at 540 nm (method detection limit (MDL) 0.31 mg/L,
relative standard deviation (RSD) 3.9%). The concentration of 4-CP in samples was determined using
high performance liquid chromatography (HPLC) (Agilent 1200LC, Santa Clara, CA, USA) equipped
with a ZORBAX Eclipse Plus C18 column (Agilent, 4.6 × 250 mm, 5 µm, Santa Clara, CA, USA) and a
UV-Vis detector at 280 nm (Agilent, MDL 0.83 mg/L, RSD 3.0%, Santa Clara, CA, USA).

2.6. Simultaneous Removal of Cr(VI) and 4-CP

All experiments were carried out in 250 mL flasks containing 100 mL simulated wastewater
(deionized water with 10–40 mg/L Cr(VI) and 20–120 mg/L 4-CP). The flasks were agitated at the
speed of 400 rpm at 25 ◦C. A certain amount of MFNNs was added into the solution and the reaction
was then timed immediately. After 15 min, H2O2 solution was added into the system. In the process,
1 mL of sample was withdrawn with a glass syringe at an interval of 5 min, and was then filtered
through a 0.22 µm membrane filter. The concentrations of remaining Cr(VI) and 4-CP were detected
by a UV-Vis spectrophotometer and HPLC, respectively. After the given reaction time of 60 min,
the nanocomposites were separated by an external magnet and washed by the mixture of water and
ethanol (1:1, volume ratio) three times. Furthermore, after drying up, the nanocomposites were reused
in the next cycle of the removal experiment. Their reusability was evaluated by the removal efficiency
of Cr(VI) and 4-CP over five cycles. All experiments were undertaken in triplicate. The average
value of three experiments was used to evaluate the results. The relative standard deviation of the
experimental results is about 5.1%.

3. Results and Discussion

3.1. Characterization

3.1.1. XRD

The XRD patterns of MNs, Fe3O4, MoS2/Fe3O4 nanocomposite (MFN), and the as-prepared
MoS2/Fe3O4/nZVI nanocomposites (MFNNs) are shown in Figure 1. For the XRD pattern of MNs,
the characteristic peaks of hexagonal MoS2 (JCPDS card No. 37-1492) at 2θ = 14.2◦, 32.8◦, 39.6◦, 49.4◦,
and 58.5◦ could be found, which were assigned to the reflection of (001), (100), (103), (105), and (110)
crystallographic planes, respectively [41]. In the XRD pattern of MFN, five diffraction peaks located at
2θ = 30.2◦, 35.8◦, 43.3◦, 57.2◦, and 62.6◦ were attributed to the planes of (220), (311), (400), (511), and
(440) of Fe3O4 (JCPDS card No. 74-0748), respectively [42]. As shown in Figure 1, the relative intensity of
diffraction peaks of MoS2 decreased to some extent due to the introduction of Fe3O4 NPs. Although the
diffraction peaks at 2θ = 39.6◦ and 49.4◦ disappeared, the characteristic diffraction peaks of MoS2 at
2θ = 14.2◦, 32.8◦ and 58.5◦ still remained or shifted slightly, indicating that the structure of MoS2 was
maintained well in the preparation of the MFN. As depicted in the XRD pattern of MFNNs, the peak at
2θ = 44.7◦demonstrated the (110) plane of Fe (JCPDS card No. 06-0696). Seen from the XRD patterns of
the MFN nanocomposite and the as-prepared MFNNs, the synthesis of nZVI did not significantly affect
the structure of MFN. Moreover, all the components (MoS2, Fe3O4, and nZVI) in the nanocomposites
were well crystallized. Good crystallization of each component indicates that their respective uniformity
is good. It can help to make the properties (such as activity and stability) of the whole nanocomposite
more uniform, which will help to ensure the reproducibility and stability of the degradation process.
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3.1.2. BET

To study the surface areas of MFNNs, nitrogen adsorption and desorption measurements were
performed. The nitrogen adsorption-desorption curves of the MNs, Fe3O4 NPs, bare nZVI, and
as-prepared MFNNs are shown in Figure 2, respectively. The BET surface areas of MNs, Fe3O4

NPs, bare nZVI, and as-prepared MFNNs were calculated to be 122.1, 42.2, 39.8, and 76.9 m2/g,
respectively. It is evident that the specific surface area of MFNNs was much larger than that of
bare nZVI. As expected, MNs significantly increased the specific surface area of nZVI. As Table 1
shows, the specific surface area of MFNNs was larger than most nZVI nanocomposites reported
before. Moreover, homogeneous MoS2 nanosheets can be easily prepared in this study and the
reproducibility of the process is good. Besides, the introduction of Fe3O4 as a spacer can isolate MoS2

from aggregation, thereby further increasing the specific surface area of the nanocomposites. This can
facilitate the adsorption and enrichment of the contaminants nearby and thus greatly enhance the
reaction activity to deal with contaminants [37].
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Table 1. Specific surface areas of different nZVI nanocomposites.

nZVI Nanocomposites Specific Surface Area (m2/g) Reference

MoS2/Fe3O4/nZVI 76.9 -
g-C3N4/MoS2/nZVI 37.5 [43]

nZVI/C yolk–shell particles 65.0 [44]
Fe3C/C/nZVI 42.3 [45]

activated carbon/nZVI 69.4 [46]
Mg(OH)2/nZVI 40.2 [47]

3.1.3. SEM

The morphologies of the products above were investigated by SEM. As can be seen from Figure 3a,
the obtained MoS2 was mainly comprised of nanosheets with a uniform lateral size of about 100 nm,
which was consistent with the study of Zhang et al. [48]. Figure 3b showed that magnetic Fe3O4

NPs were uniform in shape and size (about 60 nm) and well anchored on the surface of MNs. It is
worth mentioning that by the synthesis method described in this study, MNs could not only provide a
support for the growth of magnetic Fe3O4 NPs, but also inhibit their aggregation [49]. On the other
hand, Fe3O4 NPs can also act as spacers between the MNs, preventing them from restacking in most
solvents and thus improving their dispersity [38]. In addition, Fe3O4 NPs may also optimize the
hydrophilicity and thus the dispersity of MNs. Contact angles of these materials have been tested to
figure out their hydrophilicity. The results showed that the contact angles of Fe3O4 NPs, MNs, and
MFNNs in our study were 75.5◦, 94.0◦, and 87.0◦, respectively. A lower water contact angle means a
higher surface energy, better wettability, and thus stronger hydrophilicity. Therefore, a contact angle
measurement can provide evidence that Fe3O4 NPs could optimize the hydrophilicity and thus the
dispersity of MNs. MFN obtained in this study could be well dispersed in water after sonication.
Owing to this favorable property, MFNNs were then easily prepared in water by the borohydride
reduction method. Seen from Figure 3c, NPs (about 50–60 nm) were well dispersed on the surface
of MNs. MNs could protect nZVI NPs from surface oxidation and act as a support matrix for better
dispersity. However, it is difficult to distinguish nZVI from Fe3O4 NPs due to their similar shape
and size. According to Figure 3d, the size was 60–80 nm for bare nZVI NPs synthesized by the same
method. The size of nZVI in MFNNs was smaller than that of bare nZVI, which might be attributed to
the space restriction of the MFN. However, their coexistence can be illustrated by the XRD patterns
mentioned above and further confirmed by TEM-EDS and XPS analysis in the following sections.
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3.1.4. TEM-EDS

To further examine the morphologies and crystalline structures of the products above, TEM
characterization was also conducted. As shown in Figure 4a, MNs had a well-layered structure, with
an interlayer spacing of 0.64 nm corresponding to the (002) plane of hexagonal MoS2. The TEM image
of bare nZVI is shown in Figure 4b. It can be seen that bare nZVI NPs suffered from the problem of
aggregation and formed chains which would result in the loss of dispersity, mobility, and specific
surface area. Therefore, MFNNs were designed to inhibit the aggregation of NPs by acting as a support
and spacer. As shown in Figure 4c,d, NPs were dispersed evenly onto the MNs. Figure 4e,f show
Fe3O4 NPs and nZVI at a higher magnification, respectively. In fact, many studies have reported
the preparation of Fe3O4/MoS2 nanocomposites in different routes and their results also showed
that Fe3O4 NPs tend to disperse evenly onto the MNs [50–52]. However, the reason for the uniform
distribution of Fe3O4 NPs on MoS2 is seldom discussed. Our hypothesis can be stated as follows.
Iron ions are of an 18 electron configuration and easy to polarize. Thus, they have the tendency to
form a covalent bond with S2−, which belongs to the soft base and is also easy to polarize. Since S2− is
evenly distributed in the MoS2 nanosheets, the interactions between S2− and the bonding iron ions
will facilitate to improve the uniformity of Fe3O4 NPs on MoS2 nanosheets. The study of Harris and
Szilagyi [53] can support our explanation to a certain degree.
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Besides, elemental components analysis was also performed by an energy-dispersive X-ray
spectrometer (EDS) equipped in TEM. As depicted in Figure 5, elemental peaks of Mo, S, Fe, and O
were clear with C and Cu peaks coming from the grid. Furthermore, quantitative analysis revealed
that the weight ratio of Mo, S, Fe, and O was about 8.81:7.79:5.53:1, which was close to the theoretical
value of 8.97:7.90:5.41:1 (MoS2:Fe3O4:Fe = 5.36:1.30:1, weight ratio). Thus, the formation of both nZVI
and Fe3O4 NPs could be verified.
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3.1.5. XPS

As a versatile surface analysis technique, XPS is frequently used for compositional and chemical
states analysis. Figure 6 showed the overall XPS spectrum of the MFNNs and individual Mo 3d,
S 2p, Fe 2p, and O 1s XPS spectrums of the MFNNs, as well as the Fe 2p XPS spectrum of bare nZVI.
As shown in Figure 6a, although the Cl element from the preparation processes also existed in MFNNs,
its content was very low and was therefore negligible. The Mo 3d spectrum (Figure 6b) had two major
peaks at 232.4 and 228.7 eV, corresponding to Mo 3d3/2 and 3d5/2 orbitals, respectively. The peaks
for the S 2p1/2 and 2p3/2 orbitals of S2− (Figure 6c) can be observed at 162.8 and 161.8 eV. The two
distinct peaks at 724.6 and 710.9 eV corresponding to the Fe 2p1/2 and 2p3/2 orbitals (Figure 6d), as
well as the peak at 530.1 eV corresponding to the O 1s orbital (Figure 6e), agreed well with the XPS of
Fe3O4. The O1s spectrum of the nanocomposite could be decomposed into two peaks corresponding
to Fe–O (530.0 eV) and hydroxyl groups (532.0 eV), respectively. Besides, no satellite peak at 719 eV
could be seen, revealing that there was no Fe2O3, which could be formed by the surface oxidation of
nZVI. Moreover, the peak at 706.9 eV of Fe0 (nZVI) was also very distinguished, demonstrating the
high content of nZVI in MFNNs. By contrast, in the XPS of bare nZVI (Figure 6f), there was a satellite
peak at 719 eV, implying that a layer of iron oxides (containing Fe2O3) definitely existed on the nZVI
surface. As a consequence, the peak (at 706.3 eV) for Fe0 of bare nZVI was weak due to the limitation
of XPS (less than 10 nm probing depth). In summary, the significant peaks corresponding to Fe3O4

and nZVI could verify the uniform loading of both of them on MNs. Furthermore, the comparison
between nZVI on MNs and bare nZVI proved that MNs could effectively protect nZVI from surface
oxidation and thus enhance its reactivity.
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3.2. The Composition of MFNNs

As the ratio of MoS2, Fe3O4, and nZVI will have a significant influence on the performance of
MFNNs, it is of extreme importance to determine the optimum composition of MFNNs. The dosage
of Fe3O4 introduced to MNs should be big enough to inhibit the aggregation of MNs and facilitate
the separation of MFNNs. On the other hand, to ensure enough space for more nZVI particles to be
loaded on MNs, the amount of immobilized Fe3O4 should be controlled. Figure 7a shows the TEM of
MNs with overloaded Fe3O4 particles (MoS2:Fe3O4 weight ratio of 5:2), which was unfavorable for
the following synthesis of MFNNs. After parallel experiments with different weight feed ratios of
MoS2 and Fe3O4, the weight ratio of 4:1 was found to be the optimum value for this consideration.
Therefore, the MoS2/Fe3O4 nanocomposite (weight ratio of 4:1) was chosen to further prepare MFNNs.
Since nZVI is the reactive component in MFNNs for the treatment of contaminants, it is crucial to
improve the ratio of nZVI to get a higher reactivity. However, the ratio should also be controlled below
saturation. No free nZVI unbound to MFN should be observed. Otherwise, excess nZVI (relatively to
MFN, see Figure 7b) will form aggregates. After trials, the weight ratio of 4:1:0.77 (MoS2:Fe3O4:nZVI)
was eventually determined to be the optimum value for MFNNs. The typical synthesis process has
been described in Sections 2.2 and 2.3.
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Figure 7. TEM images of (a) MFN loaded with excess Fe3O4 particles (MoS2:Fe3O4, weight ratio of
5:2), (b) MFNNs with excess free nZVI particles (MoS2:Fe3O4:nZVI, weight ratio of 4:1:1.15).

3.3. Simultaneous Removal of Cr(VI) and 4-CP by Various Materials

In Figure 8, the performance of MNs, Fe3O4 NPs, bare nZVI, MFN, and MFNNs during the removal
of Cr(VI) and 4-CP was demonstrated. The order of removal capacity for both Cr(VI) and 4-CP turned
out to be MFNNs > MFN > MNs > nZVI > Fe3O4 NPs. It indicates that Cr(VI) could be completely
removed by MFNNs in about 15 min. As mentioned above, H2O2 solution was added into the system at
15 min. Therefore, the added H2O2 was not consumed by Cr(VI) and could be used to oxidize 4-CP and
its intermediates in the process. As Figure 8b shows, the addition of H2O2 led to a significant decrease
of 4-CP by all the five materials. Particularly, since Fe2+ could be produced in the reduction of Cr(VI) by
MFNNs and bare nZVI, the addition of H2O2 would form a Fenton system and thus greatly contribute
to the further removal of 4-CP. The removal mechanism is illustrated in Scheme 2.

Nanomaterials 2017, 7, 303  10 of 19 

 

 

Figure 7. TEM images of (a) MFN loaded with excess Fe3O4 particles (MoS2:Fe3O4, weight ratio of 5:2), 
(b) MFNNs with excess free nZVI particles (MoS2:Fe3O4:nZVI, weight ratio of 4:1:1.15). 

3.3. Simultaneous Removal of Cr(VI) and 4-CP by Various Materials 

In Figure 8, the performance of MNs, Fe3O4 NPs, bare nZVI, MFN, and MFNNs during the 
removal of Cr(VI) and 4-CP was demonstrated. The order of removal capacity for both Cr(VI) and 4-
CP turned out to be MFNNs > MFN > MNs > nZVI > Fe3O4 NPs. It indicates that Cr(VI) could be 
completely removed by MFNNs in about 15 min. As mentioned above, H2O2 solution was added into 
the system at 15 min. Therefore, the added H2O2 was not consumed by Cr(VI) and could be used to 
oxidize 4-CP and its intermediates in the process. As Figure 8b shows, the addition of H2O2 led to a 
significant decrease of 4-CP by all the five materials. Particularly, since Fe2+ could be produced in the 
reduction of Cr(VI) by MFNNs and bare nZVI, the addition of H2O2 would form a Fenton system and 
thus greatly contribute to the further removal of 4-CP. The removal mechanism is illustrated in 
Scheme 2. 

 

Figure 8. Effect of catalyst species on the simultaneous removal of (a) Cr(VI) and (b) 4-CP. 
(Experiment conditions: [Cr(VI)]0 = 10.0 mg/L, [4-CP]0= 100.0 mg/L,[catalyst]= 0.20 g/L, [H2O2]0 = 4.90 
mM, pH = 3.0).  

Figure 8. Effect of catalyst species on the simultaneous removal of (a) Cr(VI) and (b) 4-CP. (Experiment
conditions: [Cr(VI)]0 = 10.0 mg/L, [4-CP]0= 100.0 mg/L,[catalyst]= 0.20 g/L, [H2O2]0 = 4.90 mM, pH = 3.0).

In addition, according to Figure 8b, 4-CP could be completely removed by MFNNs and H2O2 in
about 30 min. In comparison, 4-CP could not be fully removed by other systems in 60 min, including
bare nZVI. Without support, the removal efficiency of bare nZVI was very low due to the rapid
formation of passive film by oxidation. MFN showed a higher efficiency than MNs, illustrating
that the introduction of Fe3O4 NPs to MNs not only brought in magnetism, but also enhanced the
adsorption capacity of MNs. This was mainly due to the above-mentioned synergistic effect between
MNs and Fe3O4. More importantly, the removal efficiency of MFNNs was much higher than that of
MNs, Fe3O4 NPs, and bare nZVI, proving the existence of a synergistic effect in this system. It has
been previously reported that when coupling with Fe3O4 or support, nZVI can form numerous small
batteries, accelerate the electron transform from Fe0 to Fe3O4, and then provide more reactive sites [54].
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More active sites on the surface can promote the removal of Cr(VI) and 4-CP. The synergistic effects of
MNs, Fe3O4, and nZVI all contributed to the high removal efficiency of Cr(VI) and 4-CP by MFNNs.Nanomaterials 2017, 7, 303  11 of 19 
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3.4. Effect of MFNNs Dosage

The MFNN dosage was changed from 0.05 g/L to 0.80 g/L to study its effect on the removal of
Cr(VI) and 4-CP. As shown in Figure 9a, the removal efficiency of Cr(VI) increased with the increment
of MFNN dosage when it was below 0.40 g/L. No significant improvement could be seen when the
dosage was further increased to 0.80 g/L. Meanwhile, according to Figure 9b, the removal of 4-CP
before adding H2O2 was accelerated when the dosage of MFNN was increased from 0.05 g/L to
0.80 g/L. After the addition of H2O2 at 15 min, the removal rates of 4-CP first increased with the
increase of MFNN dosage at the range of 0.05–0.20 g/L, and then showed no significant increment
when the dosage was above 0.20 g/L. A higher MFNN dosage suggested more nZVI in the system,
facilitating the removal of Cr(VI) and 4-CP by reduction and thus produced more Fe2+ to form a Fenton
system with H2O2. However, as shown in Equation (1), too much Fe2+ can consume ·OH, impeding
a further increase of 4-CP removal by a Fenton reaction [12]. Therefore, to achieve a high removal
efficiency and reduce the cost, the MFNN dosage should be controlled.

Fe2+ + ·OH→ Fe3+ + OH− (1)
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Figure 9. Effect of MFNN dosage on the simultaneous removal of (a) Cr(VI) and (b) 4-CP. (Experiment
conditions: [Cr(VI)]0 = 10.0 mg/L, [4-CP]0 = 100.0 mg/L, [H2O2]0 = 4.90 mM, pH = 3.0).
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3.5. Effect of Contaminant Concentrations

To evaluate the effect of the initial concentrations of Cr(VI) and 4-CP on the removal of each other,
further studies were carried out by changing their initial concentrations. According to Figure 10a,
when the initial concentration of 4-CP was increased from 0 mg/L to 40 mg/L, 100% removal of
Cr(VI) took about 20 min. When it was further increased (60–100 mg/L), the time for 100% removal of
Cr(VI) was shortened to 15 min. When it reached 120 mg/L, about 20 min was needed. It means that
the reaction rates of Cr(VI) increased when the concentration of 4-CP was increased from 0 mg/L to
60 mg/L, and kept nearly constant when the concentration of 4-CP was increased from 80 mg/L to
100 mg/L, and decreased when the concentration of 4-CP was increased from 100 mg/L to 120 mg/L.
The reason for this might be that Cl− produced in the reduction of 4-CP could facilitate the conversion
of Cr(VI) to Cr(III), but too much 4-CP would compete with Cr(VI) to react with nZVI and thus lower
the reaction rate of Cr(VI) and nZVI. Figure 10b shows that when the concentration of Cr(VI) was
increased from 0 mg/L to 20 mg/L, the time for 100% removal of 4-CP could be shortened from 30 min
to 25 min. Further increasing the concentration of Cr(VI) to 30 mg/L or 40 mg/L had no influence
on the removal rate of 4-CP. More Cr(VI) would react with more nZVI and thus produce more Fe2+

which could combine with H2O2 to form a Fenton system to degrade 4-CP and its intermediates in
a shorter time [55]. However, due to the limited amount of H2O2, the removal rate of 4-CP nearly
remained unchanged when the concentration of Cr(VI) was further increased to 30 mg/L or 40 mg/L.
Therefore, Figure 10 demonstrates that when the initial concentrations of Cr(VI) and 4-CP were
appropriate, their removal could be promoted mutually.
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Figure 10. (a) Effect of initial 4-CP concentration on Cr(VI) removal by MFNNs. (Experiment conditions:
[Cr(VI)]0 = 10.0 mg/L, [MFNNs] = 0.20 g/L, [H2O2]0 = 4.90 mM, pH = 3.0). (b) Effect of initial
Cr(VI) concentration on 4-CP removal by MFNNs. (Experiment conditions: [4-CP]0 = 100.0 mg/L,
[MFNNs] = 0.20 g/L, [H2O2]0 = 4.90 mM, pH = 3.0).

3.6. Effect of pH

The effect of pH was also experimentally investigated at pH = 2.0, 4.0, 6.0, 8.0, and 10.0. It can be
seen from Figure 11 that pH had a significant effect on the removal of both Cr(VI) and 4-CP. With the
increase of pH, the reaction rate decreased. The results are consistent with the mechanisms shown in
Scheme 2. Since pH can affect the surface charge of nanocomposites, a lower pH will lead to a more
positive surface charge, making it easier to attract the negative Cr(VI). When the pH increases, the
enhanced electrostatic repulsion between the negative surface of MFNNs and Cr(VI) ions will result
in a lower removal efficiency [2]. Moreover, at a higher pH, Cr(III) tends to form Cr(OH)3, which
will adsorb on the surface of MFNNs, affecting the performance of nZVI [12]. On the other hand, the
dechlorination reaction process in Scheme 2 can be briefly described by Equation (2). A higher pH
suggested a lower concentration of H+, which was unfavorable for the reaction. Besides, the optimal
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pH of Fenton reaction is 2–4 [56] since the oxidation potential of ·OH produced by H2O2 decreases
with the increment of pH [57]. What is more, it had been previously reported that the surface oxidation
of bare nZVI would become more prominent at a higher pH, leading to the decrease of its reactivity
and reaction rate [54,58]. Therefore, acidic conditions are preferable for the removal of Cr(VI) and 4-CP
in wastewater. The conclusion agrees well with other studies on wastewater containing Cr(VI) and
4-CP [9,59,60].

Fe + H+ + RCl→ Fe2+ + RH + Cl− (2)
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3.7. Adsorption Isotherm and Kinetics

As illustrated in our paper, the degradation process of 4-CP consisted of two steps: (1) add
MFNNs to dechlorinate 4-CP; (2) add H2O2 to completely oxidize the intermedium after dichlorination.
It is less meaningful to study the adsorption isotherms and kinetics of 4-CP since the process consists
of two steps with different mechanisms. In comparison, the removal of Cr(VI) is achieved by MFNNs
alone. Thus, the adsorption isotherm and kinetics of Cr(VI) is studied. The equilibrium adsorption
capacity qe (mg/g) of Cr(VI) is calculated by Equation (3).

qe =
(c0 − ce)V

m
(3)

where c0 and ce are the initial and equilibrium concentrations (mg/L) of Cr(VI), respectively. V is the
volume of wastewater (L) and m is the mass of the adsorbent used (g).

To assess the adsorption capacity of adsorbents and facilitate the understanding of the adsorption
mechanism, an adsorption isotherm was investigated with two frequently used models—the Langmuir
model (Equation (4)) which assumes ideal monolayer adsorption onto a surface with identical
adsorption sites and the Freundlich model (Equation (5)) which is an empirical model for a
heterogeneous surface possessing different adsorption sites [61,62].

ce

qe
=

1
bqm

+
ce

qm
(4)

ln qe = ln K +
1
n

ln ce (5)

where qm (mg/g) is the maximum adsorption capacity for monolayer coverage and b (L/mg) is a
constant. Their values can be calculated from the slopes and intercepts of the linear plots of ce/qe versus
ce for Equation (4), respectively. K (mg1−(1/n) L1/n/g) is a constant related to the sorption capacity,
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and n is an empirical parameter related to surface heterogeneity. Their values can be calculated from
Equation (5).

The calculated results are listed in Table 2. As a higher value of R2 indicates a better-fit
model, the adsorption of Cr(VI) onto MFNNs turns out to follow the Langmuir model, suggesting
monolayer adsorption.

Table 2. Parameters of the Langmuir and Freundlich models for the adsorption of Cr(VI) on MFNNs.

Langmuir Freundlich

qm (mg/g) 346.34 K (mg1−(1/n) L1/n/g) 0.103
b (L/mg) 0.013 n 1.64

R2 0.986 R2 0.919

Adsorption kinetics can provide information on the adsorption mechanism and develop
appropriate mathematical models to describe the interactions. In this study, pseudo first-order
(Equation (6)) and pseudo second-order (Equation (7)) were used to fit the experimental data [61,62].

ln(qe − qt) = ln qe − k1t (6)

t
qt

=
1

k2q2
e
+

t
qe

(7)

where qe is the concentration of Cr(VI) adsorbed after equilibrium, qt is the concentration of Cr(VI)
adsorbed in time t, k1 (min−1) is the pseudo first-order rate constant. qe and k1 can be calculated from
the intercepts and slopes of the straight lines obtained from plotting ln(qe − qt) vs. t, respectively.
k2 (g/(mg·min)) is the pseudo second-order rate constant. qe and k2 can be calculated from the
intercepts and slopes of the straight lines obtained from plotting t/qt vs. t, respectively.

The results are shown in Table 3. According to the values of R2, the adsorption of Cr(VI) by
MFNNs can be considered to obey the pseudo first-order model.

Table 3. Parameters of the pseudo first and second-order kinetic models for the adsorption of Cr(VI)
on MFNNs.

Pseudo First-Order Pseudo Second-Order

qe, cal (mg/g) 327.17 qe, cal (mg/g) 319.88
k1 (min−1) 0.123 k2 ((g/(mg·min)) 0.0131

R2 0.990 R2 0.902

3.8. Effect of H2O2 Concentration

Since H2O2 was added into the system at 15 min when Cr(VI) had been completely removed
under the given experiment conditions, there was no need to study the effect of H2O2 concentration
on Cr(VI) removal. As shown in Figure 12, the effect of H2O2 concentration on the removal of 4-CP
was studied. With the increasing of H2O2 concentration, the removal efficiency of 4-CP increased
first and then decreased. More H2O2 could produce more ·OH, promoting the Fenton reaction in the
system. However, as shown in Equation (8), ·OH could also be consumed by excess H2O2, leading
to the loss of removal efficiency [12]. Besides, MoS2 may be oxidized to MoO3 by excess H2O2, and
thus the synergistic effect between MNs and Fe3O4 NPs would be hindered and the specific surface
area of MFNNs would be reduced, leading to the decrease of MFNNs performance. Therefore, the
concentration of H2O2 should be controlled at an appropriate range.

H2O2 + ·OH→ H2O + HO2· (8)
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3.9. Recyclability

Since MFNNs in this study were designed for convenient recovery by magnetic separation, their
recovery and reusability were also investigated. In successive experiments, MFNNs were separated
from wastewater by a magnet, washed with water and ethanol, and dried under vacuum. The results
in Figure 13 show that MFNNs could be successfully recycled and reused for at least five consecutive
runs with a removal rate of no less than 93% for Cr(VI) within 15 min and no less than 90% for 4-CP
within 60 min, revealing excellent recycling and structural stability. Although nanomaterials based on
nZVI have been put forward for the simultaneous removal of Cr(VI) and phenols, their separation and
reuse have seldom been reported before [12,63,64].
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Figure 13. (a) Photographs of the nanocomposites in aqueous solution before (left) and after (right)
the placement of a magnet. (b) The reusability of MFNNs for the removal of Cr(VI) in 15 min and 4-CP
in 60 min. (Experiment conditions: [Cr(VI)]0 = 10.0 mg/L, [4-CP]0 = 100.0 mg/L, [MFNNs] = 0.20 g/L,
[H2O2]0 = 4.90 mM, pH = 3.0).

4. Conclusions

In this study, novel MoS2/Fe3O4/nZVI nanocomposites were successfully synthesized by a facile
step-by-step method and overcame the drawbacks of nZVI-oxidation, aggregation, and separation.
Due to the synergistic effect between MoS2 nanosheets and Fe3O4 nanoparticles, the efficiency of
MFNNs increased more than fivefold for the simultaneous removal of Cr(VI) and 4-CP in wastewater.
Moreover, MFNNs could be successfully recycled and reused for at least five consecutive runs with a
removal rate of no less than 93% for Cr(VI) within 15 min and no less than 90% for 4-CP within 60 min.
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Therefore, the novel MoS2/Fe3O4/nZVI nanocomposites hold great potential for the simultaneous
removal of heavy metals and organic pollutants in wastewater treatment.

Acknowledgments: This research was financially supported by National Key Research and Development Program
of China (no. 2016YFB0600504).

Author Contributions: Haijiao Lu and Hongxun Hao conceived and designed the experiments; Haijiao Lu
performed the experiments and analyzed the data; Ting Wang contributed materials; Haijiao Lu, Hongxun Hao,
and Jingkang Wang wrote the paper.

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

References

1. Wang, Y.; Fang, Z.; Kang, Y.; Tsang, E. Immobilization and phytotoxicity of chromium in contaminated soil
remediated by CMC-stabilized nZVI. J. Hazard. Mater. 2014, 275, 230–237. [CrossRef] [PubMed]

2. Lv, X.S.; Xu, J.; Jiang, G.M.; Tang, J.; Xu, X.H. Highly active nanoscale zero-valent iron (nZVI)-Fe3O4

nanocomposites for the removal of chromium(VI) from aqueous solutions. J. Colloid Interface Sci. 2012,
369, 460–469. [CrossRef] [PubMed]

3. Shi, L.N.; Zhang, X.; Chen, Z.L. Removal of chromium(VI) from wastewater using bentonite-supported
nanoscale zero-valent iron. Water Res. 2011, 45, 886–892. [CrossRef] [PubMed]

4. Sabhi, S.; Kiwi, J. Degradation of 2,4-dichlorophenol by immobilized iron catalysts. Water Res. 2001,
35, 1994–2002. [CrossRef]

5. Xu, J.; Lv, X.S.; Li, J.D.; Li, Y.Y.; Shen, L.; Zhou, H.Y.; Xu, X.H. Simultaneous adsorption and dechlorination of
2,4-dichlorophenol by Pd/Fe nanoparticles with multi-walled carbon nanotube support. J. Hazard. Mater.
2012, 225–226, 36–45. [CrossRef] [PubMed]

6. Baeza, J.A.; Calvo, L.; Gilarranz, M.A.; Rodriguez, J.J. Effect of size and oxidation state of size-controlled
rhodium nanoparticles on the aqueous-phase hydrodechlorination of 4-chlorophenol. Chem. Eng. J. 2014,
240, 271–280. [CrossRef]

7. Toth, A.; Torocsik, A.; Tombacz, E.; Laszlo, K. Competitive adsorption of phenol and 3-chlorophenol on
purified MWCNTs. J. Colloid Interface Sci. 2012, 387, 244–249. [CrossRef] [PubMed]

8. Dong, Z.P.; Le, X.D.; Liu, Y.S.; Dong, C.X.; Ma, J.T. Metal organic framework derived magnetic porous
carbon composite supported gold and palladium nanoparticles as highly efficient and recyclable catalysts
for reduction of 4-nitrophenol and hydrodechlorination of 4-chlorophenol. J. Mater. Chem. A 2014, 2,
18775–18785. [CrossRef]

9. Yin, X.C.; Liu, W.; Ni, J.R. Removal of coexisting Cr(VI) and 4-chlorophenol through reduction and Fenton
reaction in a single system. Chem. Eng. J. 2014, 248, 89–97. [CrossRef]

10. Liang, D.W.; Yang, Y.H.; Xu, W.W.; Peng, S.K.; Lu, S.F.; Xiang, Y. Nonionic surfactant greatly enhances the
reductive debromination of polybrominated diphenyl ethers by nanoscale zero-valent iron: Mechanism and
kinetics. J. Hazard. Mater. 2014, 278, 592–596. [CrossRef] [PubMed]

11. Xiong, Z.K.; Lai, B.; Yang, P.; Zhou, Y.X.; Wang, J.L.; Fang, S.P. Comparative study on the reactivity of Fe/Cu
bimetallic particles and zero valent iron (ZVI) under different conditions of N2, air or without aeration.
J. Hazard. Mater. 2015, 297, 261–268. [CrossRef] [PubMed]

12. Hoag, G.E.; Collins, J.B.; Holcomb, J.L.; Hoag, J.R.; Nadagouda, M.N. Degradation of bromothymol blue by
‘greener’ nano-scale zero-valent iron synthesized using tea polyphenols. J. Mater. Chem. 2009, 19, 8671–8677.
[CrossRef]

13. Wang, X.Y.; Zhu, M.P.; Liu, H.L.; Ma, J.; Fang, L. Modification of Pd-Fe nanoparticles for catalytic
dechlorination of 2,4-dichlorophenol. Sci. Total Environ. 2013, 449, 157–167. [CrossRef] [PubMed]

14. Arancibia, M.N.; Baltazar, S.E.; García, A.; Daniela, M.L.; Pamela, S.; Maria, A.R.; Dora, A. Nanoscale zero
valent supported by Zeolite and Montmorillonite: Template effect of the removal of lead ion from an aqueous
solution. J. Hazard. Mater. 2015, 301, 371–380. [CrossRef] [PubMed]

15. Lan, L.; Pan, B.C.; Zhang, W.X. Removal of selenium from water with nanoscale zero-valent iron: Mechanisms
of intraparticle reduction of Se(IV). Water Res. 2015, 71, 274–281.

16. Li, Y.M.; Zhang, Y.; Li, J.F.; Sheng, G.D.; Zheng, X.M. Enhanced reduction of chlorophenols by nanoscale
zerovalent iron supported on organobentonite. Chemosphere 2013, 92, 368–374. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jhazmat.2014.04.056
http://www.ncbi.nlm.nih.gov/pubmed/24880637
http://dx.doi.org/10.1016/j.jcis.2011.11.049
http://www.ncbi.nlm.nih.gov/pubmed/22177747
http://dx.doi.org/10.1016/j.watres.2010.09.025
http://www.ncbi.nlm.nih.gov/pubmed/20950833
http://dx.doi.org/10.1016/S0043-1354(00)00460-7
http://dx.doi.org/10.1016/j.jhazmat.2012.04.061
http://www.ncbi.nlm.nih.gov/pubmed/22609387
http://dx.doi.org/10.1016/j.cej.2013.11.091
http://dx.doi.org/10.1016/j.jcis.2012.07.064
http://www.ncbi.nlm.nih.gov/pubmed/22939426
http://dx.doi.org/10.1039/C4TA04010D
http://dx.doi.org/10.1016/j.cej.2014.03.017
http://dx.doi.org/10.1016/j.jhazmat.2014.06.030
http://www.ncbi.nlm.nih.gov/pubmed/25019577
http://dx.doi.org/10.1016/j.jhazmat.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25978189
http://dx.doi.org/10.1039/b909148c
http://dx.doi.org/10.1016/j.scitotenv.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23425792
http://dx.doi.org/10.1016/j.jhazmat.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26384998
http://dx.doi.org/10.1016/j.chemosphere.2013.01.030
http://www.ncbi.nlm.nih.gov/pubmed/23399303


Nanomaterials 2017, 7, 303 17 of 19

17. Xu, F.Y.; Deng, S.B.; Xu, J.; Zhang, W.; Wu, M.; Wang, B.; Huang, J.; Yu, G. Highly Active and Stable Ni-Fe
Bimetal Prepared by Ball Milling for Catalytic Hydrodechlorination of 4-Chlorophenol. Environ. Sci. Technol.
2012, 46, 4576–4582. [CrossRef] [PubMed]

18. Lu, H.J.; Wang, J.K.; Ferguson, S.; Wang, T.; Bao, Y.; Hao, H.X. Mechanism, Synthesis and Modification of
Nano Zerovalent Iron in Water Treatment. Nanoscale 2016, 8, 9962–9975. [CrossRef] [PubMed]

19. Luo, S.; Liu, T.; Peng, L.; Shao, J.; Zeng, Q.; Gu, J. Synthesis of nanoscale zero-valent iron immobilized in
alginate microcapsules for removal of Pb(II) from aqueous solution J. Mater. Chem. A 2014, 2, 15463–15472.
[CrossRef]

20. Magdalena, S.; Oleszczuk, P.; Yong, S.O. Review on nano zerovalent iron (nZVI): From synthesis to
environmental applications. Chem. Eng. J. 2015, 287, 618–632.

21. Fu, F.L.; Dionysiou, D.D.; Liu, H. The use of zero-valent iron for groundwater remediation and wastewater
treatment: A review. J. Hazard. Mater. 2014, 267, 194–205. [CrossRef] [PubMed]

22. Dror, I.; Jacov, O.M.; Cortis, A.; Berkowitz, B. Catalytic Transformation of Persistent Contaminants Using
a New Composite Material Based on Nanosized Zero-Valent Iron. ACS Appl. Mater. Interfaces 2012,
4, 3416–3423. [CrossRef] [PubMed]

23. Chen, Z.X.; Jin, X.Y.; Chen, Z.L.; Megharaj, M.; Naidu, R. Removal of methyl orange from aqueous solution
using bentonite-supported nanoscale zero-valent iron. J. Colloid Interface Sci. 2011, 363, 601–607. [CrossRef]
[PubMed]

24. Wang, X.Y.; Wang, P.; Ma, J.; Liu, H.L.; Ning, P. Synthesis, characterization, and reactivity of cellulose
modified nano zero-valent iron for dye discoloration. Appl. Surf. Sci. 2015, 345, 57–66. [CrossRef]

25. Li, A.; Tai, C.; Zhao, Z.S.; Wang, Y.W.; Zhang, Q.H.; Jiang, G.B.; Hu, J.T. Debromination of Decabrominated
Diphenyl Ether by Resin-Bound Iron Nanoparticles. Environ. Sci. Technol. 2007, 41, 6841–6846. [CrossRef]
[PubMed]

26. Bhaumik, M.; Noubactep, C.; Gupta, V.K.; McCrindle, R.I.; Maity, A. Polyaniline/Fe0 composite nanofibers:
An excellent adsorbent for the removal of arsenic from aqueous solutions. Chem. Eng. J. 2015, 271, 135–146.
[CrossRef]

27. Li, X.Y.; Ai, L.H.; Jiang, J. Nanoscale zerovalent iron decorated on graphene nanosheets for Cr(VI) removal
from aqueous solution: Surface corrosion retard induced the enhanced performance. Chem. Eng. J. 2016,
288, 789–797. [CrossRef]

28. Zhu, C.F.; Zeng, Z.Y.; Li, H.; Li, F.; Fan, C.H.; Zhang, H. Single-Layer MoS2-Based Nanoprobes for
Homogeneous Detection of Biomolecules. J. Am. Chem. Soc. 2013, 135, 5998–6001. [CrossRef] [PubMed]

29. Late, D.J.; Liu, B.; Matte, H.S.S.; Matte, R.; Dravid, V.P.; Rao, C.N.R. Hysteresis in Single-Layer MoS2 Field
Effect Transistors. ACS Nano 2012, 6, 5635–5641. [CrossRef] [PubMed]

30. Yao, Y.G.; Tolentino, L.; Yang, Z.Z.; Song, X.J.; Zhang, W.; Chen, Y.S.; Wong, C.P. High-Concentration Aqueous
Dispersions of MoS2. Adv. Funct. Mater. 2013, 23, 3577–3583. [CrossRef]

31. Wang, J.; Zhang, W.T.; Yue, X.Y.; Yang, Q.F.; Liu, F.B.; Wang, Y.; Zhang, D.H.; Li, Z.H.; Wang, J.L. One-pot
synthesis of multifunctional magnetic ferrite-MoS2-carbon dot nanohybrid adsorbent for efficient Pb(II)
removal. J. Mater. Chem. A 2016, 4, 3893–3900. [CrossRef]

32. Li, H.; Wu, J.; Yin, Z.Y.; Zhang, H. Preparation and Applications of Mechanically Exfoliated Single-Layer and
Multilayer MoS2 and WSe2 Nanosheets. Acc. Chem. Res. 2014, 47, 1067–1075. [CrossRef] [PubMed]

33. Pham, V.H.; Kim, K.H.; Jung, D.W.; Singh, K.; Oh, E.S.; Chung, J.S. Liquid phase co-exfoliated MoS2-graphene
composites as anode materials for lithium ion batteries. J. Power Sources 2013, 244, 280–286. [CrossRef]

34. Zhang, W.J.; Huang, J.K.; Chen, C.H.; Chang, Y.H.; Cheng, Y.J.; Li, L.J. High-Gain Phototransistors Based on
a CVD MoS2 Monolayer. Adv. Funct. Mater. 2013, 25, 3456–3461. [CrossRef] [PubMed]

35. Ding, S.J.; Zhang, D.Y.; Chen, J.S.; Lou, X.W. Facile synthesis of hierarchical MoS2 microspheres composed of
few-layered nanosheets and their lithium storage properties. Nanoscale 2012, 4, 95–98. [CrossRef] [PubMed]

36. Cheng, Z.H.; He, B.Z.; Zhou, L. A general one-step approach for in situ decoration of MoS2 nanosheets with
inorganic nanoparticles. J. Mater. Chem. A 2015, 3, 1042–1048. [CrossRef]

37. Wang, L.C.; Ni, S.Q.; Guo, C.L.; Qian, Y.T. One pot synthesis of ultrathin boron nitride nanosheet-supported
nanoscale zerovalent iron for rapid debromination of polybrominated diphenyl ethers. J. Mater. Chem. A
2013, 1, 6379–6387. [CrossRef]

http://dx.doi.org/10.1021/es203876e
http://www.ncbi.nlm.nih.gov/pubmed/22435541
http://dx.doi.org/10.1039/C6NR00740F
http://www.ncbi.nlm.nih.gov/pubmed/27128356
http://dx.doi.org/10.1039/C4TA02920H
http://dx.doi.org/10.1016/j.jhazmat.2013.12.062
http://www.ncbi.nlm.nih.gov/pubmed/24457611
http://dx.doi.org/10.1021/am300402q
http://www.ncbi.nlm.nih.gov/pubmed/22680618
http://dx.doi.org/10.1016/j.jcis.2011.07.057
http://www.ncbi.nlm.nih.gov/pubmed/21864843
http://dx.doi.org/10.1016/j.apsusc.2015.03.131
http://dx.doi.org/10.1021/es070769c
http://www.ncbi.nlm.nih.gov/pubmed/17969704
http://dx.doi.org/10.1016/j.cej.2015.02.079
http://dx.doi.org/10.1016/j.cej.2015.12.022
http://dx.doi.org/10.1021/ja4019572
http://www.ncbi.nlm.nih.gov/pubmed/23570230
http://dx.doi.org/10.1021/nn301572c
http://www.ncbi.nlm.nih.gov/pubmed/22577885
http://dx.doi.org/10.1002/adfm.201201843
http://dx.doi.org/10.1039/C6TA00269B
http://dx.doi.org/10.1021/ar4002312
http://www.ncbi.nlm.nih.gov/pubmed/24697842
http://dx.doi.org/10.1016/j.jpowsour.2013.01.053
http://dx.doi.org/10.1002/adma.201301244
http://www.ncbi.nlm.nih.gov/pubmed/23703933
http://dx.doi.org/10.1039/C1NR11552A
http://www.ncbi.nlm.nih.gov/pubmed/22116582
http://dx.doi.org/10.1039/C4TA04946B
http://dx.doi.org/10.1039/c3ta10282c


Nanomaterials 2017, 7, 303 18 of 19

38. McDonnell, S.; Brennan, B.; Azcatl, A.; Lu, N.; Dong, H.; Buie, C.; Kim, J.; Hinkle, C.L.; Kim, M.J.;
Wallace, R.M. HfO2 on MoS2 by Atomic Layer Deposition: Adsorption Mechanisms and Thickness Scalability.
ACS Nano 2013, 7, 10354–10361. [CrossRef] [PubMed]

39. Razali, M.; Kim, J.F.; Attfield, M.; Budd, P.M.; Drioli, E.; Lee, Y.M.; Szekely, G. Sustainable wastewater
treatment and recycling in membrane manufacturing. Green Chem. 2015, 17, 5196–5205. [CrossRef]

40. Li, W.W.; Yu, H.Q.; He, Z. Towards sustainable wastewater treatment by using microbial fuel cells-centered
technologies. Energy Environ. Sci. 2014, 7, 911–924. [CrossRef]

41. Chang, K.; Chen, W.X. In situ synthesis of MoS2/graphene nanosheet composites with extraordinarily high
electrochemical performance for lithium ion batteries. Chem. Commun. 2011, 47, 4252–4254. [CrossRef]
[PubMed]

42. Mu, B.; Wang, A.Q. One-pot fabrication of multifunctional superparamagnetic attapulgite/Fe3O4/polyaniline
nanocomposites served as an adsorbent and catalyst support. J. Mater. Chem. A 2015, 3, 281–289. [CrossRef]

43. Wang, X.; Hong, M.Z.; Zhang, F.W.; Zhuang, Z.Y.; Yu, Y. Recyclable Nanoscale Zero Valent Iron Doped
g-C3N4/MoS2 for Efficient Photocatalysis of RhB and Cr(VI) Driven by Visible Light. ACS Sustain. Chem. Eng.
2016, 4, 4055–4063. [CrossRef]

44. Li, X.Y.; Gai, F.Y.; Guan, B.; Zhang, Y.; Liu, Y.L.; Huo, Q.S. Fe@C core-shell and Fe@C yolk-shell particles for
effective removal of 4-chlorophenol. J. Mater. Chem. A 2015, 3, 3988–3994. [CrossRef]

45. Wang, Y.X.; Sun, H.Q.; Duan, X.G.; Ang, H.M.; Tadé, M.O.; Wang, S.B. A new magnetic nano zero-valent
iron encapsulated in carbon spheres for oxidative degradation of phenol. Appl. Catal. B Environ. 2015,
172–173, 73–81. [CrossRef]

46. Zhu, H.J.; Jia, Y.F.; Wu, X.; Wang, H. Removal of arsenic from water by supported nano zero-valent iron on
activated carbon. J. Hazard. Mater. 2009, 172, 1591–1596. [CrossRef] [PubMed]

47. Liu, M.H.; Wang, Y.H.; Chen, L.T.; Zhang, Y.; Lin, Z. Mg(OH)2 Supported Nanoscale Zero Valent Iron
Enhancing the Removal of Pb(II) from Aqueous Solution. ACS Appl. Mater. Interfaces 2015, 7, 7961–7969.
[CrossRef] [PubMed]

48. Zhang, X.H.; Tang, H.; Xue, M.Q.; Li, C.S. Facile synthesis and characterization of ultrathin MoS2 nanosheets.
Mater. Lett. 2014, 130, 83–86. [CrossRef]

49. Ren, Y.M.; Yan, N.; Feng, J.; Ma, J.; Wen, Q.; Li, N.; Dong, Q. Adsorption mechanism of copper and lead ions
onto graphene nanosheet/δ-MnO2. Mater. Chem. Phys. 2012, 136, 538–544. [CrossRef]

50. Chen, Y.; Song, B.H.; Tang, X.S.; Lu, L.; Xue, J.M. Ultrasmall Fe3O4 Nanoparticle/MoS2 Nanosheet
Composites with Superior Performances for Lithium Ion Batteries. Small 2014, 10, 1536–1543. [CrossRef]
[PubMed]

51. Liu, T.; Shi, S.X.; Liang, C.; Shen, S.D.; Cheng, L.; Wang, C.; Song, X.J.; Goel, S.; Barnhart, T.E.; Cai, W.B.;
et al. Iron Oxide Decorated MoS2 Nanosheets with Double PEGylation for Chelator-Free Radiolabeling and
Multimodal Imaging Guided Photothermal Therapy. ACS Nano 2015, 9, 950–960. [CrossRef] [PubMed]

52. Song, H.J.; You, S.S.; Jia, X.H.; Yang, J. MoS2 nanosheets decorated with magnetic Fe3O4 nanoparticles and
their ultrafast adsorption for wastewater treatment. Ceram. Int. 2015, 41, 13896–13902. [CrossRef]

53. Harris, T.V.; Szilagyi, R.K. Iron-sulfur bond covalency from electronic structure calculations for classical
iron-sulfur clusters. J. Comput. Chem. 2014, 35, 540–552. [CrossRef] [PubMed]

54. Kim, G.; Jeong, W.; Choe, S. Dechlorination of atrazine using zero-valent iron (Fe0) under neutral pH
conditions. J. Hazard. Mater. 2008, 155, 502–506. [CrossRef] [PubMed]

55. Segura, Y.; Martínez, F.; Melero, J.; Fierro, J. Zero valent iron (ZVI) mediated Fenton degradation of
industrial wastewater: Treatment performance and characterization of final composites. Chem. Eng. J.
2015, 269, 298–305. [CrossRef]

56. Titus, M.; Molina, V.; Banos, M.; Gimenez, J.; Esplugas, S. Degradation of chlorophenols by means of
advanced oxidation processes: A general review. Appl. Catal. B Environ. 2004, 47, 219–256. [CrossRef]

57. Kwon, B.G.; Lee, D.S.; Kang, N.; Yoon, J. Characteristics of p-chlorophenol oxidation by Fenton’s reagent.
Water Res. 1999, 33, 2110–2118. [CrossRef]

58. Dombek, T.; Dolan, E.; Schultz, J.; Klarup, D. Rapid reductive dechlorination of atrazine by zero-valent iron
under acidic conditions. Environ. Pollut. 2001, 111, 21–27. [CrossRef]

59. Fu, H.X.; Lu, G.X.; Li, S.B. Adsorption and photo-induced reduction of Cr(VI) ion in Cr(VI)-4CP
(4-chlorophenol) aqueous system in the presence of TiO2, as photocatalyst. J. Photochem. Photobiol. A Chem.
1998, 114, 81–88. [CrossRef]

http://dx.doi.org/10.1021/nn404775u
http://www.ncbi.nlm.nih.gov/pubmed/24116949
http://dx.doi.org/10.1039/C5GC01937K
http://dx.doi.org/10.1039/C3EE43106A
http://dx.doi.org/10.1039/c1cc10631g
http://www.ncbi.nlm.nih.gov/pubmed/21380470
http://dx.doi.org/10.1039/C4TA05367B
http://dx.doi.org/10.1021/acssuschemeng.6b01024
http://dx.doi.org/10.1039/C4TA05915H
http://dx.doi.org/10.1016/j.apcatb.2015.02.016
http://dx.doi.org/10.1016/j.jhazmat.2009.08.031
http://www.ncbi.nlm.nih.gov/pubmed/19733972
http://dx.doi.org/10.1021/am509184e
http://www.ncbi.nlm.nih.gov/pubmed/25826707
http://dx.doi.org/10.1016/j.matlet.2014.05.078
http://dx.doi.org/10.1016/j.matchemphys.2012.07.023
http://dx.doi.org/10.1002/smll.201302879
http://www.ncbi.nlm.nih.gov/pubmed/24376114
http://dx.doi.org/10.1021/nn506757x
http://www.ncbi.nlm.nih.gov/pubmed/25562533
http://dx.doi.org/10.1016/j.ceramint.2015.08.023
http://dx.doi.org/10.1002/jcc.23518
http://www.ncbi.nlm.nih.gov/pubmed/24458434
http://dx.doi.org/10.1016/j.jhazmat.2007.11.092
http://www.ncbi.nlm.nih.gov/pubmed/18329167
http://dx.doi.org/10.1016/j.cej.2015.01.102
http://dx.doi.org/10.1016/j.apcatb.2003.09.010
http://dx.doi.org/10.1016/S0043-1354(98)00428-X
http://dx.doi.org/10.1016/S0269-7491(00)00033-6
http://dx.doi.org/10.1016/S1010-6030(98)00205-6


Nanomaterials 2017, 7, 303 19 of 19

60. Kumar, A.; Guo, C.S.; Sharma, G.; Pathania, D.; Naushad, M.; Kalia, S.; Dhiman, P. Magnetically recoverable
ZrO2/Fe3O4/chitosan nanomaterials for enhanced sunlight driven photoreduction of carcinogenic Cr(VI)
and dechlorination & mineralization of 4-chlorophenol from simulated waste water. RSC Adv. 2016,
6, 13251–13263.

61. Homaeigohar, S.; Zillohu, A.U.; Abdelaziz, R.; Hedayati, M.K.; Elbahri, M. A Novel Nanohybrid Nanofibrous
Adsorbent for Water Purification from Dye Pollutants. Materials 2016, 9, 848. [CrossRef] [PubMed]

62. Sun, X.T.; Yang, L.G.; Li, Q.; Zhao, J.M.; Li, X.P.; Wang, X.Q.; Liu, H.Z. Amino-functionalized magnetic
cellulose nanocomposite as adsorbent for removal of Cr(VI): Synthesis and adsorption studies. Chem. Eng. J.
2014, 241, 175–183. [CrossRef]

63. Diao, Z.H.; Xu, X.R.; Jiang, D.; Kong, L.J.; Sun, Y.X.; Hu, Y.X.; Hao, Q.W.; Chen, H. Bentonite-supported
nanoscale zero-valent iron/persulfate system for the simultaneous removal of Cr(VI) and phenol from
aqueous solutions. Chem. Eng. J. 2016, 302, 213–222. [CrossRef]

64. Deng, Y.C.; Tang, L.; Zeng, G.M.; Zhu, Z.J.; Yan, M.; Zhou, Y.Y.; Wang, J.J.; Liu, Y.N.; Wang, J.J. Insight into
highly efficient simultaneous photocatalytic removal of Cr(VI) and 2,4-diclorophenol under visible light
irradiation by phosphorus doped porous ultrathin g-C3N4 nanosheets from aqueous media: Performance
and reaction mechanism. Appl. Catal. B Environ. 2017, 203, 343–354. [CrossRef]

© 2017 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/10.3390/ma9100848
http://www.ncbi.nlm.nih.gov/pubmed/28773968
http://dx.doi.org/10.1016/j.cej.2013.12.051
http://dx.doi.org/10.1016/j.cej.2016.05.062
http://dx.doi.org/10.1016/j.apcatb.2016.10.046
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of MoS2 Nanosheets (MNs) 
	Synthesis of MoS2/Fe3O4 Nanocomposite (MFN) 
	Synthesis of MoS2/Fe3O4/nZVI Nanocomposites (MFNNs) 
	Characterization 
	Simultaneous Removal of Cr(VI) and 4-CP 

	Results and Discussion 
	Characterization 
	XRD 
	BET 
	SEM 
	TEM-EDS 
	XPS 

	The Composition of MFNNs 
	Simultaneous Removal of Cr(VI) and 4-CP by Various Materials 
	Effect of MFNNs Dosage 
	Effect of Contaminant Concentrations 
	Effect of pH 
	Adsorption Isotherm and Kinetics 
	Effect of H2O2 Concentration 
	Recyclability 

	Conclusions 

