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Abstract The fascinating properties of two-dimensional (2D) nanomaterial, such 
as excellent mechanical strength, a high portion of active sites, ease of functionaliza-
tion and tuning the physical and chemical characteristics, are attracting researchers 
to host their applications in various fields, including wastewater treatment. Among 
various 2D nanomaterials, 2D MoS2 has stand out as a promising alternative inor-
ganic analogue of most explored 2D graphene due to its unique characteristics such as 
high active surface area, low cost, excellent mechanical strength, small band gap and 
the possibility of surface functionalization. The excellent water remediation charac-
teristics are attributed to the controlled morphology, specific nano-sized properties, 
abundant availability, and variable surface chemistry of MoS2 nanomaterials. Addi-
tionally, the selectivity of MoS2 towards water contaminants promotes its application 
in water purification. This chapter presents the recent progress, future prospects and 
challenges of 2D MoS2-based nanomaterials in water remediation techniques such as 
adsorbent, photocatalyst, membrane and antibacterial agent. The mechanism behind 
the water treatment process using 2D MoS2 is also explained. This chapter will 
provide a platform to the researchers, who are focused on exploring the application 
of MoS2-based materials in water purification. The research demands for future water 
applications of 2D MoS2 nanomaterials are also identified.
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12.1 Introduction 

To improve the healthy and ever-lasting qualitative life on the planet, the topmost 
priority is balancing environmental sustainability. The word environmental sustain-
ability signifies the healthy equilibrium between the consumerist living creatures, 
especially humans and the living world or the resources of the living world. However, 
the ever-increasing population, industrialization and urbanization demand more 
resources and manufacturing for consumption, leading to deforestation, greenhouse 
gases emission and more energy utilization. This has now become an immense chal-
lenge threatening the sustainability of our global society, mainly in the form of the 
scarcity of freshwater availability, energy supply and climate change. The inade-
quate supply of clean, fresh water is one of the global challenges which should 
be concerned for survival and gain the attention of social workers and researchers. 
Although 70% of the Earth is occupied with water in the form of glaciers, oceans, 
icecaps, sea, rivers, and lakes, out of all that, only 3% is available for consumption as 
fresh, clean water, and the rest 97% is salty water, which needs to be treated before 
any use [1]. Also, untreated effluents from various sources (e.g. domestic, mining, 
industry, agriculture, pharmaceutical (Fig. 12.1), enter into the freshwater reservoirs 
and groundwater to take participate in water pollution, which directly/indirectly is 
dangerous for the human, animals and marine creatures and disturb the sustainability 
of the life on the planet. 

Africa and Asia are the two most affected continents, which will soon run 
out of clean water for consumption. Therefore, significant efforts are made in 
water conservation and removing the toxic contaminants from wastewater effluents 
before discharging them into the water reservoirs or for consumption. The efflu-
ents of wastewater contain a wide range of toxic organic (dyes, pharmaceutical 
by-products and ingredients, pesticides, surfactants, polyaromatic hydrocarbons,

Fig. 12.1 Sources of Wastewater Effluents, properties of MoS2-based nanomaterials and several 
wastewater treatment technologies using MoS2-based nanomaterials 
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fertilizers, phenols, etc.) and inorganic (mining waste, heavy metal ions, radioac-
tive substances, salts, metal oxides and metal complexes) water contaminants which 
are a major threat for the eco-system [2]. These toxic water contaminants can be 
carcinogenic and cause dysfunctional reproductive and immune systems, congenital 
disabilities, and risk to the physical and mental growth of infants/children [3]. The 
adverse impact of the toxic chemicals in the contaminated water has now become an 
irrefutable global issue. Therefore, to avoid water pollution, there is an immense need 
to raise awareness of water management and improve wastewater treatment technolo-
gies. To maintain potable water quality, the World health organization (WHO) has set 
a standard for the permissible limit of various elements in the water for consumption 
[4, 5]. 

Water purification techniques, such as adsorption [6], advanced oxidation 
process (e.g. photocatalysis, Fenton’s oxidation) [7], electrocatalysis [8], photo-
electrocatalysis [9], membrane filtration [10], biological precipitation [11], floccu-
lation [12], and reserve osmosis [13], have been employed to remove or minimize 
the water contaminant level in wastewater. A variety of active nanomaterials with a 
high surface area have been investigated in the water treatment process in various 
methods. Among several classes of nanomaterials, 2D materials have been appreci-
ated as the most fascinating class of nanomaterials, which can be an ideal candidate 
for various applications, including wastewater treatment [14]. Graphene is one of 
the most popular examples of 2D nanomaterials, and since its discovery in 2004 it 
became the popular choice to host applications [15]. With the continuous research on 
graphene-based materials, other 2D materials or inorganic analogues of graphene, 
such as MXene [16], layered double hydroxides [17], Metal–organic frameworks 
[18], transition metal oxides [19], and transition metal chalcogenides [20], have also 
become the source of attention to investigate in several fields. Among all, particularly 
MoS2-based nanomaterials have also gained significant interest in several applica-
tions such as lubrication [21], energy storage [22], catalysis [23, 24], sensors [25] 
and water treatment [26], which is attributed to its outstanding properties, including 
excellent mechanical strength, high surface area, low dimension, quantum confine-
ment, and surface defects (Fig. 12.1). Bulk MoS2 is abundantly available as mineral 
molybdenite and has been used as catalysts and adsorbents for long [27–29]. However 
after the development of processes for isolating monolayer or few-layered MoS2 
nanosheets from bulk, with exclusive properties that are precise for the nano-sized 
material, the study of 2D MoS2 nanomaterials has gained attention. Since then, the 
research on synthesis processes, functionalization, tuning and properties of 2D MoS2 
nanomaterials have been came into limelight and became a promising candidate in 
wastewater treatment [30–33]. 

Herein, we propose to emphasize the application of 2D MoS2-based nanomate-
rials or nanocomposites to remove water contaminants from wastewater using various 
wastewater treatment techniques. There are several reviews published on water reme-
diation using carbon [34], graphene or graphene-based materials [35, 36], and other 
2D materials [37]. Also, the review on the MoS2 synthesis, and properties, and 
several applications, especially energy applications, are published [22, 38]. However, 
a review or chapter focusing on the candidature of 2D MoS2 in water remediation
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with a recent update is missing. The detailed mechanism of the MoS2 materials in 
water treatment is also discussed. This chapter is dedicated to the application of 
MoS2 nanomaterials in cleaning the wastewater through adsorption, photocatalysis, 
membrane filtration and antibacterial activity (Fig. 12.1) and a perspective on future 
work for MoS2 nanomaterials. 

12.2 Application of MoS2 in Wastewater Treatment 

Water contamination is a global issue responsible for clean water scarcity and dete-
riorating human, animal and marine creatures’ health. Several techniques have been 
proposed to clean the wastewater before discharging it into the water bodies or 
before consumption. With the growing interest of the scientific community towards 
wastewater treatment to save life on Earth, the application of several nanomaterials 
has been investigated to clean the water. The approach of nanostructured materials 
in wastewater remediation offers new dimensions to evaluate, analyse and solve 
water pollution. Recently, MoS2 has gained much attention in water remediation 
due to its unique properties, such as high active surface area, low cost, small band 
gap and the possibility of surface functionalization. In several studies, MoS2 and 
MoS2-based nanocomposites have been proven as excellent adsorbents and photo-
catalysts to remove water contaminants. The following sub-section briefly describes 
the application of MoS2 and MoS2-based nanocomposites in wastewater remediation 
as adsorbent, photocatalyst, membrane, and antibacterial agents. 

12.2.1 Adsorption 

Adsorption is one of the most explored wastewater treatment techniques, which is 
widely accepted and lowcost. The presence of plenty of exposed sulphur atoms on the 
MoS2 surface provides the platform for the adsorption of cationic water contaminants 
through strong Lewis acid and base soft–soft interactions [33]. Geng et al. prepared 
the flower-like nanostructures of MoS2 nanosheets for the adsorption of cationic 
(Rhodamine B, RhB) dye, and the adsorption capacity was noticed to be 49.2 mg.g−1 

[39]. Electrostatic interaction between the cationic dye and negative MoS2 was found 
to be the major driven force for the adsorption. To confirm the adsorption behaviour 
of RhB on MoS2, FTIR analysis of MoS2 before and after the adsorption of RhB was 
performed, which indicates that the intensity of Mo-S peak was reduced and some 
new vibrational signatures assigned to aromatic rings of RhB has been introduced. 
This suggests the strong interaction of RhB to the MoS2 backbone via electrostatic 
interaction. Further, the application of hierarchical microspheres of MoS2 nanosheets 
was also compared for the various cationic (e.g. methylene blue (MB), Rhodamine 
(Rh) and malachite green (MG)) and anionic dyes (e.g. fuschin acid (FA) and congo 
red (CR)) adsorption from aqueous medium (Fig. 12.2) [26]. MoS2 was found to
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exhibit excellent adsorption capacity for MB followed by others in the following 
order MB (297 mg.g−1) > Rh (216 mg.g−1) > MG (204 mg.g−1) > FA (183 mg.g−1) 
> CR (146  mg.g−1). The high absorption capacity towards cationic dyes was also 
believed to be the effect of the van der Waals forces and the electrostatic interactions. 
However, the adsorption of anionic contaminates was only found to be compelled by 
van der Waals interaction. The adsorption of cationic MB dye on MoS2 surface was 
further analysed FTIR spectroscopy. Figure 12.2a shows a FTIR spectra of MB dye, 
and MoS2 before and after MB adsorption. The new vibrational signatures on the MB 
adsorbed MoS2 are characteristic peaks of MB dye, which confirms the adsorption 
of MB on MoS2. Additionally, the Mo-S vibrational peaks remains unchanged in the 
recovered MoS2 after MB dye adsorption. Therefore, MoS2 was also examined for 
the recyclability and showed an excellent adsorption capacity for 5 adsorption cycles 
(Fig. 12.2b). The adsorption was followed by Freundlich isotherm model and pseudo 
second order kinetics. The adsorption capacity of MoS2 for cationic and anionc dyes 
has shown in Fig. 12.2c. 

Fig. 12.2 a FTIR analysis of MB dye, pristine MoS2 and MoS2 after MB dye adsorption, b recy-
clability of MoS2 for MB dye adsorption and c adsorption capacity of MoS2 nanosheets towards 
cationic and anionic dyes. Reproduced with permission from ref. [26]. Copyright 2016, American 
Chemical Society
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Similar to cationic organic contaminants, MoS2 is also valuable for removing 
inorganic heavy metal ions. The adsorption mechanism and all the possible interac-
tions between the heavy metal ions and MoS2 are nicely explained in parts (a) and (b) 
of Fig. 12.3 [33, 40]. Several interactions, such as electrostatic interaction, complex-
ation formation, and ion-exchange, help in heavy metal ion adsorption (Fig. 12.3a). 
Ion-exchange is considered the primary adsorption mechanism for metal adsorption 
on the MoS2 surface. Generally, the MoS2 surface exhibits a negative charge with 
positive counter ions [40–42], which allows the metal-sulphur bond and results in 
complexation. Another mechanism is multilayer adsorption which involves the inner 
layer complex formation (metal sulphur complex formation) and outer layer complex 
formation (e.g. electrostatic interaction). Another possible adsorption mechanism is 
the intercalation of metal ions into the MoS2 nanosheets. Several synthesis routes 
of MoS2 nanosheets can introduce defects or widen the interlayer spacing. These 
spacing are enough to expose the interior sulphur atoms and helps the adsorption 
of metal ions. For example, Lu et al. followed the one-step hydrothermal route for 
the MoS2 nanosheets preparation and achieved to widened the interlayer spacing to 
0.94 nm from 0.62 nm (Fig. 12.3b) [40]. This helps in extremely high and fast Hg(I) 
adsorption (2506 mg.g−1). 

However, the adsorption of anionic contaminant on MoS2 can be improved by 
the fabrication of MoS2 with other nanomaterial/polymers as nanocomposite. For

Fig. 12.3 a Several 
plausible adsorption 
mechanisms for heavy metal 
ion adsorption on MoS2 
nanosheets. Reproduced with 
permission from ref. [33]. 
Copyright 2017, American 
Chemical Society. b 
Schematic representation of 
widened interlayer spacing 
in MoS2 nanosheets. 
Reproduced with permission 
from ref. [40]. Copyright 
2016, John Wiley and Sons, 
Inc. c Possible adsorption 
mechanism for the 
adsorption of CR and MB 
dye on Ppy@MoS2. 
Reproduced with permission 
from ref. [43]. Copyright 
2022, Elsevier Science Ltd. 
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example, Zhang et al. prepared the polypyrrole functionalized MoS2 (Ppy@MoS2) 
microtubes for MB, RhB, methyl orange (MO) and CR adsorption from wastew-
ater [43]. The resultant composite exhibits a higher specific surface area than pris-
tine MoS2, which helps in the adsorption of dyes. The composite showed the best 
adsorption capacity for the anionic dye (CR, 598.79 mg.g−1) than the cationic dye. 
The high surface area and synergistic effect between MoS2 and Ppy microtubes is 
the key to excellent adsorption capacity. The adsorption of CR on Ppy@MOS2 was 
driven by several possible interactions, such as electrostatic interaction between the 
anionic dye and Ppy, π-π interactions between the aromatic rings of the adsorbate 
and adsorbent, π-π stacking interactions, and hydrogen bonding (Fig. 12.3c). MoS2 
has also been used for the adsorption of oil and organic solvents from the water 
[44, 45]. Hydrophobic interactions are the major forces for the adsorption of oil 
and organic solvents on the MoS2 surface. MoS2 surface can be engineered into the 
superhydrophobic (water contact angle from 85° to ~150°) and used as an adsorbent 
for a wide range of hydrophobic oils and organic solvents [46, 47]. 

In summary, MoS2 can be efficiently used as an adsorbent to remove a wide range 
of water pollutants, preferably cationic contaminants, from wastewater. Electrostatic 
interaction is considered the major driving force for the adsorption of cationic pollu-
tants on the MoS2 surface. The Sulphur atom on the MoS2 surface acts as a Lewis 
base and exhibits high affinity toward the cationic contaminants. Therefore, the selec-
tivity of MoS2 is much higher than other adsorbents. However, the functionalization 
of MoS2 turned the properties and provided an excellent surface area to adsorb the 
broad spectrum of all kinds of water contaminants. Other than electrostatic interac-
tions, π–π interaction, hydrogen bonding, metal complexation and van der Waals 
interaction also participate in the adsorption of water pollutants. Table 12.1 lists 
examples of various MoS2-based adsorbent materials for the adsorption of water 
contaminants with adsorption capacity.

12.2.2 Photocatalysis 

Photocatalytic degradation of water contaminant molecules is another promising way 
to clean wastewater without producing secondary waste. Photocatalytic wastewater 
treatment is a well-known advanced oxidation process. It exhibits several advan-
tages over other treatment techniques, such as cost-effectiveness, complete degra-
dation or mineralization, simple practice, and mild reaction conditions [70]. 2D 
MoS2 nanosheets are one of the exciting photocatalyst candidates due to their excel-
lent charge mobility and high optical absorption characteristics [71–73]. In a typical 
photocatalysis reaction, a semiconductor material absorbs the photon of energy equal 
to or more than its band gap energy. It is excited to jump the electrons from the valence 
band (VB) to the conduction band (CB). This creates holes in the VB, which helps 
in the oxidation and the excited electrons in the CB help in the reduction to carry 
out the photocatalytic redox reaction and produce reactive oxygen species (ROS). 
These ROS species are the active generations that either mineralizes the organic
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Table 12.1 Few examples of various MoS2-based nanoadsorbents with their adsorption capacity 
for targeted water contaminants 

MoS2 based 
nanoadsorbent 

Targeted water 
contaminant 

Adsorption capacity, 
mg.g−1 

References 

Magnetic Fe3O4/MoS2 CR 71 [48] 

MoS2/Fe3O4 Pb(II) 
Hg(II) 

263.6 
428.9 

[49] 

MoS2/CeO2 Pb(II) 333 [50] 

MoS2 RhB 136.99 [51] 

Fungus-like MoS2 CR 285.7 [52] 

Hollow MoS2 MO 41.52 [53] 

MoS2 RhB 365 [54] 

C/MoS2 MO 450 [55] 

MoS2 MB 
MG 
RhB 
FA 
CR 

297 
204 
216 
183 
146 

[26] 

MoO3@MoS2 RhB 326.8 [56] 

FeOCl-MoS2 MO 1615.11 [57] 

MoS2 MB 146.43 [58] 

CeO2–MoS2 Pb(II) 
Humate 

263 
218 

[59] 

MoS2–rGO Pb(II) 
Ni(II) 

322 
294 

[60] 

MoS2@Zeolite-5 Tetracycline (TC) 396.7 [61] 

MoS2 MB 
MO 
Co(II) 
Ni(II) 

181.8 
102.1 
61.7 
51.8 

[62] 

MoS2@bentonite Crystal violet (CV) 384.61 [63] 

1 T MoS2 
2H-MoS2 

Pb(II) 
Cu(II) 
Pb(II) 
Cu(II) 

147.09 
82.13 
64.16 
50.74 

[64] 

MoS2 with increased 
interlayer spacing 

Pb(II) 303.04 [65] 

Graphene-like layered 
MoS2 (g-MoS2) 

Doxycycline (DC) 310 [66] 

g-MoS2 decorated biochar TC 249.45 [67] 

MoS2/SH-MWCNT Pb(II) 
Cd(II) 

90 
66.6 

[68] 

MoS2/Graphene RhB 285 [69]
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molecules or degrade completely. However, one major challenge in photocatalysis is 
the mobility of charge carriers. The too-small band gap of the semiconductor material 
is responsible for the quick recombination of the generated electron and hole pairs. 
Hence, they won’t be able to participate in the photocatalytic reaction. 

Conversely, too broad-band gap does not absorb the broad spectrum of solar light, 
thus not appropriate for the photocatalytic response. Bulk MoS2 exhibit a narrow 
band gap of ~1.3 eV, allowing the adsorption of most of the solar spectrum. Still, the 
fast recombination of charge carriers makes a negative impact on its photocatalytic 
reaction. On exfoliating the bulk MoS2 to few-layered 2D MoS2 nanosheets or single-
layered MoS2, the band gap increased enough to improve the life span of charge 
carriers, adsorption of UV–visible, visible and near-infrared light and consequently 
improve the photocatalytic reaction [71]. 

Besides band energy, band edges’ position also significantly affects the photo-
chemical reaction. The redox potential of the charge carriers strongly depends on the 
position of the band edges. For example, the smaller the CB potential, the stronger 
the reduction capability of photo-generated electrons or the larger the VB potential 
of semiconductor material, the stronger the oxidative capability of the holes. The 
band edge positions in the few-layered MoS2 are more favourable to producing ROS 
generations than bulk MoS2. Generally, MoS2 is explored for the oxidation of water 
pollutants. In the photo-oxidation of water pollutants, the holes in VB play a vital 
role. Although the band edge potential of VB for monolayer MoS2 (1.78 eV) is 
much higher than the bulk MoS2 (1.40 eV), but is not sufficient to directly miner-
alise or decompose the pollutant molecules [74]. Therefore, MoS2 is majorly used 
as a co-catalyst in a photocatalyst system to improve the photocatalytic degrada-
tion efficiency by increasing the charge mobility and suppressing the charge pair’s 
recombination. 

For example, MoS2 was incorporated with Ag3PO4 and TiO2 to prepare a ternary 
photocatalyst to degrade the MO, MB dye, and antibiotic Oxytetracycline (OTC) 
[75]. The ternary photocatalyst (Ag3PO4/TiO2@MoS2) was also compared with the 
TiO2@MoS2 for photocatalytic efficiency. Figure 12.4a shows the high-resolution 
SEM images of the ternary photocatalyst, in which TiO2 nanofibers (180 nm diam-
eter) are prepared by the electrospinning method and further implemented with a few 
layers of MoS2 via a hydrothermal route. Ag3PO4 was deposited on the TiO2@MoS2 
surface via chemical deposition to get Ag3PO4/TiO2@MoS2. Additionally, the pres-
ence of Ti, Mo, S, Ag and O energy dispersive X-ray spectrometry (EDX) analysis 
approves the preparation of Ag3PO4/TiO2@MoS2 composite. The prepared mate-
rials’ optical characteristics and band gap were examined using the UV/vis diffuse 
reflectance spectrum. The band gap of the ternary photocatalyst was calculated to be 
1.85 eV (Fig. 12.4b), which is sufficient to absorb the visible light photon.

Moreover, the ternary composite’s light adsorption intensity was higher than 
binary Ag3PO4/MoS2 and single Ag3PO4. The appropriate band gap and excellent 
light adsorption intensity significantly help the Ag3PO4/TiO2@MoS2 for photocat-
alytic application. The mechanism of the prepared nanocomposite is also explained 
in Fig. 12.4c. Under light irradiation, the electrons from Ag3PO4 VB jumped to the 
CB and then transferred to the MoS2 VB. Meanwhile, the MoS2 electrons jumped
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Fig. 12.4 a FE-SEM image of Ag3PO4/TiO2@MoS2 photocatalyst ((i) TiO2 nanofibers, (ii) 
implantation of MoS2 on TiO2 nanofibers (TiO2@MoS2), (iii) ternary Ag3PO4/TiO2@MoS2 photo-
catalyst, (iv) EDS of Ag3PO4/TiO2@MoS2 composite), b UV–vis absorption graph of ternary 
Ag3PO4/TiO2@MoS2, binary Ag3PO4/MoS2 and single Ag3PO4, and inset graph represents the 
kubelka–Munk transformed reflectance spectra, to calculate the bandgap values for the binary 
Ag3PO4/MoS2 (3.5 wt%) and ternary Ag3PO4/TiO2@MoS2, and  c Schematic representation 
proposed charge mechanism with energy band structure of the ternary Ag3PO4/TiO2@MoS2 
composites. Reproduced with permission from ref. [75]. Copyright 2017, Elsevier Science Ltd.

from VB to CB and inhibited the recombination of charge carriers. TiO2 also trivially 
participates due to the small amount of UV light adsorption, and TiO2 VB electrons 
also migrate to the MoS2 CB. Subsequently, the TiO2 fibres act as wire and help 
transfer the MoS2 captured electrons in the solution for ROS generations. Also, the 
VB and CB positions of MoS2 have higher potential than TiO2, which helps for 
holes transfer from TiO2 VB to MoS2 VB. These holes can significantly oxidize 
the organic pollutants. The excellent charge mobility of MoS2 not only improves the 
material’s photocatalytic efficiency but also inhibits the photocorrosion rate of Ag(I). 
This improves the cyclic stability of the ternary composite, and only 10% reduction 
in photocatalytic efficiency was noticed after 10 cycling runs. Therefore, the excel-
lent charge mobility and anti-photocorrosion attitude make MoS2-based materials 
encouraging candidates for photocatalysis applications. 

Like organic water contaminants, inorganic contaminants were also degraded 
using MoS2 photocatalyst. Gao et al., employed the polyaniline (PANI) function-
alized MoS2 for the removal of Cr(VI) as an adsorbent and photocatalyst [76]. 
Under light irradiation, the PANI-MoS2 nanocomposite could successfully remove
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600 mg.g−1 Cr(VI) and photo-catalytically reduce it to Cr(III). The Cr(VI) removal 
was found to be highly pH dependent. The low pH conditions of the solution favour 
the reduction of Cr(VI). 

In contrast, the reduced Cr(OH)3 can quickly be precipitated on the PANI@MoS2 
surface at high pH conditions and inhibit the active sites. PANI@MoS2 also perform 
excellent cyclic recyclability for several cycling runs. Cr(VI) was also photo-
catalytically reduced using Fe(0) decorated g-C3N4-MoS2 (GCNFM) nanocom-
posite [77]. The suitable band edges potential of the photocatalyst favours the photo-
reduction of Cr(VI) into Cr(III). Under visible light irradiation, the electrons jumped 
to the Fe(0) and MoS2 CB due to appropriate band edge alignments. This enhances 
the life span of charge carriers and improves the Cr(VI) reduction compared to g-
C3N4,MoS2 modified g-C3N4 and Fe(0) doped g-C3N4. The same photocatalyst also 
performs effectively for the mineralization of RhB organic dye. Several other MoS2-
modified semiconductor materials have also been examined for the photocatalytic 
degradation of water contaminants (Table 12.2). In summary, the advantage of photo-
stability of MoS2 than other chalcogenides against oxidation supports the application 
of MoS2 in photocatalytic reactions [78]. Additionally, the band structure of a few 
layered or monolayer MoS2 helps in the absorption of a broad spectrum of solar light, 
which is one of the essential demands for the semiconductor material. In the MoS2-
based semiconductor nanocomposite material, MoS2 actively improve the photo-
absorption response, suppress the recombination of charge carriers, providing a 
platform for the adsorption of contaminant and enhancing the photocatalytic reaction.

12.2.3 Membrane Filtration 

The high mechanical strength, excellent thermal stability and antibacterial properties 
of MoS2 make it a potent candidate for fabricating membranes with outstanding 
separation performance. Additionally, MoS2-based membranes exhibit simultaneous 
permeability and high selectivity [99, 100], antifouling properties [101, 102] and 
facilitate multifunctional features [103]. In membrane filtration, the wastewater or 
contaminated water is passed through an appropriate membrane with specific pore 
sizes, allowing water to be passed and act as a barrier for contaminants. The filtration 
can be pressure, thermal, osmosis, and electrical driven. MoS2 can be used to make 
nanoporous membranes and layer stacked membrane for wastewater treatment. 

Nanoporous membranes are made using a few layers or single-layer MoS2 
nanosheets. The appropriate sizes of nanopores in the membranes are designed to 
block the passage of unwanted species. Pore characteristics, water filtering species 
characteristics and external pressure are majorly responsible for the membrane func-
tioning in water purification [104]. The eco-friendly nature with flexible design and 
high quality of cleaned water through membrane filtration makes the membrane 
filtration technique popular to clear wastewater. Also, during water transport, the 
water molecules are connected inside and outside the nanopores by forming single-
chain hydrogen bonding, which improves water filtration [105]. Most of the studies
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using nanoporous MoS2-based membranes are used for desalination purposes. The 
performance of nanoporous MoS2 membrane is majorly evaluated by theoretical 
simulation studies, not experimentally. 

Heiranian et al. performed the theoretical calculations for the use of nanoporous 
MoS2 membranes in water purification, and they concluded that > 88% of ions could 
easily be filtered using a monolayer MoS2 membrane of a specific pore area ( 20 to 60 
A2) [106]. Figure 12.5a shows the typical simulation box consisting of a single-layer 
MoS2 nanoporous membrane, a rigid piston (graphene sheet), water and ions. In this 
simulation box, three pores have been identified: Mo pores, S pores and mixed pores 
(consisting of Mo and S) (Fig. 12.5b). On comparing monolayer MoS2 membrane 
with nanoporous graphene membrane, the water flux was found to be 70% improved 
with MoS2 membrane. Figure 12.5c shows the water fluxes through various Mo pores 
and S pores, mixed pores and graphene sheets with respect to the applied pressure 
gradient. Among all types of pores in the simulation box, Mo-only pores show the 
highest water permeation. The mixed pore shows higher water fluxes compared to 
the graphene nanopores. Figure 12.5d shows the ions rejection through the pores of 
MoS2 nanoporous membrane and graphene pores as a function of applied pressure. 
Ion rejection is lower at a higher pressure and with larger pores. The ion rejection 
capacity is found to be quite similar for the equivalent areas irrespective of the pore 
type. This suggested that ion rejection depends on the pore area only and not on the 
pore type. Figure 12.5e shows that the water filtration rate is also intensely increasing 
the pore from ∼20 to ∼50 Å2.

This study suggests that while designing MoS2 nanoporous membranes, the size 
and areas of pores are the essential characteristics to be kept in mind. The 0.44 nm 
or larger (diameter) pore sizes of nanoporous MoS2 are favourable in wastewater 
treatment and display a minor energy barrier for water molecules and at the same 
time, reject the passage of salts [106, 107]. But the much larger diameter of nanopores 
(>1.05 nm) is not good for separating salts from water as the salt molecules can easily 
pass through the pores. Therefore, the identical size for the MoS2 nano-membranes 
for water purification is suggested as 0.44 to 1.05 nm [33]. 

However, in MoS2-based layer stacked membranes, exfoliated MoS2 membranes 
are stacked to each other through the vacuum-filtration technique [108]. Efficient 
sieving of water contaminants (molecules, salt and ions) can be performed at the 
free layer spacing of capillary width between the stacked 2D MoS2 nanosheets. The 
free layer spacing between the nanosheets can be controlled for the high selectivity 
of water filtration. The advantage of layer-stacked MoS2 membranes is their high 
stability in the aqueous medium compared to other layer-stacked membranes, e.g., 
GO-based membranes [99]. Layer stacked MoS2 membrane was immersed in water 
for 3 days to check the water stability, but it didn’t swell and maintained its interlayer 
spacing [99]. This might be due to the absence of any hydrophilic functional group 
on the MoS2 membrane surface and the van der Waals force between the stacked 
nanosheets, which provide the required stability against the redispersion of stacked 
nanosheets in water. 

Additionally, the physical characteristic of 2D MoS2-based membrane can be 
tuned or functionalized to boost the water flux and improve the barrier for unwanted
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Fig. 12.5 a Schematic illustration of simulation box containing a MoS2 nanosheet (blue colour 
represents Mo and yellow colour represents S), salt ions (red and green), graphene sheet (dark 
grey) and water (transparent blue). b Left: Pore with Mo only. Right: pore with S only. Bottom: 
mixed pore consisting of Mo and S. c Comparison of Mo-only nanopores, S-only nanopores, mixed 
nanopores and graphene nanopores for water flux with respect to the applied pressure with similar 
pore areas. d Percentage of ion rejection through several pores of different edge chemistries and 
pore ares, as a function of the applied pressure. e Counts of filtered water molecules through Mo 
only pores of different pore areas as a function of simulation time at a fixed pressure of 250 MPa. 
Reproduced with permission from ref. [106]. Copyright 2015, Nature Publications

contaminates [109]. For example, the interlayer spacing of the nanosheets can be 
modified for selective separation via the intercalation of some species. Lu et al. 
intercalated the amphiphilic ligand as a cross-linker in layer-stacked MoS2 to tune the 
interlayer spacing for water filtration [101]. On the other hand, layer-stacked MoS2 
membranes can also be functionalized by immersing in a dye solution for desalination 
and nanofiltration [100]. The surface chemistry of the membrane was changed to 
the functionalized of dye on the surface, which contributed to minimal effect on 
the interlayer spacing. This helps in the rejection of the ions and salts with high 
selectivity. Overall 2D MoS2-based membranes have shown a significant potential 
for the water treatment. However, the thorough study of MoS2-based membranes in 
water purification is still underway as most studies have been performed by theoretical 
simulations and modellings. 

12.2.4 Antibacterial Activity 

Wastewater discharge, usually municipal effluents, is the perfect environment for the 
growth of deadly bacteria, which is a threat to the life of public health [110]. Several 
bacteria have shown antibiotic resistance, leading scientist to look for other effective
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alternative antibacterial proxies. Recently, MoS2 has gained significant attention as 
an antibacterial agent due to its excellent biocompatibility, large surface area, ease of 
functionalization, high catalytic activity, cost-effectiveness, and chemical stability 
[111]. Regardless of its various outstanding characteristics, the application of pristine 
MoS2 nanomaterials exhibit some limitations in the biomedical field. Therefore, 
MoS2 is functionalized to improve its application as an antibacterial agent. The 
antibacterial activities of MoS2 nanosheets have been found to be better than bulk 
MoS2 due to the developed photo-response properties of MoS2-based nanomaterials 
[112]. MoS2 nanosheets prevent bacterial multiplication via physical contact, and the 
sharp ends of nano-architectures may penetrate into the cell wall of bacteria to kill 
it [113]. However, under the illumination of visible light, the generation of ROS on 
the MoS2 surface causes bacterial inactivation, and hence photo-response of MoS2 
nanostructures helps in antibacterial activity. 1 T MoS2 is considered a better option 
than 2H MoS2, as 1 TMoS2 exhibit higher electrical conductivity and is less resistant 
to electron migration. 

1 T phase of chemically exfoliated MoS2 (ce-MoS2) nanosheets was evaluated for 
antibacterial purpose and compared with raw MoS2 [115]. The antibacterial proper-
ties of ce-MoS2 were followed by a three-step mechanism: (a) direct physical contact 
of bacterium-MoS2, (b) sharp edges of MoS2 damage the membrane, and (c) MoS2 
creates a disturbance in microbial redox reaction processes. Additionally, ce-MoS2 
is plausible to generate the ROS species under light irradiation, which raw MoS2 
cannot produce and help in high antibacterial activity. ce-MoS2 also exhibits higher 
oxidation strength towards the thiols than raw MoS2, which helps in the death of 
bacteria. Roy et al. proposed the one-step method to prepare the MoS2 nanosheets 
using chitosan (CS-MoS2). They found that it showed great potential for bactericidal 
action against both Gram-positive and Gram-negative bacteria [114]. Figure 12.6 
shows the different mechanisms for the antibacterial activity of CS-MoS2 for the 
bacterial cell death. The antibacterial activity of CS-MoS2 is a collective action of 
oxidative stress, membrane damage by penetration and metabolic inactivation.

It is evident that the size and shape considerably affect the properties of the 
nanomaterials and hence the application efficiency. Xu et al. compared the two 
morphologies of MoS2, i.e. nanosheets and nanoflowers, for the antibacterial activity 
[116]. They concluded that the nanoflowers possessed better antibacterial activity 
than MoS2 nanosheets. This might be due to the nanoflower morphology’s higher 
surface area, which provides more space for physical contact and oxidative stress 
to the bacterial cells. Also, nanoflower morphology shows higher oxidation strength 
towards the GSH, which helped in bacterial cell death. 

12.3 Outlook and Future Perspectives 

Among several other 2D materials, the unique properties of MoS2 have granted its 
promising candidature in wastewater remediation. MoS2 and MoS2-based nanocom-
posites have been considerably studied as adsorbents, photocatalysts, membranes
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Fig. 12.6 Schematic representation of all the collective proposed mechanisms of antibacterial 
activity of CS-MoS2 nanosheets. Reproduced with permission from ref. [114]. Copyright 2019, 
American Chemical Society

and antibacterial agents to clean wastewater. The application of MoS2 is extensively 
explored as an adsorbent and photocatalyst. Despite the fact that an extensive amount 
of work has been done using MoS2 in wastewater treatment, there are still a few limi-
tations and daunting challenges for the researchers. MoS2 surface exhibits a neutral, 
negative charge, and as an adsorbent material, it is majorly used to remove cationic 
pollutants from wastewater, which limits its broad application. To remove anionic 
contaminants, the modification in the MoS2 as fabrication with other nanoparticles 
or functionalization with other groups is necessary. This practice usually increases 
the cost of the water remediation process. Additionally, it is difficult to separate the 
exfoliated MoS2 nanosheets from the aqueous medium after the water-contaminant 
adsorption exercise. This restricts the adsorbent’s reusability, increasing costs and 
producing secondary waste. 

MoS2 and MoS2-based nanocomposites have also been studied as photocata-
lysts for the complete degradation or mineralization of water contaminants. The 
narrow band gap of the MoS2 allows the absorption of broad solar spectrum photons, 
which makes it a popular choice. However, simultaneously, the narrow band gap 
of MoS2 promotes the rapid recombination of the charge carriers, which is one of 
the main obstacles to the practical application of MoS2 as a photocatalyst. To avoid 
this, researchers use MoS2 functionalized nanomaterial as a photocatalyst for water 
decontamination. But the thorough study of band gap structural knowledge, prod-
ucts of water mineralization and photo-stability of the nanocomposite is still lacking. 
For the advancement in this field, in-depth knowledge and understanding of the 
photocatalytic mechanism using MoS2-based nanocomposite is a must. MoS2-based 
membranes have shown rapid water transport and a broad range of salt rejection, 
which is interesting in water treatment. Layer-stacked membranes also demonstrate
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high water stability, and the filtration process’s selectivity can be enhanced by tuning 
the interlayer spacing of membranes. Therefore, more theoretical and simulation 
studies are needed for a fundamental understanding of the MoS2 membrane inter-
layer and free spacing and the transport of the ions and molecules through the 2D 
channels [117, 118]. At the same time, the antifouling characteristics of the membrane 
should be maintained. Another main challenge is the preparation of uniformly and 
compactly distributed nanopores on the MoS2 membrane. And at last, but not least, 
the main concern should be the impact of MoS2 nanomaterials on the fabrication 
cost and environment. The synthesis routes of MoS2 for various water cleaning tech-
niques should be monitored, and the production from lab to pilot scale production 
should also be targeted. 

In order to avoid all these limitations, there are a few suggestions to take into 
account while designing the MoS2-based materials for wastewater remediation: 

(a) There is a need to improve the adsorption efficiency and selectivity of MoS2 
material for a broad range of water contaminants. To improve the MoS2 adsor-
bance competence towards anionic contaminants, it should be smartly function-
alized with cost-effective materials. The synthesis route should also avoid the 
use of any hazardous chemicals. 

(b) Dispersion of exfoliated MoS2 nanostructured material is essential for the 
enhanced adsorption rate of water contaminant molecules. Homogenously 
dispersed MoS2 performs faster adsorption, but at the same time, it faces separa-
tion challenges from the treated water. Functionalization of MoS2 with magnetic 
materials can avoid this issue. Magnetic MoS2 material can easily be separated 
from the treated water using the external magnetic field. 

(c) Designing the 3D architecture of 2D MoS2 nanomaterials is a current research 
trend to avoid agglomeration and provide more surface area and a porous 
network for the adsorption of water contaminants. 

(d) The study on the band gap structures of MoS2-based nanocomposites and the 
types of generated ROS should be performed for a better understanding of the 
mechanism behind MoS2-based photocatalytic water decontamination. 

(e) The development of multifunctional MoS2-based membranes can deliver a 
potential direction for the researcher in future water remediation techniques. 
Combining the membrane filtration with other wastewater treatment techniques, 
such as photocatalytic degradation and electrochemical decontamination, using 
the same MoS2-based membrane can reduce the water treatment cost and 
improve the treated water quality. 

To conclude, MoS2-based nano-structural materials nanosheets have shown 
immense potential for wastewater remediation. However, research using MoS2 
and MoS2-based nanocomposites in water treatment is still underway. Further 
research can bring many exciting opportunities and outcomes in wastewater treatment 
applications.
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