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ABSTRACT: The development of new synthesis approaches
for MoS2 is necessary to achieve controlled morphologies and
unique physicochemical properties that can improve its
efficiency in particular applications. Herein, a facile one-step
hydrothermal route is proposed to prepare controllable MoS2
micro/nanostructures with an increased interlayer using
sodium diethyldithiocarbamate trihydrate as the new S source
at different pH values. To investigate the morphology,
chemical composition, and structure of the MoS2 micro/
nanostructures, various characterization techniques were used.
The obtained microrods, microspheres, and microrods with
hairlike structures (denoted as MoS2-N-H) were composed of MoS2 nanosheets with increased interlayer spacing (∼1.0 nm)
and utilized for the removal of Pb(II) from aquatic systems. Among the structures, MoS2-N-H demonstrated the highest
adsorption capacity (303.04 mg/g) for Pb(II) due to the existence of −S/−C/−N/−O-comprised functional groups on its
surface, which led to strong Pb−S complexation and electrostatic attractions. The uptake of Pb(II) onto MoS2-N-H followed
pseudo-second-order kinetics and Freundlich isotherm. To evaluate its practical applicability, the adsorbent was employed in
real mine water analysis; it was found that MoS2-N-H could adsorb almost 100% of the Pb(II) ions in the presence of various
coexisting ions. Additionally, after Pb(II) adsorption, MoS2-N-H was transformed into PbMoO4‑xSx spindlelike nanostructures,
which were further used for photodegradation of an antibiotic, viz., ciprofloxacin (CIP), to avoid secondary environment waste.
Thus, this investigation provides an effective one-pot approach to fabricate controllable MoS2 micro/nanostructures with
increased interlayer spacing for water treatment. The utility of these nanostructures in related supercapacitor/battery
applications may also be envisaged because of their unique structural properties.

KEYWORDS: MoS2 nanostructure, Water purification, Lead adsorption, Photocatalysis, Ciprofloxacin, Secondary waste

■ INTRODUCTION

Due to socio-economic development and urban expansion, the
use of heavy metals in various industries to improve product
quality has led to severe toxic metal contamination problems in
water bodies.1−3 The discharge of heavy metals (such as Hg, Pb,
Cd, Ni, As, Ag, and Cr) from industrial effluents into the
environment is increasing rapidly and presents a severe
toxicological threat to the human body and the ecosystem.
Thus, the development of facile approaches and cheap
adsorbent materials for the elimination of heavy-metal ions
from aquatic systems is imperative. Heavy metals can amass in
biological organisms via the food web and cause human health
issues by damaging the nervous system, lungs, liver, reproductive
system, and kidneys.4,5 Lead is a versatile metal that is used in
numerous applications, such as storage batteries, electroplating,
paints, and metal finishing.6,7 Pb(II) ions are inevitably released

into the environment; these ions are nonbiodegradable and
accumulate with time. The limit set by the World Health
Organisation (WHO) for Pb(II) ions in surface and potable
water is less than 0.01 mg/L.8 Thus, even very low (ppb)
amounts of lead can indirectly or directly cause harm to human
health. The complete elimination of heavy metals from water
systems by using technologies such as membrane filtration, ion
exchange, adsorption, reverse osmosis, coprecipitation, coagu-
lation, and electro-dialysis is efficient and feasible.9−11

Adsorption, with its simple processing, cost effectiveness, high
performance, and availability, is the most preferred and widely
used technique for water treatment on a small or large scale.12,13

Received: March 2, 2019
Accepted: May 6, 2019
Published: May 6, 2019

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2019, 11, 19141−19155

© 2019 American Chemical Society 19141 DOI: 10.1021/acsami.9b03853
ACS Appl. Mater. Interfaces 2019, 11, 19141−19155

D
ow

nl
oa

de
d 

vi
a 

T
SH

W
A

N
E

 U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Ja

nu
ar

y 
24

, 2
02

0 
at

 0
8:

26
:5

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b03853
http://dx.doi.org/10.1021/acsami.9b03853


Numerous adsorbents, such as nanocellulose,14 clay,15 activated
carbon,11 biomass,16 hydrogels,17 mesoporous materials,18 and
nanocomposites,19 have been evaluated for use in the
elimination of Pb(II) ions from polluted water. However,
these materials present disadvantages, such as low performance,
low surface area, poor selectivity, and slow kinetics. In this
scenario, the development of ecofriendly and efficient new
adsorbents with unique morphologies for the elimination of
Pb(II) from aquatic systems is a pressing concern. Furthermore,
a deeper understanding of the interactions of new materials with
heavy metals is interesting from a fundamental research
perspective.
Recently, the use of two-dimensional (2D) nanomaterials,

such as h-BN,20 metal chalcogenides (viz., MoS2),
21,22

MXenes,20 and graphene/graphene oxides,23,24 has been
considered in a wide range of environmental applications due
to their high surface area and high catalytic activity. Among
these, MoS2 nanosheets have demonstrated excellent adsorption
characteristics and have shown considerable potential for the
elimination of heavy-metal ions from contaminated water
because of their intrinsically sulfur-rich surfaces (promising
binding sites) and voids or defects in their basal and edge
planes.21,25 In order to enhance adsorption and selectivity,
specific interactions should occur between the adsorbate and
adsorbent; such interactions can easily be achieved with MoS2.
According to Pearson’s hard−soft acid−base (HSAB) theory,
the S atoms present on MoS2 act as soft bases, making their
complexation with soft acids such as Pb(II), Ag(I), and Hg(II)
highly favorable via strong soft−soft interactions.26,27 MoS2
monolayers comprise covalently attached atomic S−Mo−S
trisublayers; these monolayers are joined by van der Waals
forces to produce a bulk crystal. MoS2 (naturally occurring) is
isolated from molybdenite ore,28 but it is not a suitable
adsorbent due to the low interlayer spacing of 0.3 nm between
adjacent layers, which restricts the ability of ionic molecules to
interact with the interior S atoms.29 Due to recent developments
in synthesis approaches, 2D MoS2 can be obtained by either
solvothermal synthesis using Mo and S precursors or from the
exfoliation of bulk MoS2 to expose the abundant S atoms on the
exteriors of theMoS2 nanosheets, which results in a high number
of accessible adsorption sites and consequently results in high
performance. For instance, MoS2 nanosheets with greater
interlayer spacing (0.94 nm) exhibited very high Hg(II)
adsorption capacity, nearly reaching the theoretical predicted
adsorption capacity (∼2506 mg/g). The high elimination of
Hg(II) was explained by multilayer adsorption, and the
mechanism was associated with the ion-exchange reaction
between Hg(II) and H+ ions on the surface of MoS2 in aqueous
solution.29

MoS2 nanosheets with increased interlayer spacing are
generally fabricated using a two-step process. First, MoS2
nanosheets are synthesized by hydrothermal methods (the
most commonly employed technique), exfoliation of a bulk
crystal using organic/inorganic molecules, or chemical vapor
deposition. Then, in the second step, the nanosheets are
intercalated using alkali/alkaline elements and carbon/organic
substances such as surfactants and graphene. However, these
processes are cumbersome, time-consuming, and produce low
yield. It is vital to develop a facile one-step route to obtain MoS2
nanostructures with enlarged interlayer spacing. So far, MoS2
has mainly been synthesized using thiourea, thioacetamide,
cysteine, elemental S, sodium sulfide, potassium thiocyanate, or
carbon disulfide as the S source; these precursors mostly form

nanosheet or nanosphere/microsphere morphologies.30−33 To
achieve further advances in the MoS2 synthesis, it is urgent to
explore other potential sulfur sources for the development of
new MoS2 morphologies with unique physicochemical proper-
ties and crystal configurations. Additionally, despite the
utilization of MoS2 and MoS2 nanohybrids as efficient
adsorbents for heavy-metal elimination, the after effects of
MoS2−Mn+ interactions on the intrinsic properties, morphology,
phase, and structural transformation of MoS2 remain mostly
unexplored.
To address the needs described above, MoS2 nanostructures

with increased interlayer spacing were developed using a new
sulfur source, sodium diethyldithiocarbamate trihydrate
(DDC). DDC has already been used in numerous applications,
such as medical applications (cancer therapy, antioxidants,
bactericides), corrosion inhibition, lubrication, vulcanization
accelerant, linkers, and spin trapping because of its superior
chelating properties.34 Systematic experiments were performed
to understand the evolution of the various morphologies
(microrods with hairlike structures, microrods, and micro-
flowers) in the presence of DDC and EDTA at different solution
pH values. The as-synthesizedMoS2 was utilized for the removal
of Pb(II) ions from aquatic systems, including real mine water.
Additionally, during the Pb(II) removal experiments, MoS2 was
transformed into spindlelike PbMoO4−xSx nanostructures,
which were further used for the photodegradation of an
antibiotic, viz., ciprofloxacin, to evade secondary environment
toxic waste.

■ EXPERIMENTAL SECTION
Materials. Sodium molybdate dihydrate (≥99%), sodium dieth-

yldithiocarbamate trihydrate (DDC, Na as Na2SO4, 30.5%−32.5%),
ethylenediaminetetraacetic acid (EDTA,≥ 99%), L-arginine (≥99.5%),
oleylamine (≥98%), polyethylene glycol 8000 (PEG), lead(II) nitrate
(≥99.0%), and ciprofloxacin (CIP, ≥98.0%) were procured from
Sigma-Aldrich. Sodium hydroxide and ethanol (99.9%) were received
from Minema Chemicals.

Synthesis of MoS2 Nanostructures. In a typical hydrothermal
reaction, 0.069M sodiummolybdate dihydrate and EDTA (0.5 g) were
mixed in 15 mL of deionized water. The pH of the resulting solution
was adjusted to 7.0 using 2.0 M NaOH aqueous solution. After 20 min
of stirring, 0.075 MDDC in 15 mL of deionized water was added to the
above mixture. Subsequently, the solution was moved to a Teflon-lined
hydrothermal autoclave reactor and heated at 210 °C for 24 h. The
reactor was allowed to cool naturally to 25 °C, and the resulting sample
was washed using water/ethanol. The sample was then dried under
vacuum in an oven at 70 °C for 12 h. The product obtained under
neutral conditions was denoted as MoS2-N. The product which was
synthesized using a higher concentration of DDC (0.150 M) while the
other reaction parameters were maintained was referred to as MoS2-N-
H. The name MoS2-B was given to the product that was formed under
basic conditions at pH 10 while all other conditions were constant.
Furthermore, the effects of different concentrations of EDTA and
different capping agents (L-arginine, oleylamine, and PEG) on the
evolution of the morphology of MoS2 were studied.

Adsorption Studies. The adsorption performance of the as-
prepared MoS2 nanostructures for Pb(II) ion adsorption was
determined using a batch adsorption method. Initially, the dosage
and pH were optimized to achieve maximum uptake. The Pb(II)
concentrations in solution before and after adsorptive removal were
obtained using inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES). Isotherm experiments were conducted using various
Pb(II) concentrations to determine the adsorption equilibrium. The
Pb(II) solution concentrations ranging from 20 to 180 mg/L were
considered to conduct adsorption isotherm experiments. A 0.025 g
portion of MoS2 nanostructures was mixed into 50 mL of Pb(II)
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solution (100 mg/L); the contact time for the isotherm studies was 24
h. In the kinetics studies, 0.050 g of MoS2 nanostructures was added to
100 mL of a Pb(II) solution (100 mg/L) and the mixture stirred
vigorously from 10 min to 20 h. The contact time for interaction
between the adsorbent and the adsorbate was varied to obtain the
adsorption kinetics data. For the real mine water experiments, 0.050 g of
the adsorbent was mixed to 100 mL of solution and stirred for 2 h.
Furthermore, the mine water was spiked with 50 mg/L Pb(II) solution
while all other conditions were constant to evaluate the practical utility
of the present adsorbent. The removal percentage (%), distribution
coefficient (Kd), and adsorption capacity (qe, mg/g) were determined
using eqs 1−3.

C C
C
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−
×
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=
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×
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where Ce and C0 (mg/L) signify the equilibrium and initial
concentrations of the Pb(II) solution, respectively. V signifies the
volume of the solution (mL), and m signifies the mass (g) of MoS2
nanostructures used. The adsorption studies were executed using a
volume to mass ratio of 1000 mL/g at 25 ± 0.2 °C (unless otherwise
specified).

■ RESULT AND DISCUSSION
Nanostructures of MoS2 with various morphologies and
increased interlayer spacing were synthesized by the hydro-
thermal reaction of sodium molybdate and the new sulfur
precursor DDC at different pH values. The XRD patterns
obtained from the products MoS2-N, MoS2-N-H, and MoS2-B
were completely different from that of bulk 2H-MoS2 (Figure
1a,b). The observed XRD peaks matched well with the standard
peaks of MoS2 (JCPDS 37-1492).31 The intense and narrow
diffraction peak at 14.78° in bulk MoS2 corresponded to the

(002) diffraction plane with an interlayer spacing of 6.14 Å,
whereas a significant shift and broadening of the (002)
diffraction plane were observed for the MoS2 nanostructures
(Figure 1a). The shifting of the (002) peak toward lower 2θ
values could be attributed to lattice expansion in the c-axis
direction and intercalation of molecules between layers of
MoS2.

35 The interlayer spacing between adjacent sheets of
MoS2-N,MoS2-N-H, andMoS2-B was expanded to 10.27, 10.02,
and 9.24 Å, respectively (Figure 1b). Less interlayer expansion in
MoS2-B occurred due to initially high incorporation of hydroxyl
groups in S−Mo−S layers in basic condition, which later
become repulsive to bigger molecules and consequently lower
expansion. Moreover, the appearance of new peaks at ∼17.7°
was related to the (004) plane and reaffirmed the lattice
expansion of the MoS2 nanostructures. The broadness of the
(002) and (004) peaks indicated the intercalation of
heteromolecules, with random sheet stacking and low
crystallinity.29,36 The increased interlayer spacing probably
occurred due to the in situ intercalation of Na, hydrated Na,
Na2SO4/(NH4)2SO4, NH3/NH4

+, and R2H2N
+ between S−

Mo−S layers of MoS2.
The Raman spectra of the MoS2-N, MoS2-N-H, and MoS2-B

nanostructures exhibited two characteristic broad peaks at 401
and 375 cm−1, which were ascribed to out-of-plane A1g and in-
plane E1

2g vibrational modes of 2H-MoS2, respectively (Figure
1c).37 A red-shift and broadening of the peaks were observed
due to the smaller size of the layers and the multilayer curved
structure of the MoS2 nanoflakes. In the MoS2-N-H spectrum,
the extra peak that appeared at 383.4 cm−1 was tentatively
associated with the SC−S stretch of DDC.38 Moreover, the
comparatively higher intensity of the A1g mode than the E1

2g
mode indicated that the MoS2 nanosheets were rich in edge-
terminating structures.39,40

The TGA plots for the MoS2-N, MoS2-N-H, and MoS2-B
nanostructures are shown in Figure 1d. The weight loss observed
below 200 °C was ascribed to the release of water. The weight

Figure 1. (a) XRD patterns. (b) Expanded view of panel (a) listing the positions of the (002) peaks and interlayer spacing distances for the MoS2-N,
MoS2-N-H, and MoS2-B nanostructures and the bulk 2H-MoS2. (c) Raman spectra and (d) TGA curves for the MoS2-N, MoS2-N-H, and MoS2-B
nanostructures.
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loss in the range of 200−360 °C was attributed to loss of NH3,
H2S, and organic ligands such as EDTA and DDC on the
surfaces of the MoS2 structures.

41 The sharp decline in weight
from 385 to 490 °C occurred due to the combustion of carbon
moieties. For the MoS2-N-H sample, this range extended from
400 to 550 °C, agreeing with the presence of additional carbon
in the matrix due to the high concentration of DDC. Above 550
°C, no weight loss was observed for any of the three samples,
suggesting that only MoS2 existed in this range. The overall
weight loss was higher (i.e., lower thermal stability) in the case of
MoS2-B thanMoS2-N-H andMoS2-N due to the low availability
of char residues on the surface as it carried fewer functional
moieties (EDTA andDDC), which was later reaffirmed by FTIR
results. The greater residual moisture of MoS2-B could be
ascribed to the excess hydroxyl groups incorporated between S−
Mo−S layers due to the highly basic system.
The morphologies of MoS2-N, MoS2-N-H, and MoS2-B were

examined using FESEM and TEM. Figure 2ai−aiii exhibits the
FESEM images of MoS2-N (synthesized under neutral pH
conditions) at different magnifications, in which hollow
microrod structures comprising uniformly self-arranged MoS2
nanosheets are observed. These microrods had lengths of 4−7
μm and widths ranging from 800 nm to 2.0 μm. For the MoS2
prepared using a high concentration of DDC (MoS2-N-H), a
bacteria-like structure with pili (hairlike structures) on the
surface was achieved, as shown in Figure 2bi−biii. The surfaces of
these microrods exhibited a bacteria-like structure and were also
composed of loosely packed uniform MoS2 nanoflakes.
The hairlike structures were 200−400 nm long and 10−50 nm

wide and were possibly composed of carbon-containing
materials. These hairlike structures grew on the surface through

the nanosheets of MoS2 (Figure 2biii). Additionally, the EDX
spectrum indicated that MoS2-N-H was composed of the
elements Mo, S, C, O, and Na, and the EDX mapping
highlighted the homogeneous distribution of Mo and S
throughout the entire sample [Figure S1, Supporting
Information (SI)]. The C, O, and Na elements were ascribed
to the occurrence of residual EDTA and DDC on the surface of
MoS2 and the hairlike structures. For the nanostructures
synthesized in a basic medium (MoS2-B), flowerlike micro-
spheres with a diameter of 1−2 μm were observed. The
nanospheres consisted of self-assembled MoS2 nanosheets with
sharp edges similar to flower petals (Figure 2ci−ciii). HRTEM
images revealed that the as-synthesized nanostructures were
composed of multilayer MoS2 nanoflakes. As indicated in panels
aiv, biv, and civ of Figure 2, MoS2-N, MoS2-N-H, and MoS2-B
consisted of stacked MoS2 nanosheet layers with an interlayer
spacing of 1.02, 1.0, and 0.92 nm, respectively; these results were
similar to those obtained from the XRD patterns. It is evident
that all morphologies contained discontinuous MoS2 nano-
sheets, which implied the presence of a large number of
crystallographic defects. In the case of MoS2-N-H, the HRTEM
image (Figure 2aiv) demonstrated an amorphous budding
(hairlike) structure, which was related to the carbon material.
During electron beam irradiation, these hairlike structures on
MoS2 became depleted or began to decompose, which suggested
their low stability and amorphous carbon characteristics (Figure
S2, SI). As indicated in Figure 2civ, the lattice fringes (0.27 nm)
present in the basal plane were consistent with the crystal
spacing of the (001) plane. Moreover, the lattice fringe
orientation was not consistent over the whole basal surface
and rotated slightly from one region to another, which further

Figure 2. SEM images of (ai−aiii)MoS2-N, (bi−biii)MoS2-N-H, and (ci−ciii) MoS2-B at three levels of magnification. HRTEM images of (aiv)MoS2-N,
(biv) MoS2-N-H, and (civ) MoS2-B, highlighting the interlayer spacing and defects.
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supported the presence of defects in the basal plane and a
different arrangement of stacked sheets.
Synthesis Mechanism of the Various Morphologies of

MoS2. To obtain distinct morphologies in a controlled fashion,
the new sulfur source DDC was selected for the preparation of
MoS2 nanostructures. Initially, the reaction was performed in
ethanol using a stoichiometric concentration of sodium
molybdate and DDC. As expected, the morphology of the
resulting product was uneven and irregular (Figure S3, SI).
Later, water was selected as the solvent, and the reaction was
performed using different concentrations of DDC. The crystal
structure of the as-prepared MoS2 was in agreement with that of
2H-MoS2 (see XRD results in Figure S4, SI). Microflakes of
MoS2 were observed when a stoichiometric ratio of the
precursors was used, whereas with a high concentration of
DDC, microflakes with nanosized hairlike spikes were obtained.
The excess DDC might possibly be incorporated into the
nanosized hairlike spike structures on the surface of MoS2 (as
shown in Figure S5, SI).
Additionally, EDX mapping was employed to investigate the

composition of the hairlike structures. The EDXmapping results
indicated that these structures were not comprised of MoS2, but
instead of C and Na, which are present in DDC (Figure S6, SI).
Furthermore, these hairlike structures were unstable under the
electron beam due to their thinness and their composition,
which made it difficult to obtain enough counts to produce good
EDX maps. To further explore the possible morphologies,
various reactions were carried out using capping agents such as

arginine, oleylamine, PEG, and EDTA, which led to the
formation of microspheres, microflakes, microsheets, and
microrods, respectively (Figure 3). As EDTA produced
unusually well controlled microrods of MoS2, it was utilized in
the rest of the studies. EDTA is not soluble in water. NaOH was
mixed into the solution to solubilize EDTA, resulting in a pH of
7 in the reaction mixture. Thus, the MoS2 microrods were
synthesized under neutral pH conditions, and their structural
growth was controlled by OH−, NH4

+, and H+ ions and the
EDTA binding effect.42,43 Under basic conditions (pH ∼10),
microspheres of MoS2 were obtained due to the high amount of
OH− ions and the different nature of the chelation of EDTA to
Mo.
Moreover, the effect of the EDTA concentration on the

morphology was studied by changing the concentration of
EDTA in the reaction (Figure S7, SI). The microrods of MoS2
began to join with one another as the EDTA concentration was
increased from 1.0 to 3.0 g, and the assembled nanosheet layers
on their surface became thicker, which consequently reduced
the porosity of the MoS2 structures. Thus, EDTA played a vital
role in the evolution of the MoS2 structures, and a low
concentration of EDTA (0.5 g) was used for all further reactions.
The formation of the microrods and microflowers can be
explained via the following mechanisms (Figure 4): first, in the
formation of microrods of MoS2, sodium molybdate reacts with
EDTA during the dissolution process at neutral pH to form
coordinated Mo−EDTA complexes, possibly of the form
[(H2EDTA)Mo2O6(H2EDTA)]·2H2O, in which the cation

Figure 3. Surface morphologies (FE-SEM images) of MoS2 synthesized using DDC as the S source in the presence of different capping agents: (a) L-
arginine, (b) oleylamine, (c) PEG, and (d) EDTA.

Figure 4. Schematic showing the formation mechanisms of the MoS2 nanostructures.
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and the anion are linked viaN−H···O−Mo interactions to create
one-dimensional chain or rod structures.44,45 Later, sulfurization
occurred with the help of DDCmolecules, which provide CS2 to
formMoS2microrods. In case of themicroflowers, the formation
of a coordinated Mo−EDTA complex possibly occurred as
[{Na4(H2O)8}{Mo2O6(EDTA)}]; these complexes could then
link with one another via C−H···O−Mo interactions to form
zigzag structures. These structures could then further inter-
connect through Na−O bonds.44 During sulfurization using
DDC, the zigzig structures might be converted into a
microsphere-like morphology. Overall, the formation of MoS2
begins with a complexation reaction between EDTA and Mo
and nucleation via a sulfurization process using DDC, followed
by growth, orientation, self-assembly, and finally Ostwald
ripening processes to yield MoS2 structures with controlled
morphologies. For the MoS2-N-H sample, the excess DDC
might be converted into the hairlike structures on the MoS2

structures. EDTA also restricts the formation of side products
such as molybdenum oxide by forming a stable complex with
Mo, which prevents the reaction of Mo with the OH− in
solution.
To further investigate the chemical states and composition of

synthesized MoS2 nanostructures, XPS measurements were
performed. As shown in the survey spectrum (Figure S8, SI),
MoS2 nanostructures demonstrated the characteristic peaks of S
(2p), Mo (3p, 3d, 4p), C (1s), O (1s, KLL), and Na (1s, 2s,
KLL). The peaks related to C, O, and Na could be ascribed to
the residual of EDTA and DDC on the surface of MoS2
nanostructures. In MoS2-N-H, the increased peak intensity of
C 1s and Na 1s, and the appearance of the N 1s peak suggested
the availability of DDC as hairlike structures within the MoS2
nanorods. In Mo 3d spectra (Figure 5a), the doublet peaks
centered at lower binding energy (∼231.6 and ∼228.5 eV) were
related to Mo4+ 3d3/2 and 3d5/2 of MoS2, respectively. The

Figure 5. XPS spectrum of MoS2-N, MoS2-N-H, and MoS2-B. (a) Mo 3d spectra, (b) S 2p spectra, and (c) C 1s spectra. (d) FTIR and (e) BET
isotherms for MoS2-N, MoS2-N-H, and MoS2-B.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b03853
ACS Appl. Mater. Interfaces 2019, 11, 19141−19155

19146

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b03853/suppl_file/am9b03853_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b03853


higher binding energy peaks located at ∼233.1 and ∼235.6 eV
belonged to unreduced Mo6+. In MoS2-N-H, peaks mentioned
above shifted to lower binding energy, suggesting structure
complexity. In the S 3p spectra (Figure 5b), the obtained
doublet for S 2p3/2 and S 2p1/2 at ∼161.5 and ∼162.4 eV was
ascribed to the S2− of MoS2.

31 The peak centered at ∼163.8
could be assigned to bridging S2

2−.46 The peaks positioned at
∼168.4 and ∼169.7 eV corresponded to S6+ 2p3/2 and 2p1/2 of
SO4

2− respectively, which might be attributed to intercalation of
sodium sulfate/ammonium sulfate between the MoS2 layers
during the synthesis. This resulted in the increased interlayer
spacing of MoS2 nanostructures. The S 2p spectrum of MoS2-N-
H did not show the evident spin−orbit splitting, suggesting that
the oxidation states of S atoms in MoS2-N-H were complicated.
The lower binding energy peaks (161.1 and 162.6 eV) could be
assigned to unsaturated S2− ofMoS2, whereas the higher binding
energy peak at 164.0 eV could be accredited to the bridging S2

2−

and/or apical S2− of MoS2.
46 In Figure 5c, the high-resolution

scan of C 1s demonstrated numerous peaks of oxygen and
nitrogen functionalities. The peaks located at ∼284.6, ∼286.0,
and ∼288.9 eV were ascribed to C−C, C−O, and O−CO,
respectively, suggested the presence of EDTA/DDC on the
surface.47 An additional peak at 285.3 eV in MoS2-N-H
originated from C−N bonds due to the high concentration of
DDC.47,48

FTIR measurements were carried out to investigate the
functional moieties linked to the surfaces (Figure 5d). The
broad vibrational band at 3429 cm−1 corresponded to O−H
stretching. The peaks at∼2980 cm−1 were attributed to the CH2
stretching of the alkyl groups of EDTA and DDC. The bands at
1629, 1392, 1123, and 1055 cm−1 were assigned to the CO
stretching, C−H bending, C−O stretching, and C−N
stretching, respectively, of the EDTA moieties attached to all
three samples.49 Additionally, the peaks at 1219, 958, 906, and
765, and 596 cm−1 corresponded to the respective C−C
stretching, C−N stretching, in-plane C−H bending, out-of-

plane C−H bending, and S−S stretching (due to bond
formation between the S atoms of MoS2 and DDC) of the
DDC molecules.50 The intensity of the peaks of the DDC
molecules was higher in the MoS2-N-H spectrum than in that of
MoS2-N, which supported our previous observation that excess
DDC was present on the surface of MoS2-N-H as hairlike
structures. The weak characteristic band at 457 cm−1 was related
to S−Mo stretching, indicating the successful formation ofMoS2
nanostructures. The BET specific surface areas of the as-
prepared MoS2 nanostructures were obtained from their N2
adsorption−desorption isotherms (Figure 5e). The microrod
MoS2 structures (MoS2-N, MoS2-N-H) exhibited higher surface
areas and pore volumes than the MoS2 microspheres (MoS2-B)
(Table S1 and Figure S9, SI). The surface area, pore volume, and
pore size for MoS2-N-H were calculated to be 17.083 m2/g,
0.094 cm3/g, and 12.28 nm, respectively. The surface area of as-
preparedMoS2 nanostructure was higher than that of bulk MoS2
and comparable or higher to some of the previously reported
values.31,51−53 The high surface area and pore volume indicated
that the microrod MoS2 structures might demonstrate high
adsorption capability toward Pb(II).

Adsorption Studies of the MoS2 Nanostructures. To
obtain maximum Pb(II) adsorption capacity, the adsorbent
dosage and pH of the reaction were optimized. Due to their high
surface area, MoS2-N microrods were utilized to optimize the
parameters for the adsorption of Pb(II) ions from aqueous
solutions. First, various dosages of MoS2-N were mixed into a
100 mg/L Pb(II) solution, and the Pb(II) uptake (%) was
calculated (Figure 6a). The removal efficiency initially increased
with increasing microrods dosage and then reached equilibrium
at a certain value. The almost-constant adsorption at high dosage
occurred due to the increase in the diffusion path and the
aggregation of the active sites of the adsorbent. Therefore, the
optimal dosage was determined to be 0.025 g/L.
Furthermore, the effect of pH on the adsorption efficiency was

studied by preparing solutions of Pb(II) with different pH

Figure 6. (a) Effect of MoS2-N dosage on the removal of Pb(II) ions. (b) Effect of pH on the adsorption performance of MoS2-N. (c) Langmuir and
(d) Freundlich isotherms for the adsorption of Pb(II) ions on the MoS2-N, MoS2-N-H, and MoS2-B nanostructures.
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values; the adsorption followed a trend similar to that in the
dosage experiments with increasing pH (Figure 6b). The pH has
a significant effect on forms of the metal ions present in the
solution and on the nature of the chemically active adsorbent
sites. High pH (>6) led to the precipitation of Pb(II) as
Pb(OH)2.

54 Thus, the adsorption performance of MoS2-N
versus pH was examined in the acidic region only (pH 1−6). As
shown in Figure 6b, the adsorption of Pb(II) onMoS2-N initially
increased drastically with increasing solution pH and then
plateaued above pH 3.5. The weak adsorption of Pb(II) at low
pH may be related to electrostatic repulsion and competition
between the excess H+ and Pb(II) ions for the adsorption sites.
At high pH, the adsorption of Pb ions was governed by
electrostatic interactions between the negative surface of the
adsorbent and the positive Pb(II) ions. These observations were
further sustained by ζ-potential data of MoS2-N at different pH
values from 1 to 6 (Figure S10, SI). The isoelectric point or point
zero charges (pzc) for MoS2-N was determined to be 1.15.
When pzc > pH (strongly acidic conditions), the surface of the
adsorbent carries positive charges that have a repulsive
characteristic toward cationic molecules, consequently reducing
the adsorption of Pb(II). At pH > pzc, the surface of adsorbent is
negatively charged, and this charge increased on increasing pH
value. The negative surface of adsorbent is appropriate for
adsorption of Pb(II) ions. At low pH values, adsorption suffered
from healthy competition of Pb(II) with H+, whereas at high pH
value this competition has almost vanished, which resulting in
high removal of Pb(II). The best pH for the uptake of Pb(II) was
found to be 5, which allowed for almost 100% uptake and a high
value of Kd (>2.0 × 105 mg/L) due to the highly negatively
charged surface (ζ-potential = −32.6 mV). With these
observations in mind, all further adsorption experiments were
performed at pH 5.
Adsorption Isotherm Studies. Adsorption isotherm

experiments were performed to quantitatively analyze the
adsorption characteristic of Pb(II) on the MoS2 nanostructures
and to gain a deeper understanding of the adsorption
mechanism. The experimental adsorption isotherm data were
fitted to commonly used models, viz., the Langmuir and
Freundlich models. These models can be mathematically
defined by the following equations47

Langmuir isotherm model

C
q K q

C
q

1e

e L m

e

m

= +
(4)

Freundlich isotherm model

q
n

C Klog
1

log loge e F= +
(5)

where Ce (mg/L) and qe (mg/L) have already been defined in
the previous section, qm (mg/g) signifies the maximum
adsorption capability. 1/n refers to the degree of heterogeneity
between adsorption and solution concentration, and KF (L/mg)
is the Freundlich constant, which relates to the adsorption
driving force. KL (L/mg) signifies the Langmuir equilibrium
constant, which relates to the affinity of the binding sites.
Furthermore, the Langmuir isotherm model considers
monolayer adsorption, in which adsorption ensues on
identical sites of a homogeneous surface. However, in the
Freundlich isothermmodel, multilayer adsorption takes place on
heterogeneous surfaces.
The adsorption capacities of the MoS2-N, MoS2-N-H, and

MoS2-B nanostructures were higher for lower initial concen-
trations of the Pb(II) solution and lower at higher initial Pb(II)
concentrations. This was attributed to an excess of available
active adsorption sites at lower Pb(II) concentration, while at
higher concentrations, these sites became saturated with Pb(II)
ions, which consequently led to adsorption equilibrium (Figure
S11, SI). The adsorption isotherm data were further fitted to
Temkin and Dubinin−Kaganer−Radushkevich (DKR) models
(Figure S12, SI) and their details are shown in Table S2 (SI).
The experimental values, correlation coefficients (R2), and fitted
parameters for the Freundlich, Langmuir, Temkin, and DKR
isotherms are listed in Table 1. The experimental data for the
MoS2-N and MoS2-B nanostructures were the best fit with the
Langmuir isotherm, which had a much higher value of R2

(>0.98) than the other isotherms (Figure 6c,d). Additionally,
the obtained value of the separation factor (RL) for the MoS2-N
and MoS2-B nanostructures was less than 1, which also
confirmed the applicability of the Langmuir model and
suggested monolayer adsorption of Pb(II). The Pb(II)
adsorption data for MoS2-N-H (the microrods with hairlike
structures) were better fitted by the Freundlich model (R2 =
0.9925) than by the Langmuir (R2 = 0.9409), Temkin (R2 =
0.886), and DKR (R2 = 0.583) models. Therefore, the
adsorption of Pb(II) occurred in a multilayer fashion on the

Table 1. Evaluated Fitting Parameters and Related Error Values for Each of the Adsorption Isotherm Models

model parameter MoS2-B MoS2-N MoS2-N-H

Langmuir qm (mg/g) 99.10 163.93 303.04
KL (L/mg) 2.42 × 10−1 3.32 × 10−1 7.87 × 10−2

RL 0.023−0.172 0.016−0.131 0.066−0.389
R2 0.9879 0.9938 0.9409

Freundlich KF (L/mg) 5.27 5.81 6.16
1/n (mg/g) 0.167 0.261 0.474
R2 0.9089 0.8501 0.9925

Temkin β (mg g−1) 10.80 17.535 53.40
KT (L mg−1) 74.3 12.25 1.44
R2 0.966 0.962 0.886

DKR qD (mg g−1) 87.10 137.4142 155.98
KDR (mol2 J−2) 1.70 × 10−7 2.83 × 10−7 3.62 × 10−7

Es (kJ mol−1) 1.72 1.33 1.18
R2 0.862 0.877 0.583
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heterogeneous surface of MoS2-N-H. The calculated maximum
adsorption capacities for Pb(II) on the MoS2-N, MoS2-N-H,
andMoS2-B nanostructures were 163.93, 303.04, and 99.10 mg/
g, respectively. The high adsorption capacity of MoS2-N-H
could be ascribed to its excess S, O, and C functionalities and
enhanced sulfur−lead complexation. Additionally, the adsorp-
tion results were supported by the surface charge on the
adsorbents, which was determined by ζ-potential measure-
ments. The ζ-potential value of MoS2-N, MoS2-N-H, andMoS2-
B was determined to be −33.2, −44.7, and −26.8 mV at pH 5,
respectively (Figure 7). Compared to other nanostructures,

MoS2-N-H carries a highly negative surface (ζ-potential =−44.7
mV) charge, which is good for high interaction with Pb(II) ions
and results in high removal capacity. Moreover, the nature of
adsorption can be explained by the DKR isotherm model. The
calculated value of E parameters for MoS2-N, MoS2-N-H, and
MoS2-B was found to be in the range of 1.18−1.72 kJ mol−1,
which occurs in the range of 1−8 kJ mol−1, suggesting the
physical adsorption of Pb(II) on the adsorbents. A comparison
of lead elimination performances of as-prepared MoS2
nanostructures with those of formerly reported metal sulfide-
based adsorbents is summarized in Table 2. In comparison to the

earlier studies, MoS2-N-H exhibited superior adsorption
capabilities for the removal of Pb(II) from water. From Table
2, the MoS2/reduced graphene oxide (rGO) composite (384.16
mg/g) has demonstrated a higher adsorption capacity than
MoS2-N-H nanostructures (303.04 mg/g). The high adsorption
capacity of MoS2/rGO for Pb(II) was ascribed to the excess
oxygen functionalities (viz., −OH, −COOH) supplied by rGO,
which enabled surface complexation, and to the negative
charged surface of MoS2 and rGO for electrostatic attractions.
On the other hand, MoS2-N-H is lacking the excessive oxygen-

carrying functionalities but still showed significant Pb(II)
removal capacity. The observations demonstrated the potential
of the MoS2 nanostructures for the uptake of Pb(II) from
polluted water/mine water.

Kinetic Studies.On the basis of its high adsorption capacity,
MoS2-N-H was selected for further detailed studies of its
adsorption kinetics. Herein, three commonly used kinetics
models, intraparticle-diffusion, pseudo-first-order, and pseudo-
second-order models, were chosen for fitting the experimental
adsorption kinetics data. The kinetics equations and their
associated parameters are summarized in Table S3 (SI). The
pseudo-first-order kinetics model emphasizes that the adsorp-
tion occurs by the diffusion process, while the pseudo-second-
order model considers adsorption to be determined by the
square of unoccupied vacancies on the adsorbent surface and
controlled by a chemisorption process that involves strong
chemical interactions. The intraparticle diffusion kinetics model
emphasizes that the adsorption process occurs via diffusion of
the adsorbate to the inside of the particles, with the diffusion
process being the rate-determining step of adsorption. To
determine the relationship between time and the initial Pb(II)
concentration, the graph of the adsorption capability (qt) versus
time was plotted (Figure 8a). The adsorption of Pb(II) onto
MoS2-N-H increased rapidly during the initial 150 min due to
the excess of reactive moieties on the surface and then slowed
close to the adsorption equilibrium, which was due to the
diffusion of ions into interior pores and slow interactions
between S and Pb(II) ions. The calculated kinetics parameters of
the three kinetics models are shown in Table S4 (SI). The
pseudo-second-order kinetics model was found to fit the data
best, as it had the highest R2 value (0.999) (Figure 8b,c).
Moreover, the theoretical value of qe calculated using the

pseudo-second-order kinetics model was better matched to the
actual adsorption capacity than those calculated using the other
kinetics models. Thus, the adsorption of Pb(II) on MoS2-N-H
followed pseudo-second-order kinetics, suggesting that the
available surface active sites might be the rate-determining
factor. As shown in Figure 8d, the qt vs t

0.5 curve (intraparticle-
diffusion curve) exhibits two linear regions. The first region
corresponds to interface or film penetration, while the second
region represents the diffusion of the Pb(II) ions inside the
pores to slowly reach the equilibrium phase. It was observed that
the intraparticle-diffusion graph was not passing through the
origin, suggesting that the reaction rate could not be explained
by the intraparticle kinetics model alone.

Adsorption of Pb(II) Ions from Real Mine Water. Mine
water was collected from a mine near Potchefstroom, South
Africa. As shown in Table S5 (SI), mine water contained
different concentrations of various elements and had a pH of
∼7.08, electrical conductivity of ∼116 mS/cm, and turbidity of
∼1.27 NTU. In addition to Pb(II) ions, the real mine water
contained Ca, Mg, Na, K, Cu, Fe, Ni, Ti, Si, and Sr. As
demonstrated in Figure 9, theMoS2-N-H sample easily achieved
complete adsorption of the Pb(II) ions (∼100%) from the real
mine water. The adsorbent also effectively adsorbed the other
ions that were present in the mine water. Furthermore, after
spiking the mine water with 50 mg/L of Pb(II), MoS2-N-H (50
mg of adsorbent) could still effectively adsorb all of the Pb(II)
ions from the mine water in the presence of the coexisting
cations. The presence of Pb ions was also observed to enhance
the removal of other metal ions. Therefore, MoS2-N-H has
strong potential to be utilized in the pollutant removal processes
of real mine water and other industrial wastewater.

Figure 7. ζ-Potential of MoS2-N, MoS2-N-H, and MoS2-B at pH 5.

Table 2. Comparison of the Maximum Pb(II) Removal
Capacity of Various Sulfide-Based Adsorbents

adsorbent pH qm(mg/g) ref

SnS nanoparticles−activated carbon 4.0 48.5 55
MoS2/rGO 5.0 384.16 56
MoS2 6.8 108 57
MoS2@biochar 5.0 189 58
CuS nanorods−activated carbon 6.0 146 59
β-cyclodextrin/Fe3S4 6.0 256 60
MoS4-polypyrrole 2.5−6.0 78 61
MoS2 microflowers 5.0 99.10 this study
MoS2 microrods 5.0 163.93 this study
MoS2 microrods/C 5.0 303.04 this study
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The mechanism of Pb(II) adsorption on MoS2-N-H could be
attributed to ion exchange between Pb(II) and the H+ ions that
exist on the MoS2 surface in aqueous solution, followed by
complexation. As suggested by the isotherm studies, Pb(II) was
adsorbed onto MoS2-N-H via multilayer adsorption, in which
the initial layer is ascribed to the chemical complexation of
Pb(II) with S (inner-surface complex), whereas the second layer
is associated with electrostatic interactions between Pb(II) and
carbon or sulfur functionalities. Figure S13 (SI) illustrates the

adsorption mechanism for Pb(II) onto MoS2-N-H. Previous
literature on the removal of heavy-metal ions on MoS2 has also
described a similar metal−sulfur complexation mechanism.21,62

Fate of MoS2 after Adsorption of Pb(II) Ions. After
Pb(II) adsorption studies, MoS2-N-H sample was characterized
using XRD, XPS, SEM-EDX, and TEM to understand the
structural and morphological changes. The obtained XRD
diffraction peaks were in agreement with the diffraction pattern
of PbMoO4 crystals (JCPDS card No. 01-071-4910), confirming
the conversion of MoS2-N-H into PbMoO4-like crystal
structures (possibly as PbMoO4−xSx) (Figure 10a). The sharp,
high-intensity peaks indicated the good crystallinity of the
product. Furthermore, to confirm the formation of a new
product after adsorption, the chemical states were examined
using XPS (Figure 10b−f). The XPS survey demonstrated that
the product consisted of the elements Pb, O, Mo, S, and C. The
Pb, O, and Mo peaks had high intensities, while S had a low-
intensity peak, suggesting that S was present as a dopant in the
sample. The deconvoluted Pb 4f spectrum in Figure 10c
exhibited peaks at 138.7 and 143.5 eV, which corresponded to
Pb 4f7/2 and Pb 4f5/2, respectively, suggesting the occurrence of
Pb2+ as Pb−O of the PbMoO4−xSx. The binding energy peak at
144.3 and 139.5 eV was related to Pb 4f5/2 and Pb 4f7/2, which
occurred due to the existence of Pb2+ as Pb−S of the
PbMoO4−xSx.

60,63 The both sets of peaks showed a separation
gap of 4.8 eV, which reflected the strong binding between Pb and
O/S atoms. The high-resolution spectrum of Mo 3d exhibited
two pairs of doublet peaks that corresponded to the two kinds of
oxidation states ofMo in PbMoO4−xSx (Figure 10d). One pair of
peaks centered at 235.6 eV (Mo 3d3/2) and 232.7 eV (Mo 3d5/2)
corresponded to the Mo(VI) oxidation state in PbMoO4−xSx,
whereas another pair of peaks appeared at the lower binding
energies of 232.4 and 235.5 eV, representing the Mo(V)
oxidation state.63,64 Figure 10e depicts the XPS spectrum of O
1s; the peak centered at 530.5 eV represents the Pb−O bond.
The additional peaks at 531.8 and 533.2 eV were assigned to C−

Figure 8. Plots of the (a) adsorption kinetics, (b) pseudo-first-order model, (c) pseudo-second-order model, and (d) intraparticle-diffusion model for
the adsorption of Pb(II) ions.

Figure 9. Removal efficiency of Pb(II) and other coexisting cations
from real mine water and Pb(II) ion-spiked mine water.
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O and M−C−O linkages, respectively, which were already
present in the original MoS2-N-H sample.58 Additionally, in the
S 2p XPS spectrum (Figure 10f), the peak centered at 163.3 was
associated with a Pb−S bond (S2− state), which confirmed the
presence of S as a dopant in PbMoO4−xSx. The high binding
energy peaks at 168.7 eV (2p3/2) and 169.8 (2p3/2)
corresponded to the high oxidation state S(VI) as sulfate,
which originated from intercalated ions of MoS2-N-H. The
broad peak centered at 165.4 eV could be ascribed to bridging
S2

2−.46

The exterior and interior surface characteristics of
PbMoO4−xSx were investigated using SEM and TEM/
HRTEM. In Figure 11a, the SEM image displays nanospindle-
like structures with a width of 400−500 nm and a length of a few
microns (∼1.5 μm). Some structures that had not completely

grown spindles were also observed (Figure 11b). These
nanospindles joined together to construct microflower-like
structures. Interestingly, the end edges of all the spindles/petals
were blunt (not sharp), indicating the uniform formation of
PbMoO4−xSx (Figure 11b,c). As shown in Figure 11b, very small
particles were anchored on the spindle, which might be
composed of C (from MoS2-N-H) or unconverted MoS2
nanosheets. The HRTEM image (Figure 11d) exhibited a
lattice spacing d of 0.33 nm, which corresponded to the (112)
plane of PbMoO4, suggesting the formation of the product
PbMoO4−xSx (lattice spacing calculation is shown in Figure S14,
SI).65 Moreover, the EDX results demonstrated that the
obtained product was composed of all the expected elements,
i.e., Mo, S, O, Pb, and C (Figure 11e), reaffirming the formation

Figure 10. (a) XRD pattern. (b) XPS survey spectrum and deconvoluted spectra of (c) Pb 4f, (d) Mo 3d, (e) O 1s, and (f) S 2p of the spent adsorbent
MoS2-N-H after the removal of Pb(II) ions.

Figure 11. (a) SEM image, (b, c) TEM images, (d) HRTEM image with the lattice fringes highlighted, and (e) EDX spectrum and EDX mapping
images of PbMoO4−xSx.
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of PbMoO4−xSx. Additionally, EDX mapping also showed the
uniform distribution of Mo, S, and Pb throughout the sample.
The UV−vis absorbance spectrum of PbMoO4−xSx is

depicted in Figure 12a and shows an absorption edge at ∼319
nm. The broad band centered at 390 nm could be attributed to
the presence of C moieties originating from MoS2-N-H. As
reported in the literature, molybdate is a direct band gap
semiconductor and has a band gap value of ∼3.40 eV.63 The
band gap of PbMoO4−xSx was calculated from the tangent to the
x-axis in the Tauc plot of (αhν)2 vs hν (energy) (see the inset of
Figure 12a). The band gap of PbMoO4−xSx was determined to
be 3.86 eV, which can only be activated in UV light. The increase
in the band gap value might be ascribed to the S-doping in the
crystal structure of PbMoO4.
Photocatalytic Degradation of CIP Using PbMoO4−xSx.

The photocatalytic activity of PbMoO4−xSx was investigated by
measuring the degradation of CIP under UV−vis light
irradiation. Initially, the photolysis experiment was executed in
the absence of the photocatalyst with light irradiation. This
control experiment demonstrated that no significant changes in
the degradation of CIP occurred (∼9.4%) and also suggested
that the degradation process of CIP mainly occurred via
photocatalysis (Figure S15a, SI). As shown in Figure 12b, the
absorbance intensity of CIP decreased with increasing reaction
time, confirming the photocatalytic properties of the material.
The amount of CIP was significantly reduced by treatment with
the PbMoO4−xSx nanospindles, and 79.8% photodegradation
efficiency was obtained after 4 h in the presence of UV−vis light
(Figure 12c). Moreover, for comparison, the photocatalytic
efficiency of initial material (MoS2-N-H) was observed (50.5%),
which was lower than that of PbMoO4−xSx nanospindles. The
high photocatalytic efficiency of PbMoO4−xSx toward CIP
degradation was attributed to the high absorption of light and
delayed recombination of the e−/h+ pairs. Furthermore, the
kinetics of the degradation of CIP using the nanospindles was

analyzed using the first-order kinetics reaction ( ) Ktln C
Ct

0 = . In

this equation, K signifies the rate constant (min−1), t signifies
time (min), and C0 and Ct (mg/L) relate to the initial and final
concentration of CIP. As shown in Figure S15b (SI), the plot of
ln(C0/Ct) versus t was linear, indicating that the obtained data
was well-followed by first-order kinetics, and the rate constant
was determined to be 0.0068 min−1. Additionally, recycling
experiments were conducted to check the reusability of
PbMoO4−xSx photocatalyst over four successive cycles under
similar conditions (Figure S16, SI). No significant change
occurred in degradation efficiency of CIP after four cycles,
suggesting the reusability and stability of the catalyst.
The light-induced charged species and their migration are

depicted schematically in Figure 12d. Under light irradiation,
electron−hole pairs were produced on the surface of the
PbMoO4−xSx nanospindles. The generated electrons converted
dissolved O2 into superoxide oxygen (•O2

−), while the holes
participated in the conversion of water to hydroxyl radicals
(•OH). At the same time, the strong polarization ofMo(VI) and
Pb(II) initiated charge transmission between O2

− and Mo(VI)/
Pb(II) and resulted in enhanced photodegradation.63 Fur-
thermore, the dangling sulfur bonds in PbMoO4−xSx also
promoted degradation by providing catalytically active sites. The
proposed charge transfer delayed the recombination of e−/h+

pairs, which led to high production of reactive oxygen species
(ROS). Therefore, the presence of excess ROS, such as •OHand
•O2

−, was responsible for the improved photocatalytic
conversion of CIP to less toxic products.47,64,66,67

■ CONCLUSION

In summary, MoS2 micro/nanostructures with new morpholo-
gies and increased interlayer spacing were synthesized via a
single-step hydrothermal route using the new S source DDC in
the presence of EDTA at different pH values. Microrods,
microspheres, and microrods with hairlike structures were
prepared fromMoS2 nanosheets at pH 7, pH 10, and pH 7with a
high concentration of DDC, respectively. The increased

Figure 12. (a) UV−vis absorbance spectrum of PbMoO4−xSx; the inset is the Tauc plot for the band gap calculation. (b) Change in the UV−vis
absorbance of CIP during irradiation. (c) Change in the concentration and photodegradation (%) of CIP with time. (d) Schematic depicting the
photocatalytic mechanism of the degradation of CIP using PbMoO4−xSx nanospindles.
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interlayer distance (∼1.0 nm) in all the structures was ascribed
to the presence of Na/hydrated Na and Na2SO4/(NH4)2SO4,
which originated from DDC and NaOH, between adjacent S−
Mo−S layers, providing an abundance of accessible S adsorption
sites. The FTIR spectra demonstrated the anchoring of EDTA
on the MoS2 nanostructures. Among the three nanostructures,
MoS2-N-H demonstrated an excellent capacity (303.04 mg/g)
and high affinity for Pb(II). Its superior adsorption capacity was
attributed to Pb−S complexation (strong Lewis base inter-
actions) and electrostatic interactions between DDC/EDTA
and Pb(II) ions. The adsorption was best fitted using the
Freundlich isotherm and pseudo-second-order kinetics, suggest-
ing a multilayer chemisorption process for adsorption of Pb(II)
onto the MoS2-N-H nanostructures. To evaluate their practical
utility, the MoS2-N-H nanostructures were employed in real
mine water; the nanostructures successfully removed almost
100% of the Pb(II) ions in the presence of various coexisting
ions, suggesting the high selectivity of the adsorbent. After
careful characterization of the spent adsorbent using XRD, XPS,
SEM/HRTEM, it was concluded that MoS2-N-H was converted
into PbMoO4−xSx nanospindles. To avoid secondary waste, the
PbMoO4−xSx nanospindles were used for the photodegradation
of the antibiotic CIP, and their high photodegradation efficiency
(79.8%) was ascribed to the high amount of ROS production
due to the delayed recombination of e−/h+ pairs. Thus, the
developed MoS2-N-H with increased interlayer spacing might
represent a promising candidate for the uptake of Pb(II) in
industrial applications.
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