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Abstract

In this research, molybdenum disulfide (MoS,) and bismuth trisulfide (Bi,S5) particles were synthesized. Bi,S; was loaded
on MoS, nanosheet and was characterized by several techniques. Degradation of metronidazole (MTZ) and Cefalexin (CFX)
were investigated via MoS,, Bi,S;, and MoS,/Bi,S; particles under near-infrared (NIR) light irradiation. The evaluations
of electronic structures and molecular geometries of MoS, monolayer, MoS,/MTZ, and MoS,/CFX complexes were imple-
mented using the DFT method. According to the electronic density of states (DOS) graphs results, when the MTZ and CFX
interact with the monolayer surface, the energy gap (E,) decreases compared to the MoS, nanosheet. In other words, the
electronic features of the MoS, monolayer were altered after interaction with MTZ and CFX, where a reduction in the E,
value was evaluated (from 1.973 eV in the bare MoS, to 0.010 and 1.936 eV in states MTZ and CFX complexes, an altera-
tion of 99.49 and 1.875%, respectively. It can be concluded that the band gap significantly changes when the MTZ interacts
with the monolayer surface. The maximum removal efficiencies of MTZ and CFX in 40 min and at pH 7 were obtained by
MoS,/Bi,S; photocatalyst, 91.54 and 73.18%, respectively. The results showed that the particles of Bi,S;, MoS,, and MoS,/
Bi,S; under NIR light irradiation have antibacterial properties, and the highest antibacterial property is related to the MoS,/
Bi,S; particles.
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1 Introduction

Pollutants in the pharmaceutical industry wastewater
treatment are very complex, non-biodegradable, and very
harmful to the environment [1, 2]. The most important
effect of antibiotics is low biological biodegradability,
high toxicity, specific carcinogenicity, and most impor-
tantly their lack of biodegradability, and mutagenic.
Their entry into municipal wastewater treatment plants
can cause the death of treated organisms and disrupt bio-
logical treatment systems [3, 4]. Metronidazole (MTZ)
with anti-inflammatory and antibacterial properties is one
of the most widely used antibiotics in the world [5]. Its
applications include the treatment of infectious diseases
caused by anaerobic bacteria and protozoa and its use as an
antiparasitic in poultry and fish [6]. This antibiotic is due
to its high potency in eliminating infections of the gastro-
intestinal tract, mouth, teeth, and genitals in the affected
organ, and it is one of the most widely used drugs [7, 8].

Cefalexin (CFX) is a cephalosporin antibiotic that is
effective in treating many groups of infectious diseases,
such as respiratory infections, middle ear infections, skin
and soft tissue infections, bone or joint infections, and
urinary and genital infections [9]. It is also used for people
who have had surgery and other people who are prone to
infection for any reason. Therefore, its presence in house-
hold effluents, hospitals, and pharmaceutical industries
is high. Therefore, these widely used antibiotics must
be treated before entering the environment [10]. Vari-
ous techniques, such as membrane, oxidation, solid phase
extraction, sonochemical degradation, nanofiltration, and
electrophoresis, have been performed. Advanced oxida-
tion processes (AOPs), including photocatalytic methods
[11-20], have shown good potential for the removal of
biodegradable organic compounds from municipal and
industrial wastewater [21]. Due to the properties of MTZ
and CFX antibiotics, it is necessary to control and elimi-
nate this contaminant. In recent years, a family of chemi-
cal compounds known as dichalcogen-mediated metals,
which have shown interesting properties, have received
much attention [22].

MOS, is part of the family of dicalcogen intermediate
metals. Unlike graphene, these materials offer a variety
of electronic properties [23]. As the most famous mem-
ber of the family of intermediate dicalcogenes, MoS, has
been extensively used in two-dimensional fields in various
fields, such as biomedicine, sensing, catalytic, antibacte-
rial, and field-effect transistors [24]. Recently, the use of
MoS, nanostructures as an adsorbent in aqueous solution,
especially with the nanosheet structure, has received a lot
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of attention [25]. MoS, as a p-type semiconductor band
gap is shown to change from 1.9 to 2.8 eV by the dielectric
environment [26, 27]. Meanwhile, the preparation of MoS,
nanostructures by various methods of preparing nanostruc-
tures in parallel with their application has received much
attention. One of the most optimal methods for the produc-
tion of nanostructures is the hydrothermal method [28].

Bismuth trisulfide (Bi,S5) as an n-type has gained consider-
able attention because of its nontoxicity, low cost, direct band
gap (E,=1.1 and 1.6 eV), thermo-chemical stability, and good
optoelectronic and thermoelectric properties. Bi,S; is a layered
semiconductor with an orthorhombic crystal structure [29, 30].
The applications of Bi,S; include areas, such as solar cells,
sensors, photodetectors, photocatalysis, antibacterial, and
thermoelectric devices [31]. Bi,S; has different morphologies,
such as flower, wire, tube, and sphere [32]. Various methods
are used for synthesis such as microwave, hydrothermal, and
solvothermal. Semiconductors have conduction between the
conductor and the insulator [33].

P-n junctions are very simple bonds with a p-type semi-
conductor compound on one side of the bond and an n-type
semiconductor compound on the other side [34]. In n-type
matter, electrons increase, and in p-type, holes predominate.
In type n semiconductors, the number of electrons is much
more than the number in p-type semiconductors, and also in
type p semiconductors, the number of holes is much more
than the number in n-type semiconductors. For this reason,
when the two types of semiconductors n and p are connected
to each other, electrons penetrate into the semiconductor p
and holes penetrate into the semiconductor n. The penetration
of an electron from the n region to the p region causes the
formation of a positive ion in the n-type semiconductor and
also similarly, the penetration of a hole causes a negative ion
acceptor to form in the p region. It recombines with one of the
holes on the p side [35].

Sulfide semiconductors with a small band gap have high
photocatalytic activity by starting absorption in the visible
and NIR regions. Due to synergy, MoS,/Bi,S; particles have
a higher reactive oxidation species (ROS) production capacity
and more antibacterial properties [36].

This research aims to investigate the removal of commonly
used MTZ and CFX antibiotics using MoS,, Bi,S;, and MoS,/
Bi,S; photocatalysts under NIR irradiation. Furthermore, the
antibacterial activity of MoS,, Bi,S5;, and MoS,/Bi,S; pho-
tocatalysts under NIR irradiation and in the dark has been
studied. To compare the experimental and theoretical results,
electronic structures and molecular geometries of MoS, mon-
olayer, MoS,/MTZ, and MoS,/CFX complexes were imple-
mented using the DFT method.
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2 Materials and methods
2.1 Material

Ammonium heptamolybdate tetrahydrate
((NHp¢Mo0,0,,,>99%), thiourea (CH,N,S,>99%), and
bismuth nitrate Bi(NO;) from Sigma-Aldrich company
was prepared. Metronidazole (C¢HoN;O5) and Cefalexin
(C,¢H7N30,S) antibiotics were purchased by Darou Pakhsh
Company.

2.2 Synthesis of MoS,

First, 1.24 g of (NH,)6Mo,0,, and 2.28 g of CH,N,S were
poured into 36 mL of distilled water and stirred for 30 min.
The resulting solution was poured into an autoclave stainless
steel for 7 h at a temperature of 170 °C. After performing the
synthesis process, a precipitate is obtained which was washed
several times with distilled water, and heated in an oven at
150 °C for 2 h to give the MoS, product [28].

2.3 Synthesis of Bi,S;

0.25 g of CH,N,S and 0.61 g of bismuth nitrate Bi(NO;) were
poured in 50 mL of distilled water and stirred for 30 min.
Then, 5 mL of HCI was added to the solution. The resulting
solution was poured into an autoclave for 20 h at 140 °C. After
performing the synthesis process, a precipitate obtained was
washed several times with distilled water [37].

2.4 Synthesis of MoS,/Bi,S,

MoS,/Bi,S; photocatalyst was prepared with a weight ratio of
1:1. In this way, first 0.05 g of MoS, and 0.05 g of Bi,S; were
poured into 100 mL of distilled water and stirred for 12 h at
room temperature. The mixture was washed and dried at 60 °C
for 6 h and was placed in a furnace at 400 °C for 3 h.

2.5 Degradation of MTZ and CFX

In this step, MTZ and CFX were prepared at a concentration
of 100 mg/L at pH 7. The amount of 0.02 g of MoS,, Bi,S;,
and MoS,/Bi,S; was added to 50 mL of prepared drugs and
placed on a magnetic stirrer exposed to NIR light (800 nm,
100 W/cm?) for 5-45 min. Then, the samples were centrifuged
at 7500 rpm for 15 min. Finally, the absorption of MTZ and
CFX was measured by spectrophotometer at 319 and 261 nm,
respectively

Ay —A
Ao —4) x 100, (1)
AO

Efficiency =

where A is the initial adsorption of the drugs and A, is its
final adsorption on the photocatalytic degradation [20].

2.6 MoS,/Bi,S; photocatalyst recycling

For this purpose, the MoS,/Bi,S; photocatalyst used in the
degradation process of MTZ and CFX antibiotics was col-
lected by centrifugation and then washed once with ethanol
and three times with distilled water. The collected photo-
catalyst was dried at ambient temperature and then the pho-
tocatalyst was reused in the degradation reaction of MTZ
and CFX antibiotics.

2.7 Computational details

The evaluations of electronic structures and molecular
geometries of MoS, monolayer and MTZ/CFX were imple-
mented by means of the DFT method [38, 39] using SIESTA
simulation software [40, 41]. Conventional DFT technics
do not discuss long-range attractive contributions to van
der Waals (vdW) interactions between the adsorbent and
adsorbate. Therefore, the dispersion-corrected DFT com-
bined with generalized gradient approximation (GGA-PBE)
[42] approaches were employed [43—46]. The PBE function
is a good choice for studying MoS, material, which is con-
firmed by the reported DFT work [47]. In the simulation, a
two-dimensional periodic boundary condition was utilized
for the super-cells with 15.75%x13.64 X 25 A for the MoS,
monolayer. The double zeta polarization (DZP) orbitals have
been utilized for the relaxation of the MoS, nanosheet in
the present study [48]. Furthermore, the interaction between
the nuclei and core electrons and the valence electrons was
estimated via Troullier—Martin realistic scheme [49, 50].
Further, the complete geometrical optimization was carried
out with a conjugate gradient (CG) algorithm until the Hell-
mann—-Feynman force including Pullay-like corrections was
converged to 0.01 eV/A [51]. The mesh cutoff was set to 150
Ry which presents a good accuracy. To better comprehen-
sion of physical quantities, a Brillouin zone was sampled
using Monkhorst—Pack 5 x5 X 1 k point sampling for con-
verging geometry, whereas 15X 15X 1 for the assessment of
the electronic DOS and charge transfer (CT) analysis [52].
The unit cell is allowed to converge in xy directions, whereas
the z path is kept frozen at 25°A, consequently to eschew
unwanted interactions between replicas.

To calculate the binding features of MoS,/Drugs com-
plexes, we computed the interaction energies via pseudopo-
tential approach through van der Waals (vdW) correction
suggested by Grimme (DFT-D2) scheme [53] as well applied
OpenMX code which is an outstanding DFT code for evaluat-
ing the molecular systems [54, 55]. The numerical pseudo-
atomic orbitals’ (PAOs) method was employed as the basis
sets for the Kohn—Sham potential and orbitals [56]. PAO basis
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functions are specified by C-s2p2d1, H 5.0-s2p2d1, N-s2p2d1,
0 7.0-s2p2d1, S 7.0-s2p2d1, and Mo 7.0-s2p2d1. The energy
cutoff for MoS,/Drugs was selected at 200 Ry [57]. In struc-
tural optimizations, convergence was assumed around 107
Hartree/Bohr, which offers rational outcomes for under study
complexes.

The interaction energy as called E;

. fOr the interacting
Drugs with the MoS, is defined as

MoS,
E, = E( Drugs) - [E(MOSQ) + E(Drugs)] — Ogssps (2)
where £ (MoS,/Drugs), E (MoS,), and E (Drugs) are the
total energies of the relaxed MoS,/Drugs complex, the pure
MoS, and the isolated drugs, respectively.

It is worth mentioning that the basis set superposition error
(BSSE) correction was utilized through the counterpoise
correction (CC) approach [56]. The dzgqp statement corre-
sponds to the corrections on the BSSE using the counterpoise
technique.

Besides, to clarify the electronic sensitivity of the MoS,
monolayer toward the adsorption of the drug, the modification
in E,, is assessed by

(Eg2 — Egl)

AEg =
§ [ Egl

] % 100%, 3)

where E, and E, are the measures of E, for the pure MoS,
and the drugs, respectively.

To investigate the nature of the interaction between drugs
and MoS,, the CT was considered through the Mulliken tech-
nique [58, 59].

2.8 Antibacterial activities
In this method, each sterilized disk was loaded with a differ-

ent solution of Bi,S;, MoS,, and MoS,/Bi,S; particles at a
concentration of 1000 mg/uL. The dried disks are then placed
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Fig. 1 XRD spectra obtained for MoS,, Bi,S;, and MoS,/Bi,S;
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on the surface of the NA agar plates sprayed uniformly by
ca 1 x 10® CFU/ml of Escherichia coli (E. coli) from the cul-
ture medium by the applicator and inoculated into the culture
medium. Plates with no treatments were used as control. Petri
dishes were then irradiated with NIR light (800 nm, 100 W/
cm?) for 2 min and also without light and incubated at 37 °C
for 12 h in a shaking incubator. After 12 h, the diameters of
the growth halos created around the disks were measured in
millimeters with a caliper.

3 Results and discussion
3.1 Characterization

XRD technique was used to identify the phase and structure
of MoS, and Bi,S;, MoS,/Bi,S; photocatalysts. Figure 1
shows the XRD pattern of samples. The XRD of MoS, at
the angles of 14.39, 32.91, 39.69, and 76.58° corresponds
to plates (002), (100), (103), and (110), respectively; which
indicates the hexagonal phase by the standard peaks of the
characteristic MoS, with JCPDS card No. 00-037-1492. The
XRD spectrum of the Bi,S; at the angles of 25.01, 28.66,
32.46, and 46.51° corresponds to plates (101), (130), (021),
and (431), respectively. The results showed that the Bi,S;
were crystallized orthorhombic phase with the value in
standard JCPDS card No. 00-017-0320. The peaks of MoS,/
Bi,S; at angles 14.39, 32.91, 39.69, and 76.58° are related
to MoSzy and the peaks at angles of 25.01, 28.66, 32.46, and
46.5°, are related to Bi,S;, respectively (Fig. 1).

The average particle size was estimated based on the
Debye—Scherrer equation using X’pert Highscore software

KA
" Lcosh’ @)

——MoS2 ——Bi2S3 ——MoS2/Bi2S3

350.00
300.00
200.00
W 150.00
100.00
w/\/wv o

0.00
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3400.00 2400.00 1400.00

Wavelenumbers (cm™)

Fig.2 FTIR spectra obtained for MoS,, Bi,S5, and MoS,/Bi,S;
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Table 1 Calculated crystalline and lattice parameters for MoS, and
Bi,S;

Sample B (nm) Space group a (A) b (A) c (A)
MosS, 52.67 P63/mmc 3.1612 3.1612  12.2985
Bi,S; 29.95 Pbnm 11.1490  11.3040 3.9810

where B is the particle size, K is a constant number equal to
0.9, A is the applied wavelength in terms of nanometers, and
L is the peak full width at half maximum (FWHM) in terms

Fig.3 SEM images, a, b MoS,,
¢, d Bi,S;, and e, f MoS,/Bi,S;

of radians and @ is the angle corresponding to the highest
peak [20].

The mean particle sizes calculated by the Debye—Scherrer
method were MoS,, Bi,S;, and MoS,/Bi,S; 52.67 and 29.95,
and 64.71 nm, respectively.

For the synthesized particles, the calculated crystal and
lattice parameters are displayed in Table 1.

The interaction of infrared radiation with a sample
changes the vibrational energy of the bond in its molecules
and is a good way to identify functional groups and molecu-
lar structures. The FTIR spectra of the MoS, in the range

200 nm

@ Springer
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Fig.4 Map images of a Bi, b Mo, ¢ S, d combine and e EDS pattern of MoS,/Bi,S;

of 476.29 cm™" are related to the Mo-S tensile vibration
and in the peak range of 3424.21 cm™! assigned to the O-H
tensile vibration. The spectra of FTIR Bi,S; in the range of
495.36 cm™! are related to the tensile vibration of Bi—O, in
the range of 618.16 c¢m~! characteristic to C—S bond, and
the peak located at 1117.73, 1271.87 and 2924.92 cm™!
corresponds to the bending vibration C-O, C-O-C, and
C-H bond. Also, in the peak range 3436.05 cm™!, it is
related to O—H tensile vibration (Fig. 2). In the MoS,/
Bi,S;, the absorption bands at 467.93, 499.04, 528.85, and
613.33 cm™! are assigned to the Mo-S, Bi-O, C-S, and C-S.
The peak located at 1113.29, 1400.97, and 1631.65 cm™!
corresponds to the bending vibration C-O, C-S, and H-O-H
bond. Also, in the peak range of 3436.05 cm™!, it is related
to O-H tensile vibration (Fig. 2).

SEM technique was used to determine the surface char-
acteristics and morphology of the synthesized particles.
Based on the morphological results, MoS, is like flower,
Bi,S; is Rod, and Bi,S; particles are well stabilized on MoS,
(Fig. 3).

Based on the EDS diagram, Mo (36.97%), Bi (24.18%),
and S (38.85%) elements are present in MoS,/Bi,S;. The
Xmap technique examines point-by-point a specific area of

@ Springer

the sample. In this technique, EDS analysis is performed
from a large number of points in a specified area and the
results of this analysis are displayed as a series of colored
dots. Each color represents an element. Where the amount
of this element is greater, the number of dots with that par-
ticular color is greater. In the Map images for MoS,/Bi,S;
the blue, green, and orange dots represent the presence of
Bi, Mo, and S, respectively (Fig. 4).

BET/BJH results of MoS,, Bi,S;, and MoS,/Bi,S; sam-
ples are shown in Fig. 5. Based on the results, by loading the
Bi,S; rod on MoS, flower surface area and total pore vol-
ume increased. However, the average diameter of the average
cavities decreased, which shows that Bi,S; is well loaded on
MoS, (Table 2).

Using the absorption coefficient (@), the band gap of thin
layers can be studied with the help of the Tauc equation [16]

(ahv)1/n =A(hv — E,), 5)

where £ is the Planck constant, v is the applied frequency, o
is the absorption coefficient, E, is the band gap, and A is a
proportional constant. The band-gap values for MoS,, Bi,S,
and MoS,/Bi,S5 1.90, 1.18, and 1.79 (eV) were determined
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Fig.5 BET/BJH analysis for a MoS,, b Bi,S;, and ¢ MoS,/Bi,S;
by the Tauc method. The Tauc diagram is shown in Fig. 6.

Based on the results as the MoS, was bound to Bi,S;, the
band gap decreased.

Table 2 BET/BJH results for MoS,, Bi,S;, and MoS,/Bi,S,

Sample as, BET (m? g™!) Total pore vol- ~ Mean pore
ume (cm® g7!) diameter
(nm)
MoS, 9.67 10.58 37.60
Bi,S; 151.96 2.03 54.82
MoS,/Bi,S; 125.72 8.41 44.29
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o
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Fig. 6 Band gap energies of a MoS,, b Bi,S;, and ¢ MoS,/Bi,S;
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Table3 The calculated Mo-S, S-S distances (A), and gap energy
(Eg) for MoS, structure as calculated theoretical works

Table4 The detail data of adsorption: adsorption energy (Eb),
adsorption distance (D), and Mulliken charge transfer (e)

Method Arto-s (A) dg_g (A) E, (eV) References Configuration Eb (DFT-D2) D (A°) Mulliken (e)
GGA-PBE 242 3.17 1.973 This work MoS,/MTZ —1.306 2.513 0.121
GGA-RPBE 243 3.18 1.986 [60] MoS,/CFX —1.060 2.507 0.010
GGA-PWI1 241 - 1.690 [61]

GGA-PWI1 243 3.18 1.650 [62]

B88-vdW/USP  2.43 315 1900 1631 of MET/CEPH drugs interacting with MoS, monolayer,
PBE-D2/USP 2.42 3.12 1.900 [63]

3.2 Theoretical section

In this section, we examine the interaction between the MoS,
monolayer and selected drugs in the aqueous environment.
In our calculations, MoS, monolayer with 17.75 Ax13.64 A
super-cells has been modeled consisting of 25 and 50
molybdenum and sulfur atoms, respectively. The converged
structure of the MoS, has a Mo—S bond length of around
2.42 A. The separation between sulfur layers evaluated as
3.17 A allows for direct comparison to the experimental
data, 3.18 A, calculated through STM images (Table 3).
The obtained results are in good agreement with theoreti-
cal outcomes [60-63]. To discover the most stable structure

the GGA-PBE approach was implemented for optimiza-
tion and DFT-D2 for total energies calculations of above-
mentioned systems. According to the main goal in this
study is the elimination of mentioned drugs in industrial
wastewater, we performed the drugs and MoS, monolayer
interaction in the presence of water molecules as denoted
in Fig. 7. After the optimization of the initial structures, the
E; , were calculated with the DFT—D2 scheme. The E;  were
assessed around — 1.306 and — 1.060 eV for MTZ and CFX,
respectively, as presented in Table 4. Simultaneously, we
considered equilibrium distances in MoS,/Drugs complex.
The obtained results reveal that the distance between the S
atom of the MoS, monolayer and the H atoms of CFX and
MTZ is 2.507 and 2.513 A, respectively (Fig. 8). Charge
analysis is a vital analysis to consider the intermolecular and
intra-molecular interactions, and as an appropriate source

Side View

Top View

Fig.7 Optimized configurations of interactions between a MTZ, b CFX, and MoS, monolayer with DFT level of theory

@ Springer
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Fig.8 DOS curves of a CTZ-MoS, and b CFX-MoS, compared with
pure MoS, monolayer. The dotted lines are Fermi level

Table 5 Computed Eygyo, Erymos Eer Er (in €V) and AE, is change
of E,, for MoS,/MTZ, MoS,/CFX complexes and pure MoS,, Bi,S;

Configuration  Eygyvo E; vmo E, Eg AE, %
MoS, -4.637 -2.664 1973 -3926 -
Bi,S; -3.740 -2.606 1.134 -3.186 -
MoS,/MTZ -2922 -2912 0.010 -2915 9949
MoS,/CFX —-4578 —-2.642 1936 -3502 1875

for the investigation of the charge transferring in molecu-
lar systems. In this stage of the investigation, we calculate
the CT between drug molecules and the MoS, monolayer.
As depicted in Table 5, based on the Mulliken population,
0.01 and 0.010 and 0.121 e have been transferred from CFX
and MTZ to MoS, monolayer, respectively. The results
show also that the MoS, sheet gains electrons and drugs
molecules lose electrons during the adsorption process.
In other words, MoS, behaves as an acceptor, and drug
molecules act as donor counterpart. There is a negligible
CT between the MoS, and drug molecules, demonstrating
that there is a weak interaction between drugs and MoS,
nanosheet. To better understand the modification of the
electronic structures of the pure MoS, monolayer and drug
molecules’ adsorptions on the MoS, monolayer, the elec-
tronic DOS diagrams were computed and plotted (Fig. 8).

Fig.9 The evaluated orbital localized a HOMO, b LUMO of CFX/
MoS, complex and ¢ HOMO d LUMO of MTZ/MoS2 system. (Red
color denotes negative sign and green color indicates the positive sign
of the wave function). (0.02 a.u. was employed as the iso-value for
the total electron density)
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Fig. 10 The obtained total charge density for optimized a CFX/MoS,
and b MTZ/MoS, systems. (0.05 a.u. was employed as the iso-value
for the total electron density)

In electronic DOS plots, the E, mentions the energy differ-
ence between the valence and the conduction levels. The
electronic DOS graphs demonstrate that for selected com-
plexes when the drugs interact with the monolayer surface,
the band gap decreases compared to pure MoS,. In other
words, the electronic features of the MoS, monolayer were
altered after adsorption with drugs, where a reduction in the
E, values was evaluated (from 1.973 eV in the pure MoS,
monolayer to 0.010 and 1.936 eV in states MTZ and CFX
complexes, an alteration of 99.49 and 1.875%, respectively)
(see Table 5). It can be concluded that the band gap signifi-
cantly changes when the MTZ interacts with the monolayer
surface. Moreover, the difference in the Fermi level of the
MoS, (Ex=-3.926 V), MoS,/MTZ (Ep=-2.915¢eV), and
MoS,/CFX (Er=-3.502 eV) clearly shows a CT between
MoS, and MoS,/Drugs in the adsorption process. To further
insight into the adsorption process of drugs on the MoS,
monolayer, frontier molecular orbitals (FMO) including
HOMO and LUMO are implemented. The HOMO denotes
the ability to donate an electron and the LUMO as an elec-
tron acceptor represents the ability to obtain an electron.
As shown in Fig. 9, the HOMO level for the MoS,/CFX
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Fig. 11 a Photocatalytic degradation of MTZ by MoS,, Bi,S;, and
MoS,/Bi,S;. b Photocatalytic degradation of CFX by MoS,, Bi,S;,
and MoS,/Bi,S;

complex is mainly located on the CFX drug surface, while
the LUMO state is localized on the MoS, surface. In the case
of the MoS,/MTZ complex, both the HOMO and LUMO
states are only focused on the MoS, sheet as represented in
Fig. 9. We also assessed the total electron density maps for
mentioned complexes. As we can see from Fig. 10, there is
an insignificant overlapping of electron clouds between the
drug molecules and the MoS, monolayer. In other words,
there is no evidence for hybridization between two involv-
ing molecules.

3.3 Degradation of MTZ and CFX

Sulfide semiconductors with a small band gap have high
photocatalytic activity by starting absorption in the visible
and NIR regions. NIR photothermic can effectively absorb
light energy, resulting in light-to-heat conversion, thereby
increasing the reaction temperature. When the temperature
increases, the rate of photocatalytic oxidation increases. To
investigate the effect of MoS,, Bi,S;, and MoS,/Bi,S; on
the degradation efficiency of antibiotics, MTZ and CFX
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Fig.12 a MTZ UV-Vis spectra before and after degradation. b CFX
UV-Vis spectra before and after degradation

experiments were performed. According to the results, the
performance of the Bi,S; rod is higher than MoS, flower,
which can be attributed to the high surface area of Bi,S; rod
151.96 (m? g~!) and its small band gap of 1.18 eV. Among
all the photocatalysts, the MoS,/Bi,S; heterostructure had
the highest removal efficiency. It can be concluded that
MoS,/Bi,S; heterostructure with a small band gap has high
photocatalytic activity with absorption in the NIR region.
Experimental results also showed that the degradation effi-
ciency of MTZ is higher than that of CFX. Based on the
results, the highest removal efficiencies of MTZ and CFX
in 40 min and at pH 7 were obtained by MoS, flower/Bi,S;
rod photocatalyst, 91.54 and 73.18%, respectively (Fig. 11a,
b). The results of optical degradation curves of MTZ
(A=319 nm) and CFX (1=261 nm), before and after degra-
dation for 10, 20, 30, and 40 min, are shown in Fig. 12a, b.
Based on the results, after 40 min, the absorption of MTZ
and CFX has decreased, which can be concluded that MTZ
and CFX have been removed from the aqueous media.

3.4 Proposed mechanism of degradation of MTZ
and CFX

Several intermediates in the photocatalytic degradation
pathways of MTZ and CFX are suggested. Possible photo-
catalytic degradation pathways for MTZ and CFX are plot-
ted and shown in Fig. 13a, b. For the MTZ photocatalytic
degradation pathway, intermediate (I) is related to oxidation
and decarboxylation. In addition, N-denitration and hydroxy-
lation lead to the formation of product (IIT). In CFX, inter-
mediate (I) is created due to ring opening by hydroxylation
and demethylation due to OH'/O, attack on CFX and methyl
exchange with hydroxyl. Decarboxylation and dealkylation
can lead to the formation of a product (IV). Intermediate (V)
output is due to CFX fragmentation. Deamination and oxida-
tion of intermediate (V) lead to the production of the product
(VI). Carboxylation and dealkylation form intermediate (II)
and product (IIT). Previous researchers have suggested simi-
lar products for MTZ and CFX [64].

3.5 Recycled MoS,/Bi,S; photocatalyst

Because the possibility of reusing the synthesized photo-
catalyst is economically important, therefore, it is necessary
to evaluate the efficiency of the MoS,/Bi,S; photocatalyst
during successive recycling. The results obtained after five
times recycling and reuse showed that MoS,/Bi,S; photo-
catalyst decreased its photocatalytic activity by increasing
the recycling frequency, the results of which are shown in
Fig. 14a, b.

3.6 Antibacterial activities

In this study, the antibacterial properties of the synthesized
particles were investigated. The results showed that disks
loaded with a different solution of Bi,S;, MoS, and MoS,/
Bi,S; particles under NIR light irradiation have antibacterial
properties, and the highest antibacterial activity was found
in MoS,/Bi,S; particles under NIR irradiation. Based on the
results, the inhibition rate for E. coli bacteria by the Bi,S,
MoS,, and MoS,/Bi,S; particles under NIR light irradia-
tion was recorded 2.6, 3.2, and 6.1 mm, respectively. The
inhibition rate for E. coli bacteria by the Bi,S;, MoS, and
MoS,/Bi,S; particles without NIR light irradiation was
recorded 1.8, 2.7, and 4.8 mm, respectively (Table 6) [65].
The increase in temperature destroys bacterial membranes
and proteins, and as a result, it leads to the inactivation of
bacteria. Due to synergy, MoS,/Bi,S; particles have a higher
ROS production capacity and more antibacterial properties
(Fig. 15a, b).
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Table 6 Diameter of inhibition zone of Bi,S;, MoS,, and MoS,/Bi,S;
particles under and without NIR light

Sample Diameter of
inhibition zone
(mm)

Bi,S; (under NIR light) 2.6

MoS, (under NIR light) 32

MoS,/Bi,S; (under NIR light) 6.1

Bi,S; (without NIR light) 1.8

MoS, (without NIR light) 2.7

MoS,/Bi,S; (without NIR light) 4.8
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Based on the results obtained from this research, it can
be concluded that the photocatalytic degradation of MTZ
and CFX drugs under NIR light can be done with the low-
est amount of photocatalyst consumed (0.02 g) in 40 min.
Also, MoS,/Bi,S; particles showed acceptable antibacterial
properties under NIR light irradiation.

4 Conclusion

MoS, flower-like and Bi,S; rod-like were synthesized by
hydrothermal method. Then, Bi,S; rod was loaded on the
MoS, flower. MoS,, Bi,S;, and MoS,/Bi,S; particles were

MOS;/BizSg

MOSz

MOSz/ BizS;
e

Fig. 15 a Photographs of colonies of E. coli after incubations with Bi,S;, MoS,, and MoS,/Bi,S; under NIR light. b Photographs of colonies of
E. coli after incubations with Bi,S;, MoS,, and MoS,/Bi,S; without NIR light
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characterized by different techniques. Degradation of MTZ
and CFX were investigated onto MoS,, Bi,S5, and MoS,/Bi,S;
particles under NIR light. Based on the experimental results,
the degradation efficiency of MTZ was higher than that of
CFX. Also, the highest removal efficiencies of MTZ and CFX
in 40 min and at pH 7 were obtained by MoS, flower/Bi,S; rod
photocatalyst, 91.54 and 73.18%, respectively. Based on the
results, it can be concluded that the MoS,/Bi,S; photocatalyst
has an acceptable performance in the removal of antibiotics.
Based on the theoretical outcomes, the MoS, nanosheet can
be used as the appropriate platform for the removal of men-
tioned antibiotics drugs, especially MTZ. The obtained results
reveal that the E, of MoS, was changed after the adsorption of
antibiotic drugs. It can be concluded that the E, significantly
changes when the MTZ interacts with the MoS, nanosheet.
Also, in this study, the antibacterial properties of the synthe-
sized particles were investigated. The results showed that the
particles of Bi,S;, MoS,, and MoS,/Bi,S; under NIR light
irradiation have antibacterial properties, and the highest anti-
bacterial property is related to the MoS,/Bi,S; sample under
NIR irradiation. In the present work, MoS,/Bi,S; photocatalyst
with antibacterial properties was made for the first time, which
is a simple, cost-effective and environmentally friendly tech-
nique that has high efficiency for the degradation of antibiotics
from aquatic environments.
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