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Abstract Photoreduction of chromium hexavalent
ions (Cr®") from the aquatic environment is urgently
needed due to its impairing effect on human health.
Adsorption, photoreduction, and desorption of
reduced trivalent chromium (Cr’*) at the photocata-
lyst surface are all significant factors for determining
photocatalytic reduction efficiency. Herein, we report
a facile, template-free hydrothermal approach to fab-
ricate green and homogeneous mixed-phase (1 T/2H)
molybdenum disulfide (MoS,) nanosheets for highly
efficient removal of Cr®" ions and pharmaceuticals
from wastewater. The nanostructure and morphol-
ogy of the obtained (1 T/2H) MoS, are investigated;
the calculated crystallite size of the (2H/1 T) MoS,
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nanosheets is found to be 1.7 nm. The presence of
surface functional groups adsorption, and photore-
duction processes is confirmed by spectroscopic stud-
ies using Fourier transform infrared (FTIR) spectra.
Additionally, Raman spectra confirmed the forma-
tion of 1 T/2H mixed-phase MoS, which illustrates
its crystal phases, structure, and chemical compo-
sition. Moreover, the point-of-zero charge analysis
revealed the positively charged surface in the acid
system. The obtained results revealed the non-toxicity
of MoS, nanosheets at doses lower than 1000 ppm.
The results reveal that the (1 T/2H) MoS, exhib-
ited impressive reduction performance for Cr®*; the
reduction efficiency of chromium Cr®* is 100% under
simulated sunlight, 90 min at pH (3). Further spec-
troscopic study results confirm the importance of the
adsorption step in Cr®" ions photoreduction. Differ-
ent pharmaceuticals are also completely degraded
over (1 T/2H) MoS, nanosheets. Interestingly, com-
plete removals of E. coli O157:H7, Listeria mono-
cytogenes, and Candida albicans were observed at a
dose of MoS, nanosheets of 250 ppm after a contact
time of 30, 30, and 45 min, respectively. The results
of the current work could lead to a rational design of
high-performance nanosheets for the efficient decon-
tamination of heavy metals, pharmaceuticals, and
pathogens from aquatic environments.
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Introduction

Hexavalent chromium (Cr®") from industrial activi-
ties (such as electroplating, metal finishing, leather
tanning, steel fabricating, photographic) are released
into a water body, causing major environmental
issues. Unfortunately, Cr%" is known to be a muta-
genic, carcinogenic, and toxic substance, which is
harmful to biological systems and can easily enter
the food chains [1]. Cr®* concentrations in drink-
ing water are regulated to 0.05 mg.L™' [2]. Subse-
quently, it is essential to eliminate Cr®" from waste-
water. Many researchers have been undergoing some
efforts. There are traditional methods for reducing
Crot including bioremediation, ion exchange, mem-
brane separation, adsorption, and chemical precipi-
tation, but they all have problems such as sludge
generation, damaged precipitation, and high operat-
ing costs [3-5]. For example, the adsorption tech-
nique is commonly utilized in the treatment of Cr%*
[6]. The challenge is that it can only be used for Cr®*
adsorption, and the desorbed Cr®* still needs to be
treated.

Transformation of Cr®" to Cr®* is one of the most
popular ways of treating Cr®" in wastewater [7].
Cr’* is a necessary trace metal in human nutrition
and is considered harmless [8—10]. Consequently,
reducing Cr®* to Cr** is considered a critical step
in the treatment of wastewater containing Cr®*. For
the reduction of Cr®*, many alternative procedures
have been proposed, such as chemical reduction
and photoreduction [11-13]. Among these tech-
niques, photocatalysis utilizing sunlight is a promis-
ing method as it achieves the one-step elimination
of Cr" [14, 15]. During the photocatalysis process,
electron (e”) and hole (h™) active species are gen-
erated. These free radicals may recombine or con-
tribute to redox processes. The photo-excited elec-
trons at the catalyst surface can directly contribute
to the reduction process, and can attack O, to pro-
duce active species O,°”, H,0,, and *OH. Moreo-
ver, the photo-holes with a high oxidation potential
can engage directly in the oxidation degradation
process or oxidize water to form *OH. These active
species O,°~, H,0,, and *OH can contribute to the
complete breakdown of contaminants in CO, and
water [15—17]. In the case of Cr®", electrons at the
conduction band (CB) encourage the photoreduc-
tion process.
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On the other hand, molybdenum disulfide (MoS,)
is an inorganic compound that contains one atom of
molybdenum and two atoms of sulfur and belongs to
the transition metal dichalcogenides (TMDs) series
[18-20]. Due to its physical, chemical, and electronic
properties, MoS, can be regarded as a promising
semiconductor material that is widely used for pho-
tocatalytic processes, in addition to its great yield and
cheap production. The direct bandgap of the MoS,
monolayer is 1.8 eV. Moreover, its layered structure
overcomes the graphene gapless problem [21], thus
making it scientific and industrial importance. Pre-
paring controllable MoS, nanosheets is one of the
most challenging tasks, as MoS, has shown favorable
and promising electron and quantum properties in the
transition from bulk to two-dimensional (2D) struc-
tures [18, 22-25].

MoS, lattices have both 2H and 1 T phase mod-
els; 2H-MoS, (hexagonal phase) has semi-conducting
behaviors, and its active sites exist only in the edges
due to the localization of the d-band of transition
metals [26, 27]. In addition, the 1 T phase (trigonal
phase) has a metallic property. Fabrication of 1 T
single-phase MoS, required highly toxic reaction
sources and harsh reaction conditions. Consequently,
it has been discovered that the hybrid phases 1T/2H
MoS2 with the conductivity of the 1T phase and the
handleability of the 2H phase can solve this problem
and have a strong influence on its electronic proper-
ties, resulting in increased activity [26-28].

Of late, many procedures have been used to fab-
ricate 1 T/2H MoS, nanostructures [29]. Among
these procedures, the hydrothermal one enables the
rapid production of a wide variety of structures. The
photocatalytic activities of MoS, are investigated in
reducing Cr®" ions from an aqueous solution under
simulating sunlight [30-32]. The generation of MoS,
is generally based on the introduction of templates
and surfactants, additional calcination processes, and
indelible impurities, which can be disadvantageous at
a high cost. Consequently, morphologically control-
lable production of 1 T/2H MoS, nanosheets using
template-free methods remains a major challenge.

Herein, our current research aims to utilize the
hydrothermal approach to prepare (2H/1 T) MoS,
nanosheets without the use of surfactants, templates,
or subsequent calcination processes that are used
for photocatalytic reduction of Cr®" ions and phar-
maceuticals from aqueous solution. As well, the
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antimicrobial activity of MoS, nanosheets is investi-
gated. The photocatalytic efficiency of the photocata-
lytic reduction of Cr®* to Cr** is examined in detail,
including the effect of catalyst dose, solution pH, and
the photocatalytic reduction mechanism. Moreover,
the antimicrobial effects of MoS, nanosheets against
microbial pathogens are studied.

Experimental work
Materials and reagent

Sodium molybdate anhydrate (NagMo,0,,.4H,0) is
supplied by Merck Chemicals Company, Germany.
Thiourea (TU) (CH4N,S) and polyvinylpyrrolidone
(PVP) ((C4HgNO),) powders (>99.0% in purity) are
supplied by LOBA Chemie, India. Reagent grade
potassium dichromate (K,Cr,0;) is supplied by
Sigma-Aldrich, USA. Cefadroxil, cefotaxime, melox-
icam, ceftriaxone, paracetamol, and ciprofloxacin are
purchased from Sigma-Aldrich, USA. All the chemi-
cals employed are of analytical grade and applied
without further purification. The solvent utilized in all
the experimental procedures is deionized water.

Preparation method

Mixed-phase (2H/1 T) MoS, nanosheets are prepared
using a simple hydrothermal route as illustrated in
Fig. 1. Briefly, sodium molybdate anhydrate, thiourea,
and polyvinylpyrrolidone are dissolved in 50 mL dis-
tilled water and stirred for 30 min. Then HCl is slowly
added dropwise into the solution using a burette until
the blue color is formed. The solution is stirred for
a further 5 h, then transferred to an autoclave, and
placed it in a muffle furnace at 180 °C for 24 h. The
autoclave is allowed to come to room temperature and
then filtrate the products, rinsing them with distilled
water several times. The precipitate is then dried at
70 °C overnight. The dried MoS, powder is charac-
terized and used for photocatalytic applications.

Characterization

Surface morphology and elemental analysis test of
MoS, nanosheets are studied using a field emission
scanning electron microscope (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDX) (QUANTA

FEG250 at 20 kV). Equipped HR-TEM images are
obtained using JEOL JEM-2100 high resolution of
0.19 nm at 200 kV (LaB6) to study the nanostructured
MoS, nanosheets. The crystal phase of as-prepared
products is characterized by X-ray diffraction (XRD,
Bruker D8 Advance A25, Cu-Ka radiation, 40 kV,
40 mA). To investigate the composition and phase
structure, the raman spectrum is collected on Pro-
Raman, Enwave Optronics, at excitation wavelength
lex 532 nm. Fourier transform infrared spectrum
(JASCO FT/IR-4600 in the spectral range from 400
to 4000 cm™!, with a resolution of 4 cm'l) is used to
study the surface structure of MoS, before and after
adsorption and reduction. The pH value is measured
with a pH meter (Orion versa star L.1/5). The UV—vis
spectra of the samples are measured on UV—vis spec-
trometer (JASCO-V-730). The concentration of total
chromium are determined by inductively coupled
plasma (ICP) emission spectroscopy (VISTA-MPX).
The BET specific surface area (BET) measurement
by N, adsorption/desorption is determined using a
BET analyzer (ASAP-2020, Micromeritics). The pore
volume and pore diameter distribution are derived
from the adsorption isotherms by the Barrett-Joyner-
Halenda (BJH) model. Zeta potential of the MoS, is
measured by “Malvern Zetasizer Nano ZS.”

Activity investigation
Adsorption process

First, a proper amount of K2Cr207 is dissolved in
deionized water to prepare a 1000 ppm stock Cr®* solu-
tion. Diluting this stock solution to produce a working
solution with a known Cr®" concentration. The initial
solution pH is adjusted by using 0.1 N HCI and 0.1 N
NaOH. A series of experiments are carried out by vary-
ing the contact time, the catalyst dose, and solution pH
to examine the Cr®* adsorption, and reduction perfor-
mances of the prepared catalyst. All experiments are
performed in duplicate and average results are reported.
For typical adsorption runs, 0.2 g. L-1 of (2H/IT)
MoS2 catalyst dispersion in a Cr®" solution with an ini-
tial concentration of 20 ppm at pH 3 has been used. The
mixture is stirred for 30 min under the dark condition
to reach adsorption—desorption equilibrium. During the
adsorption process, 3 mL of suspension is taken out by
syringe filter (PTFE 0.45 pm) in regular 5-min intervals
to obtain the supernatant.

@ Springer
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Fig. 1 Proposed diagram
for mixed-phase (1 T/2H)
MoS, nanosheet preparation
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CH,N,S

The Cr®" concentration is determined by colorim-
etry at 540 nm using the diphenyl carbazide technique
and by using a UV-vis spectrophotometer at 348 nm
[33]. The amounts of total chromium are determined by
inductively coupled plasma (ICP) [30]. The concentra-
tion of C** is calculated from Eq. (1) (the total chro-
mium subtracting the Cr®* concentration):

cr*t = cr(total) — cr®™ (1)

Adsorption percentage can be calculated as follows:

Co— ¢

Adsorption % = x 100 2)

)
where C, and C, are the concentrations before and
after different irradiation times.

Photoreduction process

After the adsorption process, the contact solution is
exposed to the solar simulator. During the photore-
duction process, 3 mL of suspension is taken out in a
regular 30-min interval by syringe filter to obtain the
supernatant. The concentration of Cr®* in the super-
natant is evaluated by using a UV-vis spectropho-
tometer and by the diphenyl carbazide method. The
changes in Cr®" concentration are determined by the
formula.
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o HCL

Na,MoO, - 2H,0

Degradation % is calculated as follows:

Co— ¢

Degradation % = x 100 3)

o
where C, and C, are the concentrations before and
after different irradiation times, respectively. The iso-
therm and kinetic parameters are also calculated for
photocatalytic reactions.

Determination of pH zero charge point

The point-of-zero charges (pH,pc) of the (2H/1 T)
MoS, nanosheets are measured using the pH drift
method [32]. In this method, the pHyp- of the
(2H/1 T) MoS, photocatalyst is determined by adding
25 mL of 0.1 N NaCl in 50-mL conical high-density
polystyrene flasks. A range of initial pH (pHj;.)
values of the NaCl solutions and 50 mg of (2H/1 T)
MoS, is adjusted from 2 to 12 by using 0.1 M of HCI
and NaOH. The suspensions are shaken in a shaker
and allowed to equilibrate for 24 h. The suspensions
are then centrifuged at 5000 rpm for 15 min and the
final pH (pHjg,,)) values of the supernatant liquid are
recorded. The value of pH p is the point where the
curve of (pHg,.1 — PHiniia) Versus pHi,iia crosses the
line equal to zero.
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Acute toxicity assay

The acute toxicity level and effective concentration
(ECsy) of the synthesized molybdenum disulfide
(MoS,) nanosheets are examined using a 2% screen-
ing test of Microtox Analyzer 500 (Modern Water
Inc., USA). Five concentrations of MoS, nanosheets
(50, 100, 250, 500, and 1000 pg. mL'l) are toxic-
ity tested. The tube containing 500 pL of diluent is
inoculated with 10 pL of the resuspended biolumines-
cence Vibrio fischeri bacterium and used as a control,
while in another test tube, 10 uL of each concentra-
tion of MoS, nanosheets and 10 uL of Vibrio fischeri
are added to a tube containing 500 pL of diluent. The
toxicity level and effective concentration (ECs) are
determined within 15 min.

Antimicrobial assay of (1 T/2H) MoS, nanosheets
using disc diffusion method

In vitro antimicrobial effects for the five MoS, nano-
material concentrations (50, 100, 250, 500, and
1000 pg. mL™!) are tested. Six pathogenic microor-
ganisms, including Escherichia coli O157:H7 (ATCC
35,150) and Pseudomonas aeruginosa (ATCC
10,145) as Gram-negative bacteria; Listeria mono-
cytogenes (ATCC 25,152), Staphylococcus aureus
(ATCC 43,300), and Enterococcus faecalis (ATCC
43,845) as Gram-positive bacteria; and Candida albi-
cans (ATCC 10,231) as a yeast model, are involved in
this assay. One hundred microliters of each refreshed
pathogen is spread on the surface of Miiller-Hinton
agar plates (BBL, Germany). Sterile filter paper
discs (6 mm in diameter) are saturated with MoS,
nanosheets, and after that, the discs are placed on the
surface of Miiller-Hinton agar plates. The plates are
incubated for 24 h at 37 °C. The diameters of inhi-
bition zones were are measured in millimeters (mm)
using a measuring ruler, whereas 6 mm in diameter
means that the tested material has no antimicrobial
effects [34, 35].

Disinfection effects of (IT/2H) MoS, nanosheets
against pathogenic microorganisms

E. coli O157:H7, Listeria monocytogenes, and Can-
dida albicans are used in this experiment. These pre-
served pathogens with 10% glycerol in—20 °C are
refreshed in 10-mL tryptic soy broth tubes (Merck,

Germany). The inoculated tubes are incubated at
37 °C for 24-48 h. The grown microbial pathogens
are centrifuged at 5000 rpm for 20 min and washed
three times to remove any nutrients and/or debris.
Preparation of the microbial pathogens is carried out
24 h before each experiment to determine the ini-
tial pathogenic counts, according to APHA (2017).
Appropriate microbial counts~10°-10" CFU.ml"!
from each pathogen are separately inoculated into five
tubes, of which each tube contains 10 mL from 50,
100, 250, 500, and 1000 pg. mL~" of MoS, nanosheet
suspension. The tubes are incubated in the lab tem-
perature and under shaking at 150 rpm. The samples
are withdrawn after different contact times (0, 15,
30, 45, 60, and 120 min). The pathogenic counts are
determined using the pour plate method according to
APHA (2017). The colonies are expressed as a col-
ony-forming unit (CFU.ml™!). The following equation
is used to calculate the removal efficiency:
Ci—Co

The removal efficiency (R%) = x 100 4)
where C; is the initial pathogen counts at 0 min and
C, is the pathogen counts after exposure to MoS,
nanosheets.

Results and discussion

The synthesis of mixed-phase 1 T/2H-MoS, nanosheets
is conducted by a simple hydrothermal method. The
pattern 2H-MoS, nanosheets are achieved by a com-
monly used hydrothermal process. During the forma-
tion of the 2H MoS, phase, the sulfur vacancies are
formed because of the generated hot temperature as the
induction factor [32]. The existence of sulfur vacancy
changed the density of the surrounding electron cloud,
which causes movement Mo to form a 1 T configura-
tion, and finally, build up the mixed coexistence struc-
ture of mixed-phase 1 T/2H-MoS,.

Morphological analysis

SEM and EDX measurements

The representative SEM images and EDX data of
obtained sample are shown in Fig. Sla and b. It is

shown that the sample has nanosheets layered struc-
ture (as the arrow shown in Fig. Sla) with typical

@ Springer
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small holes on the surface which can act as active
adsorption sites that are beneficial to catalytic activ-
ity. These folded nanostructures can significantly
decrease the surface recombination of the photogen-
erated electrons and holes and improve the effi-
ciency of collection, transfer, and separation of car-
riers, which is essential for enhancing photocatalytic
activity.

Figure S1b shows the EDX spectrum of the sam-
ple; only sulfur and molybdenum atoms are detected
besides the O, which comes from the alcohol used in
measurement without any additional peak for impu-
rities. This confirms that nanosheets contain only
molybdenum and sulfur elements. Table S1 also dem-
onstrates that the atomic ratio of Mo and S is 58.28%
and 28.29%, which confirms that the product is MoS,.

The morphology and nanostructure of the (1T/2H)
MoS2 nanosheets are detected by transmission elec-
tron microscope (TEM), high-resolution Transmission
Electron Microscope (HRTEM), and selected area
electron diffraction (SAED) to obtain more insight into
the crystal structure of the as-prepared (1T/2H) MoS2
nanosheets (Fig. S2 (a, b, ¢, d.)) Figure S2a and b reveal
that the synthesized (1 T/2H) MoS, has consisted of
multilayered layers of nanosheets. From the HTEM
image it is found that the MOS2 nanosheets are stacked
densely with clear lattice fringes with an interlayer
spacing of 0.62 nm which suggesting the high crys-
tallinity of the 2D networks (Fig. S2(c)). The selected
area electron diffraction pattern (SAED) is illustrated in
Fig. S2d, the visible diffraction rings could be indexed
to (100) and (110) planes of the hexagonal [27]. The
SAED pattern illustrates the crystalline nature of the
2D MoS,, with highly diffused bands (Fig. S2d).

Structural analysis

The phase purity and crystal structure of (2H/1 T)
MoS, nanosheets are considered by X-ray diffraction
(XRD). As illustrated in Fig. 2a, the XRD spectra pat-
tern of (2H/1 T) MoS, nanosheets shows crystalline
with hexagonal crystal structure without any impurities.
All the diffraction peaks are assigned to MoS,’s hexag-
onal phase and are compatible with the typical powder
diffraction pattern (JCPDS No. 00-024-0513) [32, 36,
37]. Four characteristic diffraction peaks at 20=15.8°,
32.8°, 39.5°, and 58.3° are expected for the (002),
(100), (103), and (110) planes of typical 2ZH-MoS,; on
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the other hand, the characteristic peaks of the 1 T phase
are not easy to find, most likely as a consequence of
the typical peaks of 1 T-MoS, being nearly the same
as that of 2H-MoS, [32, 38]. The broader nature of this
diffraction peak indicates the presence of layered MoS,
with a lamellar structure of very small size [39]. The
relative intensities of the diffraction rings are consist-
ent with the TEM result. The average crystallite sizes of
the prepared (2H/1T) MoS2 nanosheets are determined
from (002) diffraction peaks in the XRD patterns using
the Scherer equation (Eq. 5) [40—42].

_ Ka
=~ BCoso ®)

where K is the shape factor (0.9), 1 is the wavelength
of Cu radiation (1.5406 A), and g is the Bragg dif-
fraction angle. The calculated crystallite size of the
(2H/1 T) MoS, nanosheets are found to be 1.7 nm. In
addition, according to Bragg’s equation, the d-spac-
ing for the (002) plane in the (2H/1 T) MoS, is cal-
culated to be 0.62 nm. This (002) d-spacing value for
the crystalline plane of the MoS, is consistent with
the interlayer distance obtained from the TEM results
(Fig. S2).

Raman scattering analysis is one of the most
essential techniques to characterize the 2D materi-
als to confirm their formation and analysis of their
phase and composition. Figure 2b illustrates the
broad region Raman profiles for phase (2H/1 T)
MoS, nanosheets ranging from 100 to 1000 cm™.
The Raman test of (2H/1 T) MoS, should present
two kinds of optical phonon modes (El2g and A;,)
which represent two distinguished peaks in the MoS,
spectrum, where E 12g is the vibrational modes inside
layers (in-plane sulfur-molybdenum vibrations) by
the two S atoms with opposite vibration to the Mo
atom, and A;, corresponds to the movements of
complete layers (out-plane sulfur vibrations) by the
vibration of two S atoms toward opposite directions
with Mo atom stationary. As illustrated in Fig. 2b,
the Raman spectra of (2H/1 T) MoS, nanosheets
display peaks around 283 cm~! and 378 cm™! which
can be assigned to the E,, and E12g vibration modes,
respectively, while the peak at 415 cm™! is assigned
to Ay, vibration mode. In the out-of-plane A,
mode, the restoring force is primarily due to inter-
layer van der Waals interaction [43, 44]. These four
peaks are corresponding to the 2H-MoS,. From the
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spectrum, it can be found that, based on the origi-
nal three peaks, there are two peaks at 215 cm™" and
338 cm™ !, respectively, which are coincided with the
1 T phase MoS,. These peaks are essentially result-
ing from the changes in the structure of the material
itself. It can be concluded that there is an optimal
structure with coexisting 2H and 1 T phases of the
MoS, nanosheets and the structural phase is a mixed
2H/1 T phase [43, 44]. We can also observe three
additional bands at 668, 821, and 995 cm™! in the
Raman spectra of (2H/1 T) MoS, nanosheets [33].
These bands represent MoO; vibrational energy

states as a result of oxidation by laser irradiation
[32, 45].

Optical properties

One of the most significant features to identify the
optical property of a semiconductor is its absorp-
tion. Figure 2c and d illustrate the UV-vis diffuse
reflectance absorption spectrum of (2H/1 T) MoS,
nanosheets. The as-synthesized MoS, nanosheets show
total absorption in the examined spectral region, with
strong absorption in the UV range with a maximum at
270 nm, which is very similar to that of MoS, nanopar-
ticles reported by [46—48], denoting its respective vis-
ible light response. Figure 2d depicts how the curve of
(ohv)'2 varies with photon energy. The tangent inter-
cept indicates the (2H/1 T) MoS, nanosheets’ bandgap
value, which is found to be 1.17 eV.
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Fig.2 a The XRD pattern of the prepared (2H/1 T) MoS,
nanosheets. b Raman spectrum for the prepared (2H/1 T)
MoS, nanosheets. ¢ Optical characteristics of the (2H/1 T)

MoS, nanosheets (diffuse reflectance spectra in the UV-vis
range). d Bandgap estimation of synthesized MoS, nanosheets
by plots of ((F(R) hu)"”? against E g photon energy
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Surface area

For heterogeneous reactions, the specific surface
area is proportional to the number of catalytically
active centers [49]. Therefore, this is an impor-
tant parameter of the photocatalytic activity of
the synthesized sample. The specific area of the
as-prepared (2H/1 T) MoS, is determined by the
Brunauer—-Emmett-Teller (BET) analysis [42]. The
specific surface area (SBET), pore size, pore radius D
v(r), and the total pore volume (V) of the as-prepared
(2H/1 T) MoS, nanosheets have been measured to
be 1340 m? g7, 3.1 nm, 1.93 nm, and 0.089 cc.g™’,
respectively.

Adsorption and reduction activity of hexavalent
chromium ions (Cr®")

The adsorption experiment is an important step for
Cr" reduction. The adsorption experiment is per-
formed at different times with an initial concentration
of 20 ppm, a catalyst dose of 0.2 g. L™!, and at pH
3 as revealed in Fig. 3. It is found that the adsorp-
tion of MoS, nanosheets of Cr%* is 77%, 84%, and
100% for reaction times of 5, 10, and 15 min, respec-
tively. After reaching the adsorption—desorption

equilibrium, a filtered sample is taken, and the Cro*
ion concentration is measured by a UV-vis spectro-
photometer and with using the colorimetric method.
It can be concluded that the Cr®" concentration in the
reaction solution is zero which confirmed that all Cr%*
ions are adsorbed on the (2H/1 T) MoS, nanosheet’s
surface.

Then the solution for the photoreduction step
(under solar simulator) has been taken. A filtered
sample is taken at interval times and it is observed
that Cr™® concentration is still zero. It is established
that the reduction of Cr®* to Cr** under solar radia-
tion begins at the same time as the desorption of
Cr*® from the catalyst surface. This is evidenced
by the fact that, in the beginning, all the Cr" is
adsorbed on the catalyst surface (Cr®* concentra-
tion is zero in the solution). Once the solar simu-
lator is turned on and the photoreduction process
starts, the Cr" starts to reduce to Cr>* on the MoS,
nanosheets and desorbed in the solution. The Cr**
concentration can be calculated by measuring the Cr
(total) according to Eq. 1. Figure 3b demonstrates
the increase in Cr’* concentration with increasing
the reduction time which returns to 20 ppm after
90 min. In addition, the Cr®" concentration remains
zero (Fig. 3b).

Fig. 3 a Adsorption %
and b photoreduction % of 100 (a) i - (b)
(2H/1 T) MoS, nanosheets 20 |- .
at initial concentration of /
20 ppm, 0.2 g. L.7! catalyst o - / ’E\
dose, pH 3 yd S n Q
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Adsorption isotherm

To understand the mechanism of chromium adsorption
and adsorption properties and interactions, adsorption
isotherms of Cr,0,>~ solutions with different initial
concentrations from 10 to 80 ppm at pH 3 are applied
(Fig. 4a, b) [49, 50]. Both the Langmuir and Freundlich
models are used to further quantify the experimental
adsorption data and evaluate the adsorption capacity
and the adsorbent affinity for the heavy metal ions [51].
Their linear equations (Egs. 6, 7) are as follows:

Ce Ce + 1

_— = 6

9e Dmax kLCImax ( )
Inc,

Ing, = Inky, + (7

where g, (mg g7') is the Langmuir maximum
adsorption capacity necessary to form a monolayer on
the adsorbent surface, c, (mg L™") denotes the equilib-
rium concentration of the solution, K (L mg~') and
K (mg g7') represent the Langmuir and Freundlich
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Fig. 4 Adsorption a Langmuir and b Freundlich model fit-
ting plot (initial concentration of Cr®*: 10-80 mg L~'; absor-
bent dosage: 0.2 g L™}, initial solution pH: 3; equilibrium time:
30 min). ¢ Pseudo-first-order and d second-order adsorption

kinetic fitting plots (30 ppm catalyst dose: 0.2 g L™!; solution
pH: 3). e Pseudo-zero-order, f first-order, and g second-order
photoreduction kinetic fitting plots (catalyst dose: 0.2 g L.7%;
solution pH: 3)
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constants, respectively, and 7 is an empirical parameter
related to the intensity of adsorption. Table S2 shows
the values of the linear regression coefficients (R as
well as the equivalent calculated parameters (g
K|, Kp, and n). The validity of each model is checked
using the correlation coefficient. It is worth observing
that applying the Langmuir adsorption isotherm model
gives a higher correlation coefficient with a maximum
adsorption capacity (¢,,,,) of 106.5 mg g ! as illus-
trated in Table S2. It can be concluded that the Lang-
muir model is suitable for explaining the adsorption of
chromium (Fig. 4a). As a result, chromium adsorption
on the homogenous surface of MoS, is regarded as a
single layer [52]. Furthermore, the plot of the Freun-
dlich model is illustrated in Fig. 4b. Table S2 shows
the adsorption capacity at a unit concentration (Ky) and
the adsorption intensity (1/n). The 1/n value of 0.3 indi-
cates that the adsorption process is favorable.

The kinetics of the adsorption

The data is fitted to various kinetic models, including
pseudo-first and second-order models (Fig. 4c, d), to
explore the kinetics of the adsorption process (Egs. 8,
9). Such models provide precise information on the
adsorption mechanism as well as the types of adsorp-
tion processes that are involved, such as diffusion con-
trol, chemical reaction, and mass transport processes.

ln(qe - q,) =lng — kit ®)
t_ 1,1
49 4. kg2 ©)

where the pseudo-first and pseudo-second-order rate
constants are K, and K, respectively (g mg™' min™).
The amounts adsorbed at time ¢ and equilibrium (mg
g~ 1) are given by g, and q,, respectively.

The pseudo-first-order did not provide an acceptable
fit for the experimental data, as seen in Fig. 3c, even
though R? is 0.992 but the g, is 59 mg g~! for 20 mg
L~! dye, which is significantly lower than the experi-
mental value of g, (100 mg g™!). As shown in Fig. 4d,
the pseudo-second model as well shows a good-order
correlation. Furthermore, the obtained g, values (e.g.,
107 mg g~!, Table S2) are significantly close to the
experimental value (100 mg. g~"). These results suggest
that the adsorption process is highly dependent on the
surface-active sites created by MoS, nanosheet interfaces.
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The adsorption process of hexavalent chromium ions on
the surface of (2H/1 T) MoS, nanosheets is likely to be
dominated by chemisorption, suggesting that the overall
rate of the nanosheet adsorption process is controlled by
intraparticle diffusion and the boundary layer diffusion
by [53].

Photoreduction kinetics

As is well known, the process of reduction depends
on several factors such as mass transfer, diffusion
rate control, and chemical reactions [50, 54]. To
understand the mechanism of chromium reduction,
the fitting of experimental data with the models of
pseudo-zero order, first-order kinetic model, and
pseudo-second-order kinetic is investigated that can be
described using the following equations (Egs. 10, 11,
12), respectively:

€
C=Cy—kt,ty, = Z_ko (10)
In 2
In[C,] = In[Cy] - K, t,t v, = (11)
I
1 1
—=—+ktt,, =—
¢ o 2T o (12)

where C, and C; are the initial metal concentration
and concentration at time ¢ respectively; ky, k;, and k,
are the rate constants of the zero-, first-, and second-
order kinetics, respectively.

The rate constant and the corresponding corre-
lation coefficient R are calculated from the graphs
of the three models (Fig. 4e, f, g). According to
the R? value, it can predict the equation that fits the
experimental data. The half-life time (¢,,,) from each
equation has been calculated and compared with the
experimental one. The values of the parameters and
the correlation coefficients obtained from these three
kinetic models have been accumulated in Table S2.
In conclusion, the pseudo-first-order model is the
most suitable for describing the reduction process,
as evidenced by its higher correlation coefficient.

In addition, the photoreduction rate constant (k)
is calculated to be 0.031 and the calculated ¢, is
22 min, which is closed to the experimental ones.
This confirms that the first-order kinetic model is a
model that describes photocatalytic reduction.



J Nanopart Res (2022) 24:191

Page 110f23 191

Effect of (2H/1 T) MoS, nanosheet doses
on adsorption efficiency

Among the various variables that affect adsorption, the
doses of MoS, nanosheets are a particularly important
factor due to their cost estimation per unit of solution
price. The percentage of Cr®" ion adsorption from an
aqueous medium as a function of the (2H/1 T) MoS,
nanosheet doses of 0.1, 0.2, 0.25, and 0.4 g. L7 at
solution pH value of 3 is shown in Fig. 5a. It is found
that increasing the dose amount of MoS, catalyst leads
to an increase in the adsorption percentage. After
15 min, the adsorption percentage obtained with 0.1 g.
L~! dose is 34%. Although with doses of 0.2, 0.25, or
0.4 g L', the adsorption percent reached 100%, the
adsorption percentage for a 0.1 g. L™ dose reaches
100% after 30 min, as shown in Fig. 5a.

The improvement in Cr®* adsorption efficiency is
thought to be due to the unique structure of (2H/1 T)
MoS, nanosheets. The defects on the surface of the
nanosheet provide penetrable channels for Cr®* ion dif-
fusion. In addition, the high surface area of (2H/1 T)
MoS, nanosheets and the availability of active sites on
their surface facilitate the interaction and are beneficial
for the transport of Cr®* from its bulk solution to the
active site on nanosheets [51, 54, 55].

Effect of doses on photoreduction activity

The comparative process for the different (2H/1 T)
MoS, nanosheet doses used for Cr®* photoreduction
under a solar simulator is shown in Fig. 5b. It is found
that the photoreduction process is enhanced as well
as the Cr’* concentration in the solution increases
with increasing the catalyst dose from 0.1 to 0.4 g L™
[55]. In addition, at a constant MoS, dose, the Ccr3t
concentration increases with increasing contact time.
It is found that, with 0.25 and 0.4 g. L™! doses, the
Cr** concentration retains to 20 ppm after 2 h. This
proves that all the Cr%" is reduced to Cr’*.

Effects of the initial pH level on Cr (VI) adsorption

Solution pH is an important and controllable parameter
that can affect the surface charge, the degree of protona-
tion of the adsorbent, and the degree of ionization of the
adsorbate [31]. It can play a key role in the adsorption
and photocatalytic reduction efficiency of Cr®* [55].

The influence of solution pH on the adsorption
efficiency is carried out by adjusting the pH of the ini-
tial solution in the range of 2.0-7.0, in which the ini-
tial Cr®" concentration is kept at 20 ppm with 0.2 g.
L~! catalyst dose. The variation of the Cr®" adsorp-
tion % at different pH levels is shown in Fig. 5c. It
can be shown that, as the solution pH increases up
to 3, the percentage of Cr®" adsorption % increases.
Beyond this value, a sharp decrease is observed in the
adsorption %. After 15 min under acidic conditions
of pH 2 and pH 3, 75% and 100% Cr®" are adsorbed
on (2H/1 T) MoS, nanosheets, respectively. When
the pH level is increased to pH 5 and pH 7, the Cr®*
adsorption % decreased to 64% and 28% respectively.

The reason why MoS, nanosheets perform dif-
ferently in adsorbing Cr®* at different pH values in
the solution can be explained by considering the pH
value of the point-of-zero charges (ZPC) [56]. The pH
at the ZPC (pH,pc) of the (2H/1 T) MoS, nanosheet
surface is important as it indicates the acidity/basicity
and the net surface charge in the solution.

As shown in Fig. 5d, the pHp of (2H/1 T) MoS,
nanosheets is 2.6; this means that its surface is posi-
tively charged at a solution pH value below 2.6. As
below 2.6, the Cr®* in aqueous solution is found to be
in the forms of HCrO,~ and Cr,0,*~ and HCrO,~ is
the main species [31]. So, the high adsorption % at
low pH is mainly due to the electrostatic interaction
between the anionic forms of Cr®" and the surface of
MoS, with positive charges via high protonation.

When the pH is raised to pH 5, the MoS, surface
is negatively charged but not high enough, and its
coulomb repulsive interaction with Cr®" is not strong
enough; thus, it shows moderate adsorption (65%).
With increasing the solution pH to 7, the MoS, nega-
tively charged surface increased. Also, Cr®* is gradu-
ally shifted to the form of CrO,>~ species which has
a highly negatively charged surface. Consequently,
this strengthened the electrostatic repulsion between
(2H/1 T) MoS, nanosheets and Cr®", making Cr®*
adsorption more difficult. It can be concluded that
HCrO,~ is better adsorbed than CrO,* due to its
lower free adsorption energy [57].

On the other hand, increasing the pH value
increases the concentration of OH ions present in the
solution. Therefore, there is competition between the
Cré* species and OH ions on the surface of the M,
which leads to a decrease in the adsorption efficiency.
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Effects of the initial pH level on Cr** photoreduction
efficiency

Figure 5e depicts the concentration variations of
different Cr ion species including Cr®* and Cr’* in
aqueous solutions over contact time at different pH
during the reduction of Cr®* using (2H/1 T) MoS,
nanosheets. It is found that reduction in acidic solu-
tions provides higher photoreduction efficiency than
in alkaline solutions. The photoreduction efficiency
decreased significantly with increasing pH. As shown
in Fig. Se, all Cr® ions are adsorbed on the (2H/1 T)
MoS, surface at pH 2 and pH 3 so its concentration
is zero, even though the Cr’* concentration raised
to a plateau due to the continuous reduction of the
adsorbed Cr* on the surface to Cr>*, which reached
100%. At pH 5, the concentrations of Cr in the
solution decreased slightly, whereas the Cr** concen-
tration increased initially to reach a plateau. The Cr®*
reduction efficiency decreased to 35%. There is no
photoreduction observed with pH 7 (Fig. 5e).

The increased photoreduction potential at lower pH
can be attributed to an increase in the thermodynamic
driving force of electrons from CB to Cr®" ions [57,
58]. In addition to the previously mentioned 100%
adsorption capacity of Cr®" on the MoS, surface, the
reduction begins at the surface of MoS,. Meanwhile,
increasing the solution pH higher than 3, the driving
force for the reduction of molecular oxygen is higher
than for the Cr®", and as a result, O, may compete for
the photogenerated electrons and decrease the rate of
Cr®* photoreduction [31, 51, 55].

The mechanism for removing Cr®* ions over Mo$S,
nanosheets is dependent on the synergistic effect of
adsorption-photocatalysis. The photoreduction activ-
ity of (2H/1 T) MoS, nanosheets is highly dependent
on interfacial reactions. For instance, the reduction
of Cr®* occurs under three stages, adsorption to the
surface-active center, photoreduction, and surface
desorption, as shown in Fig. 6. Firstly, Cr®" should
adsorb on the surface of (2H/1 T) MoS,. Then, the
photogenerated electrons move to the MoS, surface
and react with Cr%". Based on the opposite charge
properties of Cr®* and Cr**, when Cr®* is reduced to
Cr**, Cr** is quickly removed or desorbed from the
surface [31, 32]. So, it is vital to promote Cr’* surface
adsorption as well as Cr** repulsion to maximize the
photoreduction performance.
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FTIR measurements

The molecular structure and function groups of
(2ZH/1 T) MoS, nanosheets, MoS, nanosheets
adsorbed Cr®*, and after photoreduction are iden-
tified using FTIR spectroscopy as revealed in
Fig. 7a, b, c. From Fig. 7a for the pristine MoS,
nanosheets, it should be noted that the peaks
at 3398 cm™!, 3138 cm™!, and 1631 cm™! are
related to the bending and stretching vibrations
of the hydroxyl group of adsorbed water mole-
cules, respectively. The peaks at 1627 cm™' and
1133 cm™! are attributed to the stretching vibra-
tion of S—O in MoS, nanosheets [18]. The stretch-
ing vibration sharp peak of S-Mo-S is represented
at 1403 cm~'. However, the band of O—H bend-
ing can be found at 1052 cm™!. The characteris-
tic peaks for out-plane vibration of S atoms (S-S)
appear at ~944 cm™'. A peak at 905 cm™' might
be related to the asymmetric vibration of the
Mo-O group. A peak of Mo-S stretching vibra-
tion mode is found at 597 cm~!. The spectrum
of chromium adsorbed MoS, also signifies that
after being loaded with metal ions (Fig. 7b), the
functional groups of MoS, are slightly affected
in their position and intensity. These wavelength
shifts illustrated that there is metal binding action
taking place at the surface of the adsorbents [58]
[59]. The clear shifts appear from 3398 cm™! and
3138 cm™~! for MoS, to 3737 cm™! and 3254 cm™!
for Cr-loaded MoS, respectively and with the
appearance of a new peak at 2916 cm™' which
confirmed that the surface -OH group is one of
the functional groups responsible for adsorption
[60]. The S—O peak of MoS, is slightly shifted
from 1133 cm™' and 1627 cm™ to 1126.22 cm™
and 1631 cm™!, indicating that the S-OH group
is also responsible for adsorption [61]. The peak
of Mo-O stretching vibration at 902 cm™! shifted
to 952 cm~! which confirms that Mo-O is also
responsible for adsorption. Figure 7c illustrates
the FTIR spectrum after reduction, which con-
firmed that there is no change in (2H/1 T) MoS,
structure after reduction with no observed peak
for Cr®" or Cr** on the (2H/1 T) MoS, surface.
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Fig. 5 a Effect of (2H/1 T) MoS, nanosheet dose on adsorp-
tion percent for Cr®*. b Photoreduction of the adsorbed Cr®* to
Cr** for different (2H/1 T) MoS, nanosheet doses (initial Cr®*
concentration 20 ppm, solution pH 3). ¢ Effect of solution pH
on adsorption % for Cr* (initial concentration: 20 ppm; dose:

0.2 g. LY. d Determination of pH of zero-point charge, e the
concentration variations of different Cr®* ion species including
Cr%" and Cr’** in aqueous solutions over contact time at differ-
ent pH
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MoS, nanosheets

Fig. 6 The proposed process of photocatalytic reduction of
Cr.5* on MoS, nanosheet surface (transfer after the studying
removal)

T%

- —-

1000 2000 3000 4000

Wave number (cm™)

Fig. 7 Fourier transform infrared (FTIR) spectroscopy spec-
tra of a MoS, nanosheets; b Mo$S, after Cr®* adsorption; and ¢
MoS, after Cr®* reduction

Photocatalytic degradation of pharmaceutical
compounds

Moreover, the activity of MoS, nanosheets is

investigated for photodegradation of pharmaceuti-
cal pollutants (cefadroxil, cefotaxime, meloxicam,
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ibuprofen, and ciprofloxacin) from wastewater.
Figure 8a illustrates the photodegradation of phar-
maceuticals using sunlight-assisted photocatalysis
with a MoS, dose of 0.2 g. L™! in a natural pH (i.e.,
pH=7). After 60 min, it is found that the obtained
degradation rates are 100%, 95%, 90%, 80%, and
42% for cefadroxil, ciprofloxacin, meloxicam, cefo-
taxime, and ibuprofen, respectively. Moreover, the
complete degradation of ciprofloxacin, meloxicam,
and cefotaxime is achieved after 60, 90, and 90 min
of sunlight irradiation respectively over MoS,
nanosheets. Meanwhile, ibuprofen is completely
removed after 120 min. The higher degradation rate
of cefadroxil, meloxicam, ciprofloxacin, and cefotax-
ime is attributed to the higher polar surface of these
molecules in aqueous, where the values of polar size
are 13.3, 13.6, 7.45, and 17.35 nm according to drug
banks. The great polar surface area has increased the
capability of adsorption for these pharmaceuticals
over the MoS, nanosheets, which leads to enhanc-
ing photocatalytic degradation. Also, the higher pKa
values for cefadroxil (7.22), ciprofloxacin (6.3), and
cefotaxime (9.84) increased adsorption of this phar-
maceutical which is inconsistent with the photodeg-
radation rates. Meanwhile, ibuprofen has a lower
polar surface area (3.73 nm) and pKa (4.43) value in
an aqueous solution which leads to a decrease in the
adsorption affinity over MoS, nanosheets and results
in a decline in the photodegradation rate. The photo-
degradation of pharmaceuticals is found to be fitted
with pseudo-first-order (PFO) as shown in Fig. 8b.
Furthermore, the PFO rate constants are calculated
for the degradation of pharmaceutical pollutants and
are illustrated in Fig. 8c. The PFO rate constants
are found to be 0.014, 0.0268, 0.0384, 0.0463, and
0.0994 min~! for ibuprofen, cefotaxime, meloxi-
cam, ciprofloxacin, and cefadroxil respectively. The
PFO rate constant of cefadroxil is 7.1, 3.7, 2.6, and
2.15 times higher than that of ibuprofen, cefotaxime,
meloxicam, and ciprofloxacin, respectively. Like-
wise, the normalized initial rates of degradation per
catalyst dose of pharmaceuticals are calculated and
the value is 1.4, 2.68, 3.84, 4.63, and 9.94 mg. L
min~'.g7! for ibuprofen, cefotaxime, meloxicam,
ciprofloxacin, and cefadroxil, respectively. Conclu-
sively, the hydrothermal MoS, nanosheets are a non-
selective proficient photocatalyst for the decontami-
nation of pharmaceutical pollutants.
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Toxicity results

Any materials that will be introduced to the envi-
ronment should be checked for their safety and
toxicity [62]. The toxicity result showed that
1000 pg. mL™" of molybdenum disulfide (MoS,)
nanosheets has a slightly toxic effect and ECj,
was 93, while the concentrations of 500, 250,
100, and 50 pL/mL of MoS, exhibit any toxic-
ity toward bioluminescence Vibrio fischeri bac-
terium (Table 1). Some studies showed that
10 mg.L™" of MoS, exhibits toxicity against
organisms such as zebrafish and algae [63,
64]. Teo et al. (2014) [65] found that MoS,
nanosheets have low in vitro cytotoxicity against

the A549 human cell line at high concentrations
after 24 h.

Antimicrobial assay of MoS, using disc diffusion
method

All the tested MoS, concentrations have an antimi-
crobial effect against the tested pathogenic micro-
organisms (Fig. 9). Table 2 demonstrates that the
highest antimicrobial effect is shown against E. coli
O157:H7 with 12 mm through concentrations from
250 to 1000 ug. mL™'. On the other hand, the lowest
antimicrobial effect is shown against Candida albi-
cans with 9 mm through concentrations from 50 to
500 pg. mL7".

@ Springer



191 Page 16 of 23

J Nanopart Res (2022) 24:191

Table 1 The acute toxicity levels and ECs, of the different
concentrations of the prepared MoS, with reference ranges

Material Toxicity results Reference ranges
ECs, Toxicity level ECs, Toxicity level
1000 pg. 93 Slightly toxic >100 Non-toxic
-1
mL
500 pg. 102 Non-toxic 60-99 Slightly toxic
-1
mL
250 pg. 135  Non-toxic 40-59 Moderately toxic
mL™!
100 pg. 148  Non-toxic 20-39 Very toxic
mL™!
50 ug. mL™' 160  Non-toxic 0-19  Extremely toxic

Disinfection effects of MoS, nanosheets against
pathogenic microorganisms

The results showed that the five concentrations (50,
100, 250, 500, and 1000 pg. mL™") of molybdenum
disulfide (MoS,) nanosheets have disinfectant effects
against the three tested pathogenic microbes (E. coli
O157:H7, Listeria monocytogenes, and Candida

Fig. 9 Antimicrobial effect
of MoS, against a Listeria
monocytogenes and b Ente-
rococcus faecalis; disc 1
saturated by 1000 pg. mL™!,
disc 2 saturated by 500 ug.
mL~!, disc 3 saturated by
250 pg. mL™, disc 4 satu-
rated by 100 ug. mL™, and
disc 5 saturated by 50 ug.
mL.™!

albicans). The removal efficiency (R %) of the tested
pathogens is increased by MoS, concentrations and
contact time increase (Figs. 10, 11, and 12). Approxi-
mately 88 and 97% of E. coli O157:H7 are deactivated
using 50 and 100 pg.mL™" of MoS, nanosheets after
120-min contact time (Fig. 10a, b), whereas complete
removal (100%) of E. coli O157:H7 is observed with
1000, 500, and 250 pg.mL‘1 of MoS, after contact
times 30, 45, and 45 min, respectively (Fig. 10c, d, e).
On the other hand, 86 and 96% of Listeria monocy-
togenes have been removed with 50 and 100 pg.mL™!
of MoS, after 120 min as a contact time (Fig. 11a, b).
Moreover, complete inactivation for Listeria mono-
cytogenes is shown with 1000, 500, and 250 pg.mL™
of MoS, nanosheets after contact times 30, 45, and
60 min (Fig. 11c, d, e). The results concluded that Lis-
teria oncogenes slightly response to MoS, nanosheets
(when using 50 and 100 pg.mL™') in comparison
with E. coli O157:H7. This may be due to E. coli as a
Gram-negative bacterium having a thin peptidoglycan
layer (7-8 nm) in its cell wall, while Listeria monocy-
togenes as a Gram-positive bacterium has a thick pep-
tidoglycan layer that nanoparticles do not easily enter
to the cytoplasm [66]. Figure 12 illustrates that about

Table 2 Antimicrobial effect of different MoS, nanosheet concentrations against pathogenic microorganisms

MoS, concentration Inhibition zone diameters (mm)

E. coli O157:H7 Pseudomonas aer-  Listeria monocy-  S. aureus Enterococcus C.A
uginosa togenes faecalis
1000 pg. mL™! 12 10 10 10 10 10
500 ug. mL™! 12 10 10 10 10 9
250 ug. mL™! 12 10 10 10 10 9
100 ug. mL™! 11 10 10 10 10 9
50 ug. mL™! 11 10 10 10 10 9
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E. coli 0157:H7 counts (CFU/mL)

E. coli 0157:H7 counts (CFU/mL)
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Fig. 11 Listeria monocytogenes counts and their removal % using different concentrations of MoS, nanoparticle. a 50 ug.mL™, b
100 p ug.mL™!, ¢ 250 ug.mL™!, d 500 pg.mL™", and e 1000 pg.mL.™!

86 and 97% of Candida albicans have been removed
with 50 and 100 pg.mL™" of MoS, after 120 min as a
contact time (Fig. 12a, b). Moreover, complete inactiva-
tion for Candida albicans is exhibited with 1000, 500,

@ Springer

and 250 pug.mL™" of MoS, after contact times 45, 60,
and 60 min (Fig. 12c, d, e). It is observed that 100%
removal of Candida albicans (45 min) consumed more
time than that needed for both E. coli O157:H7 and
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Listeria monocytogenes (30 min). The mode of action
of MoS, disinfection against microorganisms could
be due to the ability of MoS, nanosheets to block and
cover the microbial cell walls. Moreover, dissolution of
MoS, nanosheets leads to acidification of aquatic media
whereas lowering pH leads to cell walls shrinking
and consequently microbial cells destroying [67]. The
cell membrane of microbial cells is frequently injured
through direct contact between the microorganisms and
the very sharp edges of the MoS, nanosheets [67, 68].

Conclusion

In brief, a simple cost-effective efficient hydrother-
mal method has been used for the synthesis of MoS,
nanosheet photocatalyst. The improvement in sun
light-driven photocatalytic Cr (VI) reduction is due
to the high adsorption ability for MoS, and enhanced
charge separation because of the nanosheet structure
formation and improved light absorption. The photo-
catalytic activity of MoS, nanosheets has been tested
by photoreduction of Cr®* to Cr** under a solar simu-
lator. There is Cr®" adsorption and photoreduction as
well as Cr’* desorption. The pH value of the reaction
solution is crucial to the adsorption of Cr®" and pho-
toreduction to Cr>* on the MoS, surface. Additionally,
the activity of (1 T/2H) MoS, nanosheets is investi-
gated for photodegradation of pharmaceutical pollut-
ants (cefadroxil, cefotaxime, meloxicam, ibuprofen,
and ciprofloxacin) from wastewater and it is found
that (1 T/2H) MoS, nanosheets are a non-selective
proficient photocatalyst for the decontamination of
pharmaceutical pollutants. 50, 100, 250, and 500 pg.
mL—1 of MoS2 nanosheets are nontoxic (EC50 >100)
and ecofriendly to use for water purification 250
pg.mL"! of MoS2 nanosheets can totally inactivate
the tested microbial pathogens within 30 min for E.
coli O157:H7 and L. monocytogenes and 45 min for
Candida albicans. Our current research is expected to
give a simple and effective method for photocatalytic
decontamination of hexavalent chromium, pharmaceu-
ticals, and microbial pathogen disinfection.
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