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a b s t r a c t
Polyaniline (PANI) was modified onto 3D flower-like molybdenum disulfide (MoS2) to prepare a novel
organic–inorganic hybrid material, PANI@MoS2. PANI@MoS2 was characterized by scanning and transmission electron microscopy, Fourier transform infrared spectroscopy, X-ray diffraction and thermogravimetric analysis. The results indicate that PANI was modified onto MoS2. PANI@MoS2 was applied as an
adsorbent to remove Cr(VI) from aqueous solutions, and the adsorption isotherms fit well to the
Langmuir model; the maximum removal capacity of Cr(VI) by PANI@MoS2 was 526.3 and 623.2 mg/g
at pH 3.0 and 1.5, respectively. PANI@MoS2 exhibited an enhanced removal capacity of Cr(VI) in comparison with bare MoS2 and other adsorbents. The adsorption of Cr(VI) on PANI@MoS2 might be attributed to
the complexation between the amine and imine groups on the surface of PANI@MoS2 with Cr(VI). This
study implies that the hybrid material PANI@MoS2 is a potential adsorbent for Cr(VI) removal from large
volumes of aqueous solutions.
Ó 2016 Elsevier Inc. All rights reserved.

1. Introduction
Chromium is a highly toxic element in water [1]. Large amounts
of Cr-contaminated wastewater are discharged into the environ-
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ment due to the common use of this metal in a number of industrial processes, such as electronics, electroplating, wood
preservation and leather tanning [2,3]. Cr(VI) has high mobility
and carcinogenic and mutagenic effects, posing a serious threat
to human health [4]. The adsorption technique using various
adsorbents is a favorable and feasible approach because of its high
efficiency and low cost. However, the adsorbent materials must
have a high specific surface area, many adsorption sites and
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chemical stability. A type of adsorbent that can treat all types of
wastewater is needed.
Presently, the adsorbents composed of organic–inorganic
hybrid materials have attracted wide interest because of their
enhanced adsorption and multifunctional properties. Wang et al.
[5] reported that polyaniline/a-zirconium has a high adsorption
capacity for organic pollutants. Swain et al. [6] reported that zirconium(IV)/propanolamine is highly efficient at removing fluoride
from drinking water. Paul et al. [7] found that the organic–inorganic hybrid microporous organosilica has remarkable adsorption
ability for heavy metal ions such as Fe(III), Cu(II) and Zn(II). In
our earlier study [8], the organic–inorganic hybrid polyaniline/titanium phosphate removed Re(VII) well. However, the adsorption
ability of organic–inorganic hybrid materials depends on the
organic groups. The type of organic substance and the content that
is modified on the inorganic substance have important effects on
the adsorption capacity. Therefore, determining how to improve
the adsorption capacity of organic–inorganic hybrid materials is
necessary.
MoS2 is an important transition-metal dichalcogenide material that has attracted much attention from both physical and
chemical fields due to its highly stable electronic properties
and catalytic and lubrication behaviors [9]. Researchers have
used different approaches to prepare nano-MoS2, such as the
gas-solid synthesis method, precursor thermal decomposition
method, hydrothermal method, and electrochemical deposition
method, and have obtained different morphologies of nanometer MoS2, such as nanorods, nanotubes, globular shapes,
fullerenes and 3D flower-like structures [10–13]. MoS2 has elicited numerous studies because of its unique layered structure
and related interesting functional properties. The layered structure consists of strong covalent bonding between the Mo and S
atoms compared to the weak Van der Waals attraction
between the lattice layers [14]. Because of its layered structure, MoS2 has important applications including the catalytic
hydride sulfurization of petroleum, electrochemical hydrogen
storage and wear resistance [15]. However, research on the
adsorption performance of MoS2 is scarce. Therefore, it is very
important to study the properties of MoS2 related to adsorption. The 3D-flower-like MoS2 structure has a larger specific
surface area that can be coated with more organic substances
to improve the adsorption capacity of the hybrid materials.
Polyaniline (PANI), a common polymer, has many specific
properties such as favorable capacitive characteristics, low cost,
facile synthesis, high environmental stability and easily adjustable electrical conductivity [16]. The presence of amino and
imine groups on PANI may provide possible adsorption sites
to bind organic and inorganic molecules. Incorporating organic
PANI with inorganic MoS2 to yield the organic–inorganic
hybrid material PANI@MoS2 may preserve or even improve
the major features of each phase in the hybrid materials,
and new properties may result from the synergy of both components [17]. Thus, a strategy to prepare an organic-inorganic
hybrid material composed of PANI@MoS2 that adsorbs anions
is feasible.
In this study, 3D flower-like MoS2 was synthesized by a
hydrothermal method; then modified by PANI; and characterized
by scanning and transmission electron microscopy (SEM and
TEM), powder X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR). The prepared PANI@MoS2 was
applied in the efficient adsorption/photocatalytic reduction of
Cr(VI) from aqueous solutions. The effects of pH, ionic strength
and contact time were investigated using batch experiments.
Based on the experimental results, the application potential of
PANI@MoS2 for the recovery and removal of Cr(VI) was
evaluated.
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2. Experimental
2.1. Chemicals
All chemicals were of analytical purity and used without further
purification. Hexaammonium heptamolybdate tetrahydrate
((NH4)6Mo7O244H2O), thiourea (CN2H4S), ammonium persulfate
(APS), aniline (C6H7N), tartaric acid (C4H6O6), hydrochloric acid
(HCl) and sodium nitrate (NaNO3) were purchased from the Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China). The stock
solution of Cr(VI) (500 mg/L) was prepared by dissolving potassium dichromate (K2Cr2O7). Milli-Q water (Millipore, Billerica,
MA, USA) was used in all experiments.
2.2. Preparation of 3D flower-like MoS2
In a typical synthesis, 2.48 g of (NH4)6Mo7O244H2O and 4.56 g
of CN2H4S were dissolved in 72 mL of Milli-Q water under vigorous
stirring for 30 min to form a homogeneous solution. The solution
was then transferred into a 100 mL Teflon-lined stainless steel
autoclave, tightly sealed, heated at 220 °C for 6 h and then naturally cooled to room temperature. A black precipitate was collected
by centrifugation, washed with Milli-Q water, and dried at 60 °C
by vacuum freeze-drying.
2.3. Preparation of PANI@MoS2
The PANI@MoS2 organic–inorganic hybrid material was prepared by an in situ oxidative polymerization reaction. First,
0.16 g of MoS2 was dispersed in a 1:1 mixture of H2O (50 mL)
and ethanol (50 mL), and the mixture was ultrasonicated for
approximately 10 min to obtain a well-dispersed colloidal suspension. A desired amount of aniline (the molar ratio of MoS2/aniline
was 1:30) dissolved in ethanol (10 mL) was added dropwise to
the above MoS2 colloidal suspension under constant stirring at
800 rpm. This mixture was then stirred at room temperature for
24 h. Then, the pH of the solution was adjusted to 3.0 by adding
a definite amount of tartaric acid and HCl. Next, the mixture was
cooled in an ice-water bath, subsequently adding 10 mL of an
aqueous solution of oxidant containing a definite amount of APS
that had been precooled in the ice-water bath for 5 min. The polymerization reaction was carried out in the ice-water bath for
approximately 24 h under constant stirring. Finally, the dark green
PANI@MoS2 product was obtained, and the solid was centrifuged,
washed with Milli-Q water and ethanol three times, and dried at
60 °C by vacuum freeze-drying. As a comparison, PANI@MoS2
composites with MoS2:aniline molar ratios of 1:10, 1:20 and 1:40
were prepared by the same in-situ oxidative polymerization
reaction.
2.4. Characterization
The morphology of the samples was obtained by SEM (JSM6700F). The TEM images were obtained on a JEOL-2010 TEM with
an accelerating voltage of 100 kV. The XRD patterns were obtained
on a D/Max-rB equipped with a rotation anode using Cu Ka radiation (k = 1.5418 nm). The sample for the FTIR measurement was
mounted on a Bruker Equinox 55 spectrometer (Nexus) as a KBr
pellet at room temperature. Thermal gravimetric analysis (TGA)
was conducted on a Shimadzu TGA-50 thermal analyzer at heating
rate of 10 °C/min from room temperature to 650 °C in a flow of air.
N2 adsorption measurements were determined on an ASAP 2020
accelerated surface area instrument (Micromeritics) at 77 K using
Barrett-Emmett-Teller (BET) calculations for the surface area. The
zeta potential of the samples was measured as a function of the
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pH using a Zetasizer Nano ZS instrument (Malvern Instrument Co.,
Worcestershire, UK) at 25 °C. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a VG Scientific ESCALab
Mark II spectrometer.
2.5. Adsorption experiments
All experiments were carried out under ambient conditions. The
NaNO3; Cr(VI) stock solution; and stock suspensions of MoS2, PANI
or PANI@MoS2 were added into the polyethylene tubes to achieve
the desired concentrations of the different components. The pH of
the solutions was adjusted by adding negligible volumes of 0.1 or
0.01 mol/L HNO3 or NaOH solutions. After the suspensions were
shaken for 24 h, the solid and liquid phases were separated by centrifugation at 8000 rpm for 20 min. The concentrations of total Cr
were determined on a flame atomic absorption spectrophotometer
(Model ASC-6100, Shimadzu Instrument Inc., Japan).
3. Results and discussion
3.1. SEM and TEM images
The SEM images show the size and shape of the 3D flower-like
MoS2 (Fig. 1A and B) and PANI@MoS2 (Fig. 1C and D). Fig. 1A and B
shows the as-synthesized flower-like MoS2 with an average diameter of approximately 500 nm. Fig. 1C and D shows that the flowerlike MoS2 structures were encapsulated by PANI. Much smaller and

more uniformly dispersed PANI was modified on MoS2.
PANI@MoS2 had a very rough surface constituted by nanoparticles,
indicating that this type of PANI nanowire/tube has a large surface
area, which obviously changes the morphology of MoS2 and can
provide additional active binding sites for Cr(VI). The TEM image
in Fig. 1E clearly reveals the beautiful 3D flower-like morphology
of MoS2. The TEM in Fig. 1F of PANI@MoS2 further confirms that
PANI was successfully modified on MoS2.
3.2. XRD patterns
The XRD patterns of MoS2 and PAM@MoS2 are shown in Fig. 2A.
The typical diffraction peaks at 2h = 13.20, 32.80, 35.26, 41.66 and
57.70° correspond to the primary diffraction of the (0 0 2), (1 0 0),
(1 0 3), (0 1 5) and (1 1 0) planes of MoS2, respectively [13]. The
basal spacing of each sample was calculated using Bragg’s law:
2d sin h = n k, where d is the basal spacing (Å); h is the angle of
diffraction; k is the wavelength (k = 1.5418 nm); and n is the path
difference between the reflected waves, which equal an integral
number of wavelengths (k). The d-spacing of MoS2 is 6.707 Å. From
the XRD patterns (Fig. 2A), aniline forms mono- and bilayers in
MoS2, and the polymerization of intercalated aniline reduces the
interlayer distance from 6.704 to 6.255 Å. This demonstrates the
polymerization outside the interlayer environment of flower-like
MoS2. Additionally, PANI@MoS2 shows much lower crystallinity
than bare MoS2 due to the loose structure of PANI@MoS2 with a
disordered amorphous nature [18].

Fig. 1. SEM images of (A and B) MoS2 and (C and D) PANI@MoS2, TEM images of (E) MoS2 and (F) PANI@MoS2.
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Fig. 2. (A) XRD patterns, (B) FTIR spectra, (C) TGA curves, and (D) zeta potentials of MoS2 and PANI@MoS2.

3.3. FTIR analysis
The FTIR spectra of PANI and PANI@MoS2 are shown in Fig. 2B.
The strong absorptions at 1587, 1501, 1300 and 1116 cm1 were
assigned to the stretching vibrations of CAN in N@Q@N, NABAN,
BANHAB and BANH+@Q (Q: quinoid ring; B: benzenoid ring),
respectively. The relative absorption intensities at 1587 and
1116 cm1 correspond to the extent of oxidation and protonation,
respectively [19,20]. These intensities confirm that the assynthesized PANI is in emeraldine salt form, which is the protonated intermediate oxidation state of PANI. The bands at 1560,
1483 and 1297 cm1 are attributed to the CAC ring stretching,
CAH bending and CAN stretching vibrations of PANI, respectively,
implying the presence of PANI [21].

PANI@MoS2 were measured and are shown in Fig. 2D. The surface
of MoS2 is negatively charged from pH 1.5–10.5, which explains
how PANI (with amine groups that are easily protonated and
positively charged) easily coated the negatively charged surface
of MoS2 due to electrostatic attraction. The surface of PANI@MoS2
is positively charged from the pH 1.5–5.1 due to the amine and
imine groups on the surface. The ZP of PANI@MoS2 is 5.1. The
grafting of PANI increases the ZP of PANI@MoS2. Considerations
related to predicting the influence of pH on the adsorption of
Cr(VI) to PANI@MoS2 are evaluated later. Fig. 3 shows the N2
adsorption-desorption isotherm of the 3D flower-like MoS2, PANI
and PANI@MoS2. The surface areas of 3D flower-like MoS2, PANI
and PANI@MoS2 based on the BET data are 6.12, 15.66 and

3.4. TGA, zeta potential and specific surface area
Volume adsorbed (cm 3g-1 STP)

TGA was used to evaluate the content of PANI in PANI@MoS2.
Fig. 2C shows the TGA curves of bare MoS2 and PANI@MoS2. The
weight loss below 150 °C could be considered the weight loss
due to water evaporation. The first weight losses of MoS2 and the
PANI@MoS2 below 150 °C were estimated to be 2.67% and
13.79%, respectively. The second weight loss step appeared at
approximately 300–320 °C and can be assigned to the absorbed
water located in the interlayer and doping from the preparation.
The third weight loss from 300 to 650 °C for PANI@MoS2 is attributed to the oxidative decomposition of the PANI framework. The
above results demonstrate that PANI was successfully grafted onto
MoS2 with a content of approximately 75%.
The zeta potential (ZP) is a function of the surface coverage by
charged species at a given pH, which is theoretically determined
by the activity of the species in solution. The ZPs of MoS2 and
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Fig. 3. BET surface area of PANI, 3D flower-like MoS2 and PANI@MoS2.
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25.09 m2/g, respectively. The specific surface area of PANI@MoS2
was much higher than that of 3D flower-like MoS2 and PANI.
3.5. Adsorption and reduction of Cr(VI) on PANI@MoS2
The adsorption and photocatalytic reduction of Cr(VI) on MoS2,
PANI and PANI@MoS2 as a function of contact time is shown in
Fig. 4A. The adsorption of Cr(VI) on MoS2 increases rapidly and
then remains constant with increasing contact time. The adsorption of Cr(VI) on PANI is the last to reach equilibrium because
MoS2 plays an important role in the photocatalytic reduction of
Cr(VI). MoS2 may promote the reduction of Cr(VI) to Cr(III) and
then help PANI@MoS2 reach equilibrium more quickly than PANI.
In the following experiments, the shaking time was fixed at 24 h
to ensure that adsorption and reduction reached complete equilibrium. A pseudo-second-order rate equation was used to simulate
the kinetic adsorption [22]:

t
1
1
¼
þ t
qt 2k0 q2e qe

ð1Þ

where k0 (g/(mg h)) is the pseudo-second-order rate constant of
adsorption, qt (mg/g) is the amount of Cr(VI) adsorbed on
PANI@MoS2 at different times t (h), and qe (mg/g) is the adsorption
capacity at equilibrium. The plot of t/qt versus t (h) is shown in the
inset of Fig. 4B. The correlation coefficient of the pseudo-secondorder rate equation for the linear plot was 0.999, which illustrates
that the kinetic adsorption can be described by the pseudosecond-order rate equation well [23].
The optimum range of the solution pH for the maximum
removal of Cr(VI) by MoS2, PANI and PANI@MoS2 was investigated
(Fig. 4C), and an optimal pH range of 1.5–4.0 was observed. It is
thus expected that the novel adsorbent (PANI@MoS2) can be
applied in some extreme environments due to its high acid resistance. The removal of Cr(VI) decreases with increasing solution

(A)

pH and is remarkably pH dependent. The high removal efficiency
2
at low pH can be attributed to the fact that HCrO
4 and HCr2O7
are the major species of Cr(VI) at low pH values (1.5 < pH < 4.0)
(Fig. 4D) [3,24,40]. The surface of PANI and PANI@MoS2 is surrounded by abundant H+. Therefore, the amine groups are easily
protonated and positively charged, which favors the uptake of
2
HCrO
4 and HCr2O7 through electrostatic attraction. An increase
in solution pH will cause the surface to be negatively charged,
greatly weakening the electrostatic attraction between the adsorbent and negatively charged Cr(VI) anions and thus reducing the
removal efficiency.
Under UV irradiation, the reduction of Cr(VI) by electrons in
aqueous solution basically proceeds by the following reactions:
For acidic solutions:
3þ
þ

Cr2 O2
þ 7H2 O
7 þ 14H þ 6e ) 2Cr

For alkaline solutions:


Cr2 O2
7 þ 7H2 O þ 6e ) 2CrðOHÞ3 ðaqÞ þ 8OH

2HCrO4 þ 14Hþ þ 3PANI0 ) 2Cr3þ þ 3PANI2þ þ 8H2 O
0

where PANI and PANI represent the tetramers of the emeraldine
salt form and pernigraniline form of PANI, respectively [2].
This photocatalytic reduction occurs more favorably in acidic
conditions based on Le Chatelier’s principle. The effect of pH on
the photocatalytic reductive adsorption of Cr(VI) is somewhat similar to the adsorption without UV irradiation. It is indicated that
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Some PANI is oxidized from the emeraldine salt form to the
pernigraniline form (the highest oxidation state of PANI) during
the Cr(VI) removal process [25]. In addition, the acidic chromate
(HCrO
4 ) form is the predominant species of Cr(VI) at pH 2.0–6.0
[24]. Therefore, in the Cr(VI) solution at pH 3.0, the main reaction
between Cr(VI) and the as-synthesized PANI is proposed as
follows:
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Fig. 4. (A) Effect of contact time on Cr(VI) adsorption onto MoS2, PANI and PANI@MoS2 under UV irradiation: pH = 3.0 ± 0.1, m/V = 0.1 g/L, I = 0.01 mol/L NaNO3 and T = 293 K.
(B) Correlation coefficient of the pseudo-second-order rate equation. (C) Effect of pH on Cr(VI) adsorption onto MoS2, PANI and PANI@MoS2 under UV irradiation: m/V = 0.1 g/
L, I = 0.01 mol/L NaNO3 and T = 293 K. (D) Species distribution of Cr(VI) as a function of pH.
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the rate-determining step of the photocatalytic reduction of Cr(VI)
is the surface-reaction step after Cr(VI) adsorbs onto the
PANI@MoS2 particles because the shaking speed was maintained
sufficiently high such that the mass transfer resistance was considered insignificant, as in a previous description. At the same time, Cr
(III) will precipitate as Cr(OH)3 on the surface of PANI@MoS2 with
the increasing, covering the activity sites and decreasing the photocatalytic activity.
The flower-like MoS2 and nitrogen-containing functional
groups of PANI and PANI@MoS2 provide more active binding sites,
which were expected to explain the high adsorption capacity for Cr
(VI) anions from aqueous solutions [26,41]. Figs. 5A and 4B show
the typical adsorption isotherms of Cr(VI) before and after UV irradiation on MoS2, PANI and PANI@MoS2.
Before UV-irradiation, the adsorption isotherms of Cr(VI) on
PANI and PANI@MoS2 have a typical sigmoid shape that completely fails to fit the Langmuir and Freundlich models because
of the low saturation of the adsorbent surfaces of PANI and
PANI@MoS2. The segment of the adsorption curve is too small to
allow fitting of the three-parameter equation [27–30], which
always occurs on the surface of non-porous or macropore adsorbents. Upon completion of the monolayer adsorption process, the
second layer began to form with the increase in the relative pressure of the adsorbate (the increase in the concentration of Cr(VI))
to the saturation vapor pressure; the number of adsorption layers
was infinite.
Under UV irradiation, PANI@MoS2 showed an enhanced Cr(VI)
removal capability compared with individual PANI (357.1 mg/g)
due to its higher specific surface area and greater active binding
sites. The adsorption on PANI exhibits a similar trend as
PANI@MoS2, but the adsorption ability of PANI is lower than
PANI@MoS2; pure MoS2 has higher adsorption after UV irradiation
because the negatively charged surface of MoS2 favors the uptake
of Cr(III) cations (from the reduction of Cr(VI) after UV irradiation)
through electrostatic attraction. However, the adsorption ability is
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where KF (mol
L /g) represents the adsorption capacity when the
cation equilibrium concentration equals 1, and n represents the
degree of dependence of adsorption on the equilibrium
concentration.
From the correlation coefficients (Table 1), the Langmuir model
simulates the experimental data better than the Freundlich model.
For comparison, the qmax values of Cr(VI) on other sorbents are
listed in Table 2. The maximum removal capacity of Cr(VI) by
PANI@MoS2 was 526.3 and 623.2 mg/g at pH 3.0 and 1.5, respectively, compared with the previously investigated adsorbents
PPy-PANI (227.0 mg/g) [34], PPy/Fe3O4 (209.2 mg/g) [35], etc.
[37,38]. PANI@MoS2 was found to possess a high adsorption capac-

CS (mg/g)

da
rk

300

0

ð5Þ

where Ce is the equilibrium concentration of Cr(VI) in solution (mg/
L); Cs is the amount of Cr(VI) adsorbed per weight unit of
PANI@MoS2 after equilibrium (mg/g); Csmax, the maximum adsorption capacity, is the amount of Cr(VI) at complete monolayer coverage (mg/g); and b (L/mg) is a binding constant that relates the heat
of adsorption.
The Freundlich isotherm model (Fig. 5D) is a semi-empirical
equation describing adsorption on a heterogeneous surface and is
usually expressed as follows [21]:

300
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still much lower than PANI or PANI@MoS2, indicating that the
nanostructures of PANI on the surface of MoS2 play an important
role in Cr(VI) adsorption. The Cr(VI) binding sites of PANI@MoS2
mainly exist on the surface of PANI@MoS2.
In order to gain a better understanding of the Cr(VI) adsorption
mechanism and to quantify the adsorption data, the Langmuir and
Freundlich models were used to fit the experimental data.
The Langmuir isotherm model (Fig. 5C) is expressed by the following equation [30–33]:
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2.4

MoS 2
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Fig. 5. (A) Adsorption isotherms of Cr(VI) on PANI@MoS2 in the dark and under UV irradiation: pH = 3.0 ± 0.1, m/V = 0.1 g/L, I = 0.01 mol/L NaNO3 and T = 293 K. (B)
Adsorption isotherms of Cr(VI) on MoS2 and PANI in the dark and under UV irradiation. (C) Langmuir isotherm model. (D) Freundlich isotherm model.
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Table 1
Summary of the Langmuir and Freundlich isotherm model parameters for Cr(VI)
adsorption on MoS2, PANI and PANI@MoS2 at pH 3.0.
Adsorbents

MoS2
PANI
PANI@MoS2

Langmuir

Freundlich

Csmax (mg/g)

b (L/mg)

R2

KF (mg1n Ln/g)

n

R2

238.1
357.1
526.3

0.16
0.27
0.98

0.99
0.99
0.99

176.89
160.66
134.59

0.31
0.19
0.07

0.88
0.96
0.93

Table 2
Comparison of the maximum adsorption capacity of Cr(VI) on PANI@MoS2 with other
adsorbents.
Adsorbent

pH

Adsorption capacity (mg/g)

Ref.

PPy-PANI
PPy/Fe3O4
PPy nanoclusters
G-nZVI
nZVI
PPy/Fe3O4
Activated carbon
PPy nanoparticles
MoS2
PANI
PANI@MoS2
PANI@MoS2

2.0
2.0
5.0
4.25
4.25
2.5
5.0
5.0
3.0
3.0
3.0
1.5

227.0
209.2
180.4
162.0
148.0
139.8
95.2
59.3
238.1
357.1
526.3
623.2

[34]
[35]
[36]
[37]
[37]
[38]
[36]
[36]
This
This
This
This

study
study
study
study

ity for Cr(VI) due to its abundant functional groups and flower-like
nanostructure that provide more active binding sites for Cr(VI).
The effect of ionic strength from 0.0001 to 0.5 M NaNaO3 on the
adsorption of Cr(VI) to PANI@MoS2 in the dark and under UV irradiation is shown in Fig. 6A. The concentration of NaNaO3 had no
significant competition effect on the removal of Cr(VI) by
PANI@MoS2, suggesting that the dominant adsorption mechanism
is inner-sphere surface complexation rather than ion exchange or
outer-sphere surface complexation [32,39,42]. The small effect of

ionic strength on the adsorption and photocatalytic reduction of
Cr(VI) is very important for the application of PANI@MoS2 in the
removal of Cr(VI) from aqueous solutions.
The effect of ionic strength from 0.0001 to 0.5 M NaNaO3 on the
adsorption of Cr(VI) to MoS2 and PANI in the dark and under UV
irradiation is shown in Fig. 6B. With increases in ionic strength,
the adsorption capacity of MoS2 decreased in the dark and under
UV irradiation, which indicates that the adsorption mechanism of
Cr(VI) on MoS2 is outer-sphere surface complexation. The effect
of ionic strength on the adsorption performance of MoS2 in the
dark was higher than that under UV irradiation, suggesting that
UV irradiation promotes adsorption and reduction. The effect of
ionic strength on the adsorption performance of PANI was similar
to the results of PANI@MoS2, which indicates that PANI on the surface of MoS2 changes the adsorption mechanism of Cr(VI) from
outer-sphere surface complexation to inner-sphere surface complexation and plays a dominant role in the adsorption of Cr(VI).
For comparison, PANI@MoS2 composites with MoS2/aniline
molar ratios of 1:10, 1:20, 1:30 and 1:40 were prepared by the
same in situ oxidative polymerization reaction. From Fig. 6C, the
adsorption of Cr(VI) on the PANI@MoS2 composite with a MoS2/
aniline molar ratio of 1:10 was the lowest, and the adsorption
capacities increased with an increasing amount of PANI because
the adsorption capacity originates from the PANI grafted on
MoS2. However, with the increase in the molar ratio from 1:30 to
1:40, the adsorption capacity decreased. MoS2, as a plate, has a
PANI loading limit; therefore, with an increasing PANI content,
some PANI cannot successfully graft on the plate, and PANI nanotubes will be formed. Because the adsorption ability of PANI is
lower than that of PANI@MoS2, the adsorption capacity decreases.
The adsorption capacity of Cr(VI) on PANI@FMoS2 (30:1) at pH 1.5
was higher than at pH 3.0. At low pH, Cr(VI) can favorably interact
with the more positively charged nitrogen groups.
The recycling of PANI@MoS2 in the removal of Cr(VI) was also
investigated under UV irradiation. In brief, after adsorption, the
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adsorbent was dispersed in 5 mL of a 0.05 M NaOH solution.
Twenty-four hours later, the suspension was centrifuged, and the
paste was washed with 0.05 M HNO3 and then rinsed with MilliQ water. Next, PANI@MoS2 was dried at 60 °C by vacuum
freeze-drying and reused. From Fig. 6D, the removal of Cr(VI) by
PANI@MoS2 decreased slightly with increasing recycle times. However, the decrease was not significant after recycling for five times
(less than 9.68%), indicating that PANI@MoS2 has good reusability.
3.6. XPS analysis
The chemical composition of PANI@MoS2 before and after the
adsorption and photocatalytic reduction of Cr(VI) was measured
by XPS. As shown in Fig. 7A, the peaks corresponding to S 2p, Mo
3d, C 1s N 1s and Cr 2p can be clearly identified in the survey scan
spectrum. The presence of Cr(VI) in the resultant product further
validates the adsorption of Cr(VI) onto PANI@MoS2. The two peaks
at binding energies of 577.45 and 587.30 eV are attributed to Cr 2p
(Fig. 7B). The N 1s spectrum of the samples can be grouped into
three peaks at binding energies of approximately 398.35, 399.50
and 400.50 eV (Fig. 7C), which correspond to the imine (AN@),
amine (ANHA) and doped imine (ANH+A) groups, respectively
[43]. The obvious change in the N 1s spectrum before and after
adsorption indicates that amidogen on the surface plays an important role in the adsorption and photocatalytic reduction of Cr(VI)
from aqueous solutions. The Cr 2p peak can be decomposed into
five peaks. Fig. 7D indicates that Cr(VI) was adsorbed and reduced
to Cr(III) on PANI@MoS2. Furthermore, Cr(III) was the dominant Cr
species on the surface of PANI@MoS2.
4. Conclusions
PANI was modified onto 3D flower-like MoS2 to prepare a novel
organic–inorganic hybrid material, PANI@MoS2. Under UV irradiation, the maximum removal capacity of Cr(VI) by PANI@MoS2 was

526.3 and 623.2 mg/g at pH 3.0 and 1.5, respectively. PANI@MoS2
exhibited an enhanced removal capacity for Cr(VI) in comparison
with bare MoS2 and other adsorbents [34–38]. Under UV irradiation, Cr(VI) was adsorbed on PANI@MoS2 and further reduced to
Cr(III). Cr(VI) removal might be attributed to the complexation
between the amine and imine groups of PANI@MoS2 with Cr(VI)
and Cr(III). The PANI@MoS2 organicinorganic hybrid material
may have good prospects as a novel material for the adsorption
and photocatalytic reduction of Cr(VI) or other organic and inorganic pollutants.
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