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MoS2 gel for printable water purification filters
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A novel screen-printing approachwas employed to fabricatemolybdenum disulfide (MoS2) basedmembranes

using exfoliation-free solvothermally synthesized ink-like MoS2 gel and Whatman filter paper (WFP). Three

membranes, MoS2-WFP-1, MoS2-WFP-2, and MoS2-WFP-3, were fabricated by varying the number of print

coatings to tailor the hydrophobicity and mechanical integrity. Structural and morphological investigations

were performed by X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and Field Emission

Scanning Electron Microscopy (FE-SEM) analysis. The XPS results confirmed a well-adhered MoS2 layer with

mixed 1T/2H phases that enhanced mechanical and thermal stability. The MoS2 incorporated membranes

exhibited increased tensile strain, moderate water uptake (53–55%), and contact angles (104–118°) which

increased with increasing coat number, demonstrating tunable surface wettability. In spite of reduced pure

water flux, compared to bare filter paper, each coated membrane exhibited stable flux over a 60 min

filtration period. The membranes efficiently removed the Congo red (∼90%), methylene blue (∼55%) and
Cr(VI) (∼72%) under pH-dependent conditions. The pH-dependent removal arises from electrostatic

interactions between the MoS2 surface and charged species, where protonation of the negatively charged

MoS2 surface at acidic pH enhances the attraction of anionic contaminants (Congo red and Cr anions such

as such as HCrO4
− and Cr2O7

2−), while deprotonation at basic pH favors adsorption of cationic MB. The

investigations confirm a simple, scalable and low-cost route for the fabrication of printable MoS2
membrane filters suitable for wastewater purification.
1. Introduction

The removal of dyes and heavy metals from wastewater is
crucial for environmental protection and public health.
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Membrane technology has emerged as an effective solution,
offering efficient separation and purication processes with low
energy consumption and mild operating conditions. Various
types of membranes, including modied microltration,1,2

nanoltration,3 ultraltration4 and graphene oxide-based
membranes,5,6 have been developed to enhance pollutant
removal efficiency. Graphene based membranes leverage high
surface area and functionalization for effective separation of
heavy metals and dyes, although their irregular pore structure
can limit the efficiency.7

Molybdenum disulde (MoS2)-based membranes have
shown potential in water treatment applications, enhancing ion
and molecular separation processes. Their unique physio-
chemical properties and fabrication techniques contribute to
improved efficiency and reduced energy consumption in water
purication, as highlighted in research over the last few years.8

MoS2 nanosheets possesses high surface area, good chemical
and thermal stability and offer easy surface functionalization.
The membranes fabricated using MoS2 nanosheets have
exhibited superior water ux due to the hydrophilic nature of
their edges and attain greater aqueous stability than that of
graphene oxide or polymeric membranes.9 Different
RSC Adv., 2026, 16, 28395–28404 | 28395
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morphologies of MoS2, such as nanoplatelets, enhance perfor-
mance by creating more water channels, achieving up to 93%
removal of heavy metals like Mn2+ and Zn2+.10 Incorporating
MoS2 into composite membranes can improve stability and
separation efficiency, fostering advancements in membrane
technology.8

The production of MoS2 composite membranes at near-
atomic thickness presents technological hurdles, yet this is
crucial for maximizing their water treatment efficiency.11

Chemical Vapour Deposition (CVD) and Atomic Layer Deposi-
tion (ALD) are widely employed measures to produce monolayer
or sub-monolayer MoS2 thin lms. These methods offer
continuous, high uniform and large-area MoS2 nanosheets
which are well aligned with the design and fabrication of MoS2
membranes. However, these methods are limited for wider
applications due to their complicated fabrication process. This
could substantially increase the membrane production costs
and limit industrial scale applications.12 On the other hand,
liquid exfoliation methods offer simple steps to produce MoS2
nanosheets. The resulting nanosheets can be functionalized
with other molecules, or polymers, to regulate the structure and
function of the MoS2. The resulting materials have been used
for membrane fabrication through a simple vacuum ltration
method.13 Nonetheless, these methods are also limited in
practical use due to low scalability and the necessity of Li+ ions
intercalation, which requires the use of hazardous solvents and
an inert gas atmosphere.14 Electrochemical intercalation or
micromechanical exfoliationmethods are still facing challenges
to scale up, due to low yields.15,16

Interfacial polymerization, involving reaction on a porous
substrate,17 layer-by-layer assembly by sequential immersion
cycles,18 electrospray polymerization,19 direct application of
polymer on a support followed by phase inversion, and hybrid
techniques such as electrospinning in combination with inter-
facial polymerization,19 dip or spin coating of the nanomaterials
onto the pre-formed layers,20 are some of the other methods
used for the fabrication of composite membranes to achieve
thin but strong active layers on the supports. In one of our
previous works, a scalable hydrothermal method was used for
the production of defect rich MoS2 nanosheets, to develop
highly stable functionalized membranes. The MoS2 membrane
fabricated using pristine MoS2 nanosheets showed poor
aqueous stability whereas the MoS2 nanosheets treated with
trithiocyanuric acid (TTCA), prior to membrane fabrication
through vacuum ltration, showed high aqueous stability and
good heavy metal ion andmolecular separation efficiency.21 The
defect rich MoS2 nanosheets are functionalized and polymer-
ized via thiol group containing TTCA, which greatly helped the
strong adhesion onto the commercial Polyethersulfone (PES)
membrane surface through hydrophobic p–p* stacking and
electrostatic interactions between polythiocyanuric acid (PTCA)
and PES. The fabricatedmembrane was able to remove dyes and
heavy metals by ∼80%.

Screen-printing technology offers several advantages
including easy tailoring, economical, control over thickness,
reproducibility, a wide substrate scope and easier scalability.22

Screen-printing is a technology widely used in many industrial
28396 | RSC Adv., 2026, 16, 28395–28404
applications such as textiles, dye sensitized solar cells, silicon
photovoltaics, printed electronics, sensors, snowboard graphics
and medical devices.23–25 This technology is also used in the
fabrication of membranes such as PVA-based charged mosaic
membranes to evaluate ion transport properties,26 catalyst
coated membranes in a proton exchange membrane fuel cells,27

and so on. MoS2 nanosheets are widely used for the fabrication
of electrodes through screen printed technology to develop
sensors, energy conversion and storage applications.28–30

However, the screen-printed method has been rarely reported in
fabrication of membranes for water purication processes.

Most membrane ltration experiments demand an applied
pressure for the ltration process, and some membranes, even
with pressure, suffer from insufficient permeate ux. Hence, the
present work proposes the fabrication of MoS2 membranes
using ink-like MoS2 gel on a regular Whatman grade 1 lter
paper (WFP) via screen-printing methods. A solvothermal
method was used to synthesise a ink-like MoS2 gel suitable for
screen-printing. This ink was screen-printed onto Whatman 1
lter papers to prepare MoS2-WFP-1, MoS2-WFP-2 and MoS2-
WFP-3 membranes, using 1, 2, and 3 screen-printing passes
respectively, of the MoS2 ink. The membranes were character-
ized using spectroscopic and microscopic methods. The water
uptake, contact angle and mechanical properties of the fabri-
cated membranes was investigated and the performance
towards removal of dyes such as Congo red (CR), methylene
blue (MB) and the heavy metal ion Cr(VI), at different pH
conditions were also studied. This method enables the easy use
of the fabricated membrane for water treatment applications,
without the requirement of any specied membrane ltration
units.
2. Materials and methods
2.1 Materials and reagents

All chemical reagents were used without further purication.
De-ionized water was used throughout the experiments.
Ammonium heptamolybatetetrahydrate, ethylene glycol, 1-
octadecane, hexane, hydrochloric acid, potassium dichromate,
Congo red, methylene blue and sodium hydroxide were
purchased from the Merck. Trithiocyanuric acid was purchased
from Tokyo Chemical Industry (TCI). Whatman lter paper
grade 1 (pore size 11 mm and thickness 180 mm, Brand: Cytiva
Whatman) was purchased from local suppliers.
2.2 Synthesis of MoS2 ink

MoS2 ink was synthesized as per our previous method with
slight modications.31 In a typical reaction, 0.6179 g of ammo-
nium heptamolybdate tetrahydrate was added to a 100 mL
Teon liner containing 60 mL of ethylene glycol and stirred
vigorously at room temperature. Subsequently, 0.6204 g of tri-
thiocyanuric acid was added as a sulfur source to the reaction
mixture and stirred further to ensure homogeneity. Then, 10mL
of 1-octadecene was added to the reaction mixture and stirred
for an additional 5 min. Then, the Teon liner containing the
reaction mixture was placed in a stainless-steel autoclave and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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maintained at 200 °C for 24 h. Subsequently, the autoclave was
allowed to cool naturally and the resulting black-colored MoS2
ink was washed thoroughly with hexane to remove 1-octadecene
and unreacted compounds.

2.3 Fabrication of screen-printed lters using MoS2 ink

Screen-printing technology was used for the fabrication of MoS2
lters. A screen or ne mesh tightly stretched with a rigid frame
is generally required for screen-printing. A mesh count of
polyester 100 (open pore size 80) was used in this work for
fabrication of the MoS2 lters. Before printing, the undesired
area of the mesh was masked out according to the desired
printing sketch. The screen was then positioned over the
Whatman number 1 lter paper and ink was applied to the
screen, followed by swiping the ink through the screen, using
a squeegee, from all the 4 sides (3 times from each side). The
MoS2 printed lter was dried at 60 °C in an electric oven. The
resulting lter was placed in water for 12 h with occasional
shaking to remove water soluble impurities. This lter is
designated MoS2-WFP-1. To increase the MoS2 thickness, we
repeated this process, to fabricate MoS2-WFP-2, and repeated
the process twice to fabricate MoS2-WFP-3. A schematic
diagram of MoS2 screen-printing onto Whatman lter papers is
shown in Scheme 1.
2.4 Instrumentation details

The XRD experiments were performed using a Bruker D8
Diffraction System with a Cu Ka source (l = 0.154178 nm) and
PANalytical monochromatic laboratory X-ray diffractometer (l
= 1.5406 Å). X-ray photoelectron spectroscopy (XPS) was ana-
lysed using a Kratos Axis Ultra DLD spectrometer with 165 mm
hemispherical electron energy analyser. LabRam HR Evolution,
Horiba, Japan Raman Spectrophotometer with LabSpec6 so-
ware was used to identify the phases of MoS2. The surface
morphology and element dispersive spectroscopy was investi-
gated using Field Emission Scanning Electron Microscope (FE-
SEM) (JEOL JSM-7100F, Singapore) and transmission electron
microscopy (TEM) using TEM JEM-2100Plus. The surface
roughness was quantied by Park NX10 Tapping mode Atomic
Force Microscope (AFM) with a resonance frequency of 330 kHz.
The AFM height images were presented aer simple attening
using V 5.1.6XEI soware. The size distribution and zeta
potential of MoS2 suspension (in water) was measured with
Scheme 1 Schematic representation of screen-printing for the fabri-
cation of MoS2 filters.

© 2026 The Author(s). Published by the Royal Society of Chemistry
a Zetasizer Nano ZS (Malvern Instruments), equipped with
a 633 nm He–Ne laser. Glass cuvette and folded capillary cell
were used for the analysis of size and zeta potential of MoS2 ink.
Surface area and pore volume of MoS2 were analyzed by Belsorp
mini II Brunauer–Emmett–Teller (BET) apparatus. Thermogra-
vimetric analysis (TGA) of MoS2 screen-printed Whatman lter
papers was performed by using a Shimadzu Thermogravimetric
Analyzer (model TGA-50). TGA analysis was carried out with
a temperature ramp increasing at a rate of 10 °C min−1 in the
range of 26 to 900 °C, under a nitrogen atmosphere. The
mechanical strength of the fabricated membranes was tested
using a Servo-hydraulic Fatigue Testing Machine, Walter + Bai–
Series LEV-L, 25 kN, by preparing samples of dog bone shape.
Bruker II alpha ATR Germany was used to analyse the Attenu-
ated Total Reectance-Infrared (ATR-IR) analysis.
2.5 Membrane properties

The hydrophilicity of membranes is primarily evaluated
through water uptake (WU) and contact angle (CA) measure-
ments. To determine WU, three sets of 1 × 1 cm fabricated
membrane samples (including prepared variants and
a commercial Whatman 1) were immersed in water for 24 h. Dry
weights (Wd) and equilibrium wet weights (Ww) were recorded,
with percentage WU calculated using eqn (1)

% WU ¼
�
Ww

Wd

� 1

�
� 100 (1)

This standardized gravimetric method ensures consistent
evaluation of hydrophilic properties across different membrane
formulations. The hydrophilic nature of the membrane surface
was conrmed by contact angle measurements using a digital
microscope and digital viewer.

The pure water ux (PWF) is another factor deciding the
performance of the membrane. This was examined using
a regular ltration unit of 1000 mL capacity, procured from
Sigma Aldrich Pvt, Ltd. All water ltration experiments per-
formed without applied pressure or without connection of
vacuum pump. The volume of water permeated through
membrane was measured every 10 min and the PWF (Jw, L m−2

h−1) was calculated from eqn (2), by measuring the time, t, (in
h), volume, V, of water (in L) and membrane area, A, (in m2).

Jw ¼ V

A� t
(2)
2.6 Membrane performance

The performance of the membranes towards the removal of CR,
MB and Cr(VI) was determined with respect to % rejection, and
the permeate ux was evaluated using the above-mentioned
ltration set up. The concentration of feed and permeate solu-
tions was examined using a UV-visible spectrophotometer,
wherein, for CR, MB and Cr(VI), the wavelengths used were 498,
664 and 370 nm, respectively. The % removal of the dyes and
heavy metal ions was calculated using eqn (3)
RSC Adv., 2026, 16, 28395–28404 | 28397
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Fig. 1 XRD patterns of (a) WFP, and MoS2-WFP-1 (b) MoS2 (c) nitrogen
adsorption–desorption isotherms of MoS2 and (d) hydrodynamic size
plot of MoS2 dispersion analyzed by the DLS technique.
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% Removal ¼
�
1� Ct

Co

�
� 100 (3)

where, Co and Ct are the initial and nal contaminant concen-
trations at time, t. The removal efficiency of MoS2-WFP-1 was
also examined at varied pH conditions. pH 4 for acidic, pH 7 for
neutral and pH 9 for basic conditions, were maintained.

3. Results and discussions

MoS2 ink was synthesized by a solvothermal method employing
ethylene glycol and 1-octadecane as solvents, and ammonium
heptamolybdate tetrahydrate and TTCA as Mo and S sources,
respectively. TTCA is an organic molecule with three thiol
groups, serving as multifunctional reagent. Its functions
include acting as a reducing agent for the reduction of Mo6+ to
Mo4+, acting as a sulfur source for the formation of MoS2, and
forming the ink-like gel.31 Ethylene glycol has a dual role as both
reducing agent, and an intercalating agent for MoS2.32 1-Octa-
decene was used as a polymerizing agent and also harnessed for
reduction of the sulfur precursor.33 The synthesized ink-like gel
was suitable for the fabrication of printed materials through
screen-printing technology.

Although the hydrothermal route is simple, reproducible,
and suitable for laboratory-scale production, its direct trans-
lation to large-scale manufacturing is limited by autoclave
volume, batch processing, and the difficulty of maintaining
uniform heat and mass transfer at higher volumes. Therefore,
the present work should be regarded as a laboratory-scale
demonstration of a potentially scalable route and further work
on larger reactors or continuous synthesis would be required to
establish industrial scalability.

3.1 Characterizations

The fabrication of MoS2 ink, screen-printed Whatman lter
papers for water treatment involved synthesizing MoS2 ink via
a solvothermal method followed by deposition onto the What-
man lter paper using screen-printing technology. The result-
ing lters (MoS2-WFP-1, MoS2-WFP-2 and MoS2-WFP-3) were
initially tested for water purication. Among the three lters,
MoS2-WFP-1 exhibited slightly better properties in the majority
of cases.

Therefore, only the MoS2-WFP-1 was used for the spectro-
scopic and microscopic characterizations used to evaluate
structural, chemical, thermal, and mechanical properties. The
XRD patterns of WFP, MoS2-WFP-1 and MoS2 powder are
provided in Fig. 1a and b. The WFP shows characteristic
diffraction peaks at 2q 14.6°, 16.2°, 22.38° and 33.8° which
correspond to (110), (110), (200) and (004) diffraction planes of
monolithic cellulose type I, respectively.34 MoS2 powder exhibits
a dominant hexagonal 2H peak at 2q 9.64° for reecting (002)
plane, which is corresponding to interlayer spacing of 0.92 nm.
The downwards shi in (002) plane peak position from 14.13° to
9.64° demonstrates an enlarged interlayer spacing from
0.63 nm (JCPDS card 01-075-1539) to 0.92 nm, which was
calculated based on Bragg's law (2d sin q = nl), which clearly
suggests an expansion of the layered structure compared to
28398 | RSC Adv., 2026, 16, 28395–28404
conventional 2H MoS2.35 Additional peaks at 2q, 32.7° and 57°
reecting (100) and (110) planes conrm in-plane crystallinity
and layered stacking. Additionally, the broad nature of the
peaks demonstrates the amorphous nature of the synthesized
ink. In the case of MoS2-WFP-1 (2q at 9.64°), the absence of
high-index diffraction peaks indicates short-range disorder
within the nanocrystalline structure.36 This arises due nano-
ake fragmentation during screen-printing. The absence of the
same is also attributed to the very low concentration of MoS2 on
the lter paper. The disordered conguration enhances active
site density by exposing edge sulfur atoms, which are optimal
for binding water contaminants like heavy metals. Also, the
prominent cellulose peak and the less intense peaks of MoS2 in
MoS2-WFP-1 conrms that the screen-printing process
preserves the MoS2 crystal structure while integrating it with the
substrate. BET analysis was performed to nd out the specic
surface area and pore volume of the MoS2. Fig. 1c displays the
nitrogen adsorption–desorption isotherms of MoS2. According
to the IUPAC classication, the solvothermally synthesized
MoS2 exhibits a type-IV isotherm with a H3 type hysteresis loop,
which indicates the characteristic of mesoporous materials. The
attributed pores have presumably arisen due to the spaces
between the cross-linked MoS2 nanosheets which yield a large
specic surface area. The average pore diameter and specic
surface area of the MoS2 are calculated to be 11.74 nm and 55.17
m2 g−1, respectively. However, the BET pore diameter repre-
sents the intrinsic mesoporosity of the MoS2 akes, rather than
the effective membrane ltration pore size, which is governed
by the coated WFP architecture and interake transport
pathways.

Fig. 1d represents the hydrodynamic size plot of sol-
vothermally synthesized MoS2 dispersion analyzed by the DLS
technique corresponded to 300 nm. The zeta potential of MoS2
was ca. −20.9 mV, which suggested that the synthesized MoS2
has negatively charged surface (see Fig. S1 in SI).

To further understand the interaction between the substrate
(WFP) and the prepared MoS2 ink, the XPS spectra of MoS2-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman shifts for MoS2-WFP-1.
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WFP-1 was investigated. The full scan survey spectrum along
with deconvoluted Mo and S peaks are provided in Fig. 2a–d.
Fig. 2a represents the wide-scan XPS survey spectrum of MoS2-
WFP-1 and displays prominent peaks corresponding to molyb-
denum (Mo), sulfur (S), carbon (C) and oxygen (O). The strong
Mo and S signals conrm the presence of MoS2, while the C and
O peaks are attributed mainly to the cellulose substrate of the
WFP and possible adventitious carbon. The high-resolution Mo
3d spectrum typically in the region between 224 to 237 eV
(Fig. 2b), showed major peaks for Mo 3d5/2 and Mo 3d3/2 at
228.78 and 232.00 eV, respectively. These binding energies are
characteristic of Mo4+ in the 1T phase of MoS2 (48.7%, calcu-
lated based on peak area), indicating that the solvothermal
synthesis and screen-printing process preserved the desired
oxidation state and structure of molybdenum. The other pair of
peaks at 230.04 and 232.91 eV corresponding to the 2H phase of
MoS2 (32.6%). The coexistence of 2H and 1T phases (as detected
by XPS) is oen benecial, combining stability (2H) with reac-
tivity (1T).37 The peak at higher binding energies (235.63 eV for
Mo6+) indicates the presence of MoO3 (7.7%) or other higher-
valence states, which are usually observed in the synthesized
MoS2 by hydrothermal or solvothermal methods.38–41 The pres-
ence of mixed phase MoS2 was further conrmed by Raman
analysis (Fig. 3). The other shoulder peak at 226.31 eV corre-
sponding to the S 2s, due to emission from the defect-free
regions of MoS2 (11%).

Fig. 2c represents the high-resolution spectrum of S 2p. The
two major peaks at 161.83 eV and 163.16 eV corresponding to
the characteristic peaks of S2− in MoS2 which come from the
majority of sulfur present in the desired sulde state.42 There
are no signicant peaks corresponding to oxidized sulfur
species such as SO4

2−, indicating no sulfur oxidation. The S : Mo
atomic ratio, calculated from XPS data remains close to the
ideal value of 2 : 1, further supporting the predominance of
MoS2. In Fig. 2a, the peak of C 1s at 284.8 eV, and O 1s at
532.2 eV, are attributed to the cellulose matrix of the WFP and
Fig. 2 XPS binding energy peaks for MoS2-WFP-1 (a) full scan; (b) high
resolution binding energy peaks for Mo; (c) high resolution binding
energy peaks for S and (d) high resolution binding energy peaks for C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the adsorbed MoS2 species. The deconvoluted C 1s spectra
conrms the 4 types of carbons bonds (Fig. 2d), C–C/C–H, C–O,
C]O and O–C]O at 284.8, 286.25, 286.93 and 287.9 eV,
respectively.43 The signicant C–O and O–C]O groups on the
cellulose WFP surface provide abundant sites for hydrogen
bonding44 with sulfur atoms or oxygen-containing groups on
MoS2. The polar nature of the oxygenated carbon species
increases the surface energy of the cellulose,45 promoting better
wetting and adhesion of the MoS2 ink during screen printing.
The preservation of the chemical structure of cellulose, as evi-
denced by C–C/C–H peak, ensures that the lter retains its
brous, porous morphology, which physically entraps MoS2
nanoakes. The preservation of brous morphology was further
conrmed by FESEM images.

The Raman spectrum shown in Fig. 3 conrms the
successful formation of mixed-phase MoS2 containing both 1T
and 2H phase. The co-existence of these phases is evidenced by
the appearance of characteristic vibrational modes corre-
sponding to both crystal structures. The two prominent peaks at
approximately 378 and 402 cm−1 correspond to the character-
istic Raman-active modes of 2H–MoS2. The peak at 378 cm−1 is
assigned to the in-plane E12g mode, arising from the opposite in-
plane vibrations of Mo and S atoms, while the peak at 402 cm−1

corresponds to the out-of-plane A1g mode, mainly associated
with sulphur atom vibrations perpendicular to the MoS2 layers.
In addition to these peaks, the characteristic of 1T phase peaks
are observed at low frequency range referring to J1, J2 and J3
modes.46 These J peaks are presumed to originate from
symmetry lowering and structural rearrangement from the
stable 2H phase to the metastable metallic 1T phase.

The FESEM micrographs of WFP and MoS2-WFP-1 are
provided in Fig. 4a and b. The ne brous and porous
morphology for pristine WFP is observed in Fig. 4a. The cellu-
lose bers, typically measuring micrometers in diameter, are
randomly interwoven, creating a three-dimensional matrix with
interconnected pores. This structure is ideal for ltration,
allowing for high water permeability and providing a large
surface area for subsequent functionalization. With the screen-
printing of prepared MoS2 ink on WFP (Fig. 4b and b(1)), the
cellulose bers were coated with a continuous, conformal layer
of MoS2 nanoakes. The coating appears as a textured sheath
RSC Adv., 2026, 16, 28395–28404 | 28399
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Fig. 4 FESEM images of (a) and (a1) WFP; (b) and (b1) MoS2-WFP-1. Fig. 6 (a) Elemental composition; (b) respective FESEM image; (c) and
(d) elemental mapping for Mo and S, respectively for MoS2-WFP-1.
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enveloping the bers, indicating strong adhesion and effective
coverage. At higher magnication, the MoS2 layer is composed
of overlapping, plate-like nanoakes of nanometer dimensions.

The surface of the coated bers is signicantly rougher than
that of the bare cellulose, due to stacking of MoS2 nanosheets.
The increased roughness of WFP aer screen printing of MoS2
is supplemented by AFM analysis and the images are provided
in Fig. 5. The pristine WFP presented smoother surface
compared to the MoS2 screen printed one. The appearance of
pronounced ridges, valleys, and aggregated domains for the
MoS2 printed membrane clearly indicated the increased
roughness. The average roughness of WFP and MoS2-WFP-1,
measured at 5 different positions is found to be 19.53 and
30.25 nm, respectively, which clearly quanties the increased
surface roughness. This roughness increases the effective
surface area, which is benecial for adsorption and catalytic
applications.

Along with the morphology, EDX mapping was performed to
conrm the presence and atomic ratio of Mo and S in MoS2-
WFP-1. The results are displayed in Fig. 6. The atomic
percentage for Mo and S are 33.57 and 66.43%, respectively,
which is expected for MoS2. The mapping showed the distri-
bution of Mo and S throughout the WFP surface indicating the
uniformity of the surface.

Following the examination of surface morphology, the study
was extended to analyze the mechanical and thermal stabilities
of the prepared membranes. The thermo-gravimetric analysis
performed for WFP and MoS2-WFP-1 is given in Fig. 7a, and
stress vs. strain graphs predicting mechanical strengths for all
the membranes are provided in Fig. 7b. For the WFP
Fig. 5 AFM images of (a) WFP and (b) MoS2-WFFP-1.

28400 | RSC Adv., 2026, 16, 28395–28404
membrane, a sharp weight loss begins around 310 °C, corre-
sponding to the rapid decomposition of the cellulose. Complete
degradation occurs before 400 °C, with minimal residual mass,
which indicates thermal stability. For the MoS2 printed lter,
the initial thermal decomposition started at a similar temper-
ature as that of WFP, but progressed more gradually than the
uncoated paper. The residual mass remaining even aer 800 °C
(around 12%) is attributed to a thermally stable MoS2 phase.

The presence of MoS2 on WFP, delayed the onset of degra-
dation and reduced the rate of mass loss. The stress–strain
behavior of the fabricated membranes under tensile loading
were investigated. The WFP membrane exhibited a higher
initial stress response, but broke at a relatively low strain
(0.67%). The curve showed a sharp drop aer the peak, indi-
cating the brittle fracture, which is typical for unsupplemented
cellulose networks. With increased number of prints of MoS2 on
the WFP, the strain at break increased to 0.84, 1.13 and 1.18%,
with increasing prints of MoS2. Along with increased stress at
peak, it is also observed that, the ductile and tough nature of the
fabricated membranes also enhanced. The MoS2 lling the
cellulose matrix could bridge the gaps between the cellulose
bers, which could distribute the stress more evenly and
prevent premature ber fracture and hence the increased
ductile nature. It is also noted that, with an increasing number
of prints (layers), the strain-at-break increases, conrming that
the nanocoating directly reinforces the brous matrix. The
enhanced thermal as well as mechanical stability of WFP
Fig. 7 (a) TGA curves for WFP and MoS2-WFP-1; (b) stress vs. strain
curves for all fabricated membranes along with WFP.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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membranes with MoS2 coating is advantageous for the regen-
eration of the membrane as well as usage of membranes for
long-term water treatment, when compared to the bare WFP
membrane.
3.2 Membrane performance

For water treatment applications, membrane design should aim
for an optimal sufficient ux and effective contaminant
removal. The PWF of WFP and MoS2 coated membranes is
provided in Fig. 8. The WFP without any coating presented
a highest PWF of ∼40–43 L m−2 h−1 across the test period of
60 min. MoS2-WFP-1, MoS2-WFP-2 and MoS2-WFP-3 showed
approximately 35–37, 31–33 and 28–33 L m−2 h−1, respectively.
The results indicate that with increasing MoS2 loading (number
of coats), the PWF reduced. Nevertheless, the ux remained
stable over the time, indicating good structural integrity and
minimal compaction. The progressive decrease in the PWF
from WFP to MoS2-WFP-3 is attributed to the sequential depo-
sition of MoS2, which partially occlude the pores of the cellulose
matrix. As the MoS2 layer thickens, the effective pore size
decreases and the hydraulic resistance increases, leading to
lower water permeability.

Reported pure water uxes for MoS2-based membranes vary
widely depending on fabrication method, thickness, and
support material. For example, MoS2/GO composite
membranes have shown uxes from 8.8 to 48.3 Lm−2 h−1, while
pure MoS2 nanosheet membranes can achieve 30–250 L m−2

h−1 bar−1 under pressure-driven conditions.47–49 The values
observed here for screen-printed MoS2-WFP membranes are
consistent with these reports, especially considering the
absence of external pressure in gravity-driven ltration.

Along with PWF, water uptake studies were also performed
to understand the water absorption ability of the fabricated
membranes. The results are provided in Fig. 8b. The WFP
membrane presented a WU of 49.6% (mean) and for MoS2
coated membranes, the WU increased to 53.5 to 55.5%. Despite
increased hydrophobicity, the WU remained almost same. This
indicates that, MoS2 layers, while making the surface hydro-
phobic, did not fully prevent bulk water adsorption. This could
be due to the retention of hydrophilic sites by cellulose and the
access provided by the porous structure. The measured average
contact angles for WFP, MoS2-WFP-1, MoS2-WFP-2 and MoS2-
WFP-3 are of 25.9, 104.7, 108.6 and 118.1°, respectively (the
photographs are presented in Fig. 6b). When compared to WFP
membranes, MoS2-coated membranes showed a dramatic rise
Fig. 8 (a) Pure water flux; (b) water uptake for WFP, MoS2-WFP-1,
MoS2-WFP-2 and MoS2-WFP-3 membranes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
in CA to above 100°, thus demonstrating increased hydropho-
bicity, as MoS2 nanoakes were layered. With increased print
layers, the CA further increased, but the changes were insig-
nicant. Despite enhanced surface hydrophobicity with respect
to increased number of prints or coats, the bulk water uptake
remained high. This is due to water absorption driven by
internal hydrophilic cellulose, as well as the surface. Moderate
porosity was preserved within the cellulose matrix even aer 3
coats of MoS2, hence, obtaining the PWF and water uptake.
3.3 Removal of water contaminants

To investigate the practical applications of the fabricated
membranes, cationic methylene blue dye (MB), anionic Congo
red dye (CR) and the toxic metal ion Cr(VI), were selected. The
permeate ux and contaminant removal percentage for all the
membranes, for each contaminant was investigated. The MoS2-
WFP-1 membrane was also investigated at different pH values.
The results with respect to removal of MB, CR and Cr(VI) are
provided in Fig. 9–11, respectively. For all the three contami-
nants, Fig. 9a, 10a and 11a, shown that the permeate ux fol-
lowed a similar trend. The uncoated WFP membrane exhibited
the greatest ux, varying from ∼42 to 47 L m−2 h−1. Successive
MoS2 coatings caused a decrease in ux. For the single coating,
MoS2-WFP-1, 36–37 L m−2 h−1 of ux was obtained. This low-
ered to∼28 to 30 L m−2 h−1 for MoS2-WFP-3 membrane (3 coats
of MoS2). Additional MoS2 layers ll surface microvoids and
reduce effective pore size, leading to greater hydraulic resis-
tance. Despite this, all the membranes maintained substantial
ux, indicating they preserved macro-porosity. The trend was
consistent across all the tested contaminants. Hence, the effect
of increased MoS2 coatings was independent of the nature of
the contaminants. The removal percentages of respective
contaminants, at neutral pH (without altering) are shown in Fig.
9b, 10b and 11b.

Fig. 9c, 10c and 11c present the permeate ux at different pH
and demonstrate a generally stable ux, with only minor
Fig. 9 (a) Permeate flux vs. time; (b) % removal of CR vs. time graphs
for the membranes with and without MoS2 prints on WFP; (c) flux at
different pH conditions vs. time; (d) % removal of CR at different pH
conditions vs. time graphs for the membrane MoS2-WFP-1.

RSC Adv., 2026, 16, 28395–28404 | 28401

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01189f


Fig. 10 (a) Flux vs. time; (b) % removal of MB vs. time graphs for the
membranes with and without MoS2 prints on WFP; (c) flux in different
pH conditions vs. time; (d) % removal of MB at different pH conditions
vs. time graphs for the membrane MoS2-WFP-1.

Fig. 11 (a) Flux vs. time; (b) % removal of Cr(VI) vs. time graphs for the
membranes with and without MoS2 prints on WFP; (c) flux in different
pH conditions vs. time; (d) % removal of Cr(VI) at different pH condi-
tions vs. time graphs for the membrane MoS2-WFP-1.

Fig. 12 ATR-IR spectra of WFP, MoS2-WFP-1 (before use) and MoS2-
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uctuations. A slight ux decrease at extreme pH conditions
suggests minor swelling, or interactions between the
membranes and solution components, but overall, the ux was
maintained. This indicates the good chemical robustness of the
membranes. The removal efficiency of the MoS2-WFP-1
membrane towards CR, MB and Cr(VI) at different pH condi-
tions is provided in Fig. 9d, 10d and 11d, respectively. For
a better understanding of the mechanism involved, the zeta
potentials of all three considered contaminants at varied pH
was measured and the results are provided in SI as Table S1 and
Fig. S2 to S10.

CR, being an anionic dye, was removed by ∼90.3% at acidic
pH and the removal then dropped to ∼63% in basic pH (Fig.
9d). At acidic pH, the negative MoS2 surface (zeta potential
−20.9 mV) is protonated and is therefore expected to favor
28402 | RSC Adv., 2026, 16, 28395–28404
electrostatic attraction toward the anionic CR. The zeta poten-
tial of CR becomes increasingly negative with increasing pH
(−40.8 mV at pH 4 to −65.5 mV at pH 9), removal efficiency
decreased correspondingly. Since both the membrane and CR
possess negative surface charges, stronger electrostatic repul-
sion at higher pH reduces rejection efficiency. The compara-
tively higher removal at pH 4 may be attributed to weaker
electrostatic repulsion.

In the case of MB, the dye exhibits a positive zeta potential at
pH 4 (+16.0 mV), resulting in strong electrostatic attraction
toward the negatively charged membrane and enhanced
removal behaviour. As the pH increases, the zeta potential
becomes slightly negative (−7.37 to −9.41 mV), reducing
attractive interactions. Nevertheless, moderate rejection is still
observed, likely due to adsorption and steric hindrance effects.

For Cr species, the zeta potential remains negative across the
investigated pH range. The maximum removal of about 72%
(Fig. 11d) was achieved at a lower pH for Cr(VI), owing to the
anionic forms of Cr(VI), such as HCrO4

− and Cr2O7
2−. At low pH,

the protonated, positively charged MoS2 surface strongly
attracts these anions. Reductive adsorption (and possible
partial reduction to Cr(III)) is also favored under acidic condi-
tions. Overall, the work validates MoS2 ink printing as a green,
low-cost route to fabricate high-strength, reusable nano-
composite paper membranes, establishing a foundation for
future scaling, and optimization towards heavy metal and
organic contaminant remediation systems.
3.4 Leaching studies

Leaching of MoS2 nanosheets from the WFP over a period of
time could be a major issue. To evaluate its stability at labora-
tory level, dilute acid (0.1 N HCl) was allowed to pass through
the membrane for about 16 h, washed with a distilled water,
dried at 60 °C in oven for 8 hours and the ATR-IR before and
aer the treatment were measured and the results are provided
in Fig. 12. The pristine WFP spectrum exhibits characteristic
cellulose adsorption bands. The broad band around 3200 to
3400 cm−1 is attributed to the O–H stretching vibrations, while
the peaks near 2929 cm−1 correspond to C–H stretching vibra-
tions. The bands seen at 1420–1450 cm−1 and 1320–1360 cm−1
WFP-1 (after acid treatment for 16 h).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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are associated with CH2 bending and O–H deformation vibra-
tions of cellulose. Additionally, the intense band near 1050–
1100 cm−1 is assigned to C–O–C and C–O stretching vibrations
of the polysaccharide backbone.50

Aer MoS2 coating, noticeable changes in spectral intensity
and band prole are observed for MoS2-WFP-1, conrming
successful deposition of the MoS2 layer over the cellulose
substrate. The reduction in intensity of cellulose-related bands
suggests partial surface coverage of the WFP bers by MoS2
sheets. Slight broadening and suppression of the hydroxyl and
C–O vibration bands further indicate interfacial interactions
between the MoS2 coating and cellulose network.

The ATR-IR spectrum of the membrane aer immersion in
dilute acid and subsequent washing remains highly similar to
that of the membrane before use. Minor intensity variations
observed aer washing may arise from partial removal of
loosely attached particles. However, the absence of signicant
spectral alterations conrms that the membrane structure
remains largely intact and the coated layer maintains good
adhesion to the WFP substrate even aer chemical exposure
and washing treatment.

4. Conclusions

The study demonstrated a novel, scalable screen-printing
strategy for the fabrication of MoS2 based ltration
membranes derived from solvothermally synthesized MoS2 ink
and Whatman lter paper. Structural and spectroscopic char-
acterizations conrmed the coexistence of 1T and 2H MoS2
phases, uniform nanoake coverage and strong MoS2 cellulose
interfacial adhesion, ensuring thermal stability. Hydrophilicity
and porosity could be effectively modulated with successive
print layers: while surface hydrophobicity increased three-fold
compared to the bare lter paper, efficient water uptake and
permeability were maintained due to the hydrophilic cellulose
network. The screen-printed MoS2 membranes exhibited
notable contaminant removal performance, achieving up to
90% Congo red, 55% methylene blue, and 72% Cr(VI) removal
through synergistic adsorption and electrostatic interaction
mechanisms. The pH-dependent removal trends indicated
tunable selectivity, with acidic conditions favoring anionic
pollutant removal and basic conditions contributing to cationic
dye elimination. Compared to conventional nanoltration
membranes, the MoS2-printed lters achieve competitive water
ux and selectivity without requiring applied pressure, repre-
senting a cost-efficient, sustainable alternative for decentralized
water treatment. In addition, no leaching of MoS2 is observed
aer treating the study membrane with dilute acid, followed by
washing and drying process, as conrmed by ATR-IR, suggests
the potential of a membrane to be taken forward for large scale
applications. However, the extensive studies on stability as well
as scalability remain as the future scope of this work.
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