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sotropic MoS2/PES membranes for
efficient treatment of industrial oily wastewater†

Oscar Kayanja,a Mohsen A. Hassan,a Ahmed Hassanin,ab Hidenori Ohashic

and Ahmed S. G. Khalil *de

Elimination of tiny oil droplets nearly miscible with wastewater can be realized using membrane technology

through ultrafiltration. The novelty of this work was to blend different phases of molybdenum disulfide

(MoS2) in isotropic polyethersulfone (PES). We prepared isotropic PES membranes by optimizing

nonsolvent vapour-induced phase separation (VIPS). Membranes were blended with MoS2 nanosheets of

different phases to promote separation performance and antifouling resistance. FE-SEM revealed the

flower-like surface morphology of MoS2 nanosheets. HR-TEM of MoS2 revealed 2H domains in the

monolayer, flakes of a few layers and a d-spacing of 0.22 nm. Raman spectroscopy could be used to

distinguish mixed-phase MoS2 from single-phase MoS2. Isotropic PES membranes modified with 70% 1T/

2H MoS2 had a significantly high permeance to pure water (6911 kg m−2 h bar). The same membrane

possessed a high efficiency of oil rejection of 98.78%, 97.85%, 99.83% for emulsions of industrial crude

oil at 100, 1000 and 10 000 mg L−1, respectively. Removal of oil droplets from wastewater was

dominated by a mechanism based on size exclusion. Isotropic PES modified with 2H MoS2 possessed

superior oleophilicity, which resulted in low rejection of crude oil. Modified membranes showed

excellent fouling resistance for three successive filtration cycles, as evidenced by enhanced antifouling

parameters. Our study reveals how the phase composition of MoS2 nanosheets can significantly affect

the performance of isotropic PES membranes during the ultrafiltration of oily wastewater.
1. Introduction

Oil removal from wastewater is crucial because it provides an
alternative avenue to reuse such water instead of placing it in an
open environment.1,2 Enormous amounts of oily wastewater is
generated in processing plants that work with different grades
of oil, food industries, metallurgical factories, oil reneries or
which has been created by oil spills in open natural water
sources.3,4 If released into the natural environment, oily waste-
water negatively affects aquatic life by cutting off the oxygen
supply.5–8 Several treatment technologies for oily wastewater,
such as oatation, adsorption, coagulation, occulation as well
as membrane–separation processes have been employed to
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mitigate negative effects caused by oily wastewater and other
harmful organic foulants found in wastewater.9–11 However,
membrane technology has proven to be one of the most desir-
able due to its simplicity of operation, cost effectiveness and low
requirements of energy.12–15 In addition, membrane technolo-
gies utilize recyclable materials, are made up of compact
systems and do not generate secondary pollutants which are
unavoidably created in other wastewater treatment techniques
(e.g., coagulation and occulation methods).16 Several types of
membranes can be used (e.g., ceramic, metallic, and polymeric).
Separation processes based on polymeric membranes are
among the chief technologies in membrane–separation
processes.17,18 Depending on the size of dispersed oil in the
liquid water phase, several ltration processes have been
employed, such as microltration and ultraltration, with the
latter being utilized mostly to treat emulsions.19 Due to low
consumption of energy as well as the ability to achieve high
separation efficiencies, ultraltration is applied extensively in
elds such as bioengineering, food sterilization, water treat-
ment and purication.20,21 Membrane technology has also been
extended to treating wastewater, such as car-wash wastewater,
which is composed of different species of foulants such as
grease, detergents, oils, heavy metals and sand.22 However, the
water obtained from the treatment of wastewater containing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
multiple foulants should meet the required quality standards to
be permitted for reuse in other applications.

PES has found favour as a membrane material owing to its
outstanding properties, which include working along a wide pH
range, being mechanically consistent, and thermal stability, but
causes fouling.23–26 Several approaches have been employed to
eliminate fouling through material development or optimiza-
tion of membrane fabrication.27 For the minimization/
elimination of fouling, nanomaterials aimed at improving the
surface properties of membranes have been utilized to improve
the top selective layer, support layer, interface between the top
and support layer or the entire membrane matrix.28 Owing to
optimized non solvent-induced phase separation processing
(NIPS), it is possible to fabricate anisotropic PES (which is
usually simple to achieve but with low performance) or to create
an isotropic PES with enhanced performance via vapour-
induced phase separation (VIPS).29–31 Isotropic PES
membranes possess enhanced resistance to fouling and, if
embedded with hydrophilic nanoparticles, this resistance can
be improved signicantly.32–34

MoS2 is a type of 2D material that can greatly improve the
performance of ultraltration membranes, especially if used as
nanosheets.35,36 This due to several advantages possessed by
MoS2 nanosheets: ease of exfoliation, hydrophilicity vs. hydro-
phobicity properties, and chemical stability.37–40 This creates
a possibility for surface and cross-sectional modications of
polymeric membranes by MoS2 nanosheets to enhance perfor-
mance.41 MoS2 has been utilized to create heterostructures with
the help of low-cost hydrothermal techniques and utilized
effectively thereaer in the rejection of foulants such as dyes,
heavy metals and pharmaceutical foulants from wastewater.42

MoS2 occurs in a metastable metallic octahedral phase i.e.,
1T in addition to two semiconducting phases, 2H and 3R, which
are stable, and both have trigonal prismatic molybdenum
centres.43,44 Preparation of MoS2 in favour of the 1T phase
improves the hydrophilicity of the nanosheets whichmay not be
achieved with a single 2H phase.45 By optimizing process
parameters, one can synthesize MoS2 nanosheets of mixed or
single phases and, if used to modify isotropic PES, this might
inuence the performance of the resultant nanocomposite
membrane. Several researchers have made attempts to blend
MoS2 with anisotropic PES but have been scuppered by
membranes of low permeability.46,47 The novelty of the present
work focussed on blending MoS2 with isotropic PES and
assessing the resultant performance towards oil rejection.

In this work, we optimized isotropic PES with MoS2 nano-
sheets to achieve efficient treatment of industrial oily waste-
water. Analyses of the effect of changing the phase of MoS2
nanosheets towards the performance of isotropic PES was
keenly considered because use of a given phase could result into
a signicantly different performance towards treatment of oily
wastewater. Defect-free MoS2 nanosheets were synthesized by
a low-cost hydrothermal technique to obtain single-phase and
mixed-phase powder samples. Thereaer, MoS2 nanosheets
were blended with PES aer optimal exfoliation of nanosheets
in a solvent to create a homogenous doped solution. The latter
was casted using VIPS to fabricate large-area at-sheet isotropic
© 2024 The Author(s). Published by the Royal Society of Chemistry
membranes. Oily wastewater was created from a real sample of
industrial crude oil and used to formulate several known
concentrations of oily wastewater to analyze membrane
performance. The samples of fabricated membrane were sub-
jected to several cycles of separation to analyze membrane
recyclability as well as antifouling properties. Experimental
results enabled deduction of the dominant rejection mecha-
nism, in addition to the correlation between membrane
performance and type of MoS2 nanosheets used to enhance the
membrane matrix.
2. Methodology
2.1 Materials

The materials used in this study were used as received because
they were all of analytical grade. Polyethersulfone (PES) and
tagged Ultrason E6020P was supplied by BASF (Germany).
Thiourea (CH4N2S) was acquired from Advent ChemBio PVT
Limited (India), whereas ammonium molybdate ((NH4)6-
Mo7O24$4H2O) was bought from Suv Chem Laboratory Chem-
icals (India). Polyvinylpyrrolidone (PVP) as well as N-methyl-2-
pyrrolidone (NMP) were purchased from Loba Chemie PVT
Limited (India). Triethylenglycol (TEG) of 98% purity was
purchased from Arcos (Belgium). Crude oil collected from a real
sample obtained locally from an Egypt-based petroleum
company was utilized to synthesize emulsions of crude oil in
water at three concentrations (100 mg L−1, 1000 mg L−1, and 10
000 mg L−1). The viscosity (cSt), specic gravity, API gravity,
sulphur concentration (%), density (kg m−3) and P.P (F0) of the
crude oil used in this study were 45, 0.915, 23, 3, 0.945 and 40,
respectively. All emulsions were made fresh prior to use to avoid
the coalescence of oil droplets.
2.2 Preparation of membranes

MoS2 nanosheets were synthesized using a hydrothermal tech-
nique as reported previously.48 Hydrothermal synthesis is a low-
cost approach that gives control of molar ratio as well as lling
ratios of the autoclave and yields samples with a high degree of
purity.49 As shown by the summary in Table 1, sample S1 was
fabricated as 70% 1T/2H MoS2. S2 was prepared as 2H MoS2 in
the same way as S1 but with addition of thermal treatment at
200 °C for 2 h in a tube furnace under argon gas. Then, MoS2
powders were exfoliated using a water-bath sonicator for 2 h in
NMP and later blended with PES, TEG and PVP via magnetic
stirring for homogenous mixing. This action was followed by
extraction of air bubbles from the doped solution and then
casting of membrane sheets using VIPS. This membrane-
processing technique involved spreading the doped solution
onto a neat glass plate with the help of a casting knife with a gap
thickness of 200 mm. The thin liquid lm was rapidly subjected
to humid air of relative humidity of 80% for a time lag of 3 min.
Thereaer, the growing membrane was transferred to a non-
solvent (water) coagulation bath at room temperature for
24 h. Modied isotropic membranes comprising PES were
enhanced with 0.2 wt% of MoS2 as the best percentage weight of
nanosheets added for both phases of MoS2 (Table 2)35 because
RSC Adv., 2024, 14, 12058–12070 | 12059
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Table 1 Summary of parameters for the preparation MoS2 samples

MoS2
Hydrothermal cell
lling ratio Thermal treatment Mass of (NH4)6Mo7O24$4H2O (g) Mass of NH2CSNH2 (g)

S1 (70% 1T/2H) 0.45 — 2.47 0.76
S2 (2H) 0.45 800 °C (2 h under inert atmosphere) 2.47 0.76

Table 2 Percentage composition of materials used in blending membrane doped solutions

Membrane name PES (wt%) PVP (wt%) Relative humidity NMP (wt%) TEG (wt%) MoS2 (wt%)

M0 12.5 12 80% 27 48.5 —
M1 12.5 12 80% 26.8 48.5 0.2 of S1
M2 12.5 12 80% 26.8 48.5 0.2 of S2
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this had worked well previously with anisotropic PES in one of
our published articles.

2.3 Characterization methods

MoS2 powder was investigated using a eld-emission scanning
electron microscope (Sigma; Zeiss, Switzerland) with an accel-
erating voltage set at 20 kV to expose the surface morphology.
FE-SEM was also utilized to study the morphology of membrane
samples. Atomic-scale images of MoS2 were analysed using
a transmission electron microscope (JEM 2100F; Joel, Japan) at
an operational voltage of 200 kV. Raman spectroscopy was done
using a ProRaman-L system (Enwave Optronics, USA) and an
excitation wavelength of 532 nm. The hydrophilicity of the
membrane surface was assessed by the sessile-dropmethod. We
dispensed 1.0 mL s−1 of a sample onto a neat surface of the
membrane in triplicate using the contact angle (CA) goniometer
(OCA Plus 25; Dataphysics, Germany). The bubble-point pore
size and mean ow pore size were examined using a porometer
(Porolux 1000; IB-FT, Germany). Analysis of changes in func-
tional groups in isotropic PES membranes as a result of adding
MoS2 was accomplished by attenuated total reection-Fourier
transform infrared spectroscopy (ATR-FTIR) using the 8400 S
system (Shimadzu, Japan). Evaluation of the response to
increasing thermal energy as a result of blending MoS2 in
isotropic PES was accomplished using a thermogravimetric
analyser (TGA 1000; Linseis, Germany).

2.4 Membrane permeability

Permeability (permeance to pure water) for specimens of
prepared membranes was studied using a dead-end acrylic
ltration/separation cell. To ensure that all tested membranes
possessed a stable ow rate of the permeate, all fabricated
membranes M0, M1, and M2 (in triplicate) were exposed to
high-pressure compaction. The membrane surface must be
stabilized adequately to avoid the loss of ux and ensure that
the membrane sustains the required performance for an
extended time.50 Compaction lasted for 30 min at 2 bar. Before
ltration experiments, using an inert argon gas and later using
a working pressure of 0.5 bar, pure-water permeance was
calculated using the following eqn (1):
12060 | RSC Adv., 2024, 14, 12058–12070
Permeability ¼ V

AtP
or

m

AtP
(1)

This equation is based on themeasured volume of solution V
(L) crossing the membrane surface (or from the measured mass
solution m (kg), crossing the membrane surface) across an
active area, A (m2), for specic time t (h), using an operational
pressure P (bar), in consideration that the density of water rw is
nearly 1 g cm−3.
2.5 Membrane performance

Removal of crude-oil foulant by M0, M1 and M3 was examined
using emulsions of oil in water from industrial heavy-duty crude
oil. Three concentrations (100 mg L−1, 1000 mg L−1, and 10
000 mg L−1) were created in the laboratory using a water-bath
sonicator for 2 h. Cyclic separation experiments were conduct-
ed simultaneously for each membrane sample to analyse its
performance towards oil rejection from emulsions of crude oil
in water. Dynamic light scattering (DLS) was used to examine
the size distribution of oil droplets in feed and permeate solu-
tions using a Zetasizer Nano ZS system (Malvern Instruments,
UK). Removal efficiency was calculated from chemical oxygen
demand (COD) analysis utilized in assessment of concentra-
tions of feed solutions (Cf) and that of the permeate solution
through membrane samples (Cp). A spectrophotometer (MD200
COD Vario; Lovibond, Germany) was employed to determine
COD values. The obtained parameters of Cf and Cp were utilized
to compute for oil-removal efficiency via eqn (2):51

Rejectionð%Þ ¼
�
1� Cp

Cf

�
� 100 (2)

Analysis of the antifouling properties of membranes was
studied utilizing emulsions of crude oil in water (100, 1,000, and
10 000 mg L−1), for different membrane samples (Table 2). A
dead-end ltration cell pressurized with argon gas was utilized
to subject membrane samples to harsh conditions. We started
with membrane compaction, aer which we measured perme-
ability to pure water, F0 (kg m−2 h bar), assessed for 1 h and at
a working pressure of 0.5 bar. Aer replacement of pure water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Raman spectra of MoS2 powder samples.
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with an emulsion of crude oil in water of known concentration,
the obtained permeability F1 (kg m

−2 h bar) was recorded for 1 h
and at a working pressure of 0.5 bar. The surface of the fouled
membrane was washed and backwashed using deionized water
for 30 min to prepare it for reuse to measure permeability to
pure water again. Finally, permeability to pure water, F3 (kg
m−2 h bar), was measured at a working pressure of 0.5 bar for
1 h. Switching emulsions of crude oil in water with pure water
was repeated for 3 consecutive cycles. The permeance parame-
ters obtained from these cyclic experiments were used to
calculate the ux recovery ratio (FRR) by the help of eqn (3).
Other parameters of fouling resistance, such as the reversible
fouling ratio (Rr, given by eqn (4)), irreversible fouling ratio (Rir,
calculated using eqn (5)) and total fouling ratio (Rt, given by eqn
(6)), were obtained.29,52,53

FRRð%Þ ¼
�
F2

F0

�
� 100 (3)

Rrð%Þ ¼
�
F2 � F1

F0

�
� 100 (4)

Rirð%Þ ¼
�
F0 � F2

F0

�
� 100 (5)

Rtð%Þ ¼
�
F0 � F1

F0

�
� 100 (6)

3. Results and discussion
3.1 Structural properties of MoS2 nanosheets

The percentage composition of the 1T phase used in this work
had been calculated by M. R. Saber et al., from XPS data while
Fig. 1 (a) SEM and (b) TEM of S1. (c) d-spacing measurement and (d) HR

© 2024 The Author(s). Published by the Royal Society of Chemistry
examining the photocatalytic degradation of organic dyes by
molybdenum disulde.48 The micro-owers characteristic to
MoS2 nano-sheets was observed under FE-SEM for all MoS2
powder samples (Fig. 1 a).54,55 HRTEM of S1 in (Fig. 1b) revealed
thin petals comprising a few layers of MoS2 nanosheets. The
same technique was used to expose the atomic arrangement of
Mo and S atoms in the monolayer (Fig. 1 d) and revealed an
interatomic distance of 0.22 nm for all MoS2 samples (Fig. 1 c),
and a closer size was similarly obtained by H. Tian et al.,36

Raman spectroscopy for powder specimens was done (Fig. 2).
Sample S2 showed signicant peaks at 405 cm−1 and 377 cm−1,
which are linked to A1g and E2g

1 modes, respectively, in the 2H
phase. However, S1 revealed characteristic peaks for the 1T
phase at 239 cm−1 and 334 cm−1, in addition to the optical A2u
TEM of MoS2 powders revealing the interlayer spacing of nanosheets.

RSC Adv., 2024, 14, 12058–12070 | 12061
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Fig. 3 (a) and (b) SEM images of the upper surface for an unmodified isotropic PES membrane, M0 as well as 70% 1T/2H-modified isotropic PES
membrane, M1. (c) and (d) SEM images of cross-sections for M0 and M1 isotropic PES samples. (e) and (f) Enlarged cross-sections for M0 and M1
isotropic PES membranes.
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mode, which was mainly due to octahedral 1T MoS2 at
485 cm−1. This decisively distinguished mixed-phase MoS2
from single phase MoS2. Other characterization methods, such
as X-ray diffraction, UV-vis, dynamic light scattering analysis
were previously studied in our recent publication40 and used to
decisively distinguish between single-phase MoS2 and mixed-
phase MoS2.
3.2 Morphology of isotropic PES nanocomposite
membranes

Surface as well as cross-sectional SEM images of isotropic
membrane samples were obtained for control isotropic PES
Fig. 4 (a) and (b) SEM images of cross-sections of unmodified, M0 and
respective EDX mappings in (c) and (d).

12062 | RSC Adv., 2024, 14, 12058–12070
(Fig. 3a), 70% 1T/2H MoS2-modied isotropic PES (b) and their
corresponding cross-sections (c and d). Membrane cross-
sections possessed a spongy structure characteristic of
isotropic membranes.29,56 Usually, if membrane fabrication
using VIPS is not optimized, it can result in an uneven distri-
bution of pores along the membrane structure, which is tanta-
mount to a ‘nger-like structure’ usually obtained via NIPS.57

This was a vital analysis to reveal that preparation of the
isotropic membrane had been optimized. EDX elemental anal-
ysis (Fig. 4d) conrmed homogenous dispersion of MoS2 along
the entire membrane matrix. Mo element was all over the cross-
section of the modied isotropic PES membrane, which was not
the case for the control membrane (Fig. 4c).
70% 1T/2H-MoS2 modified M1 isotropic PES membranes, with their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Bubble-point size and average pore size; (b) pure water contact angle for membrane samples.
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3.3 Average pore size and water contact angle of membranes

Bubble-point pore sizes and average pore sizes for modied and
unmodied membranes were obtained (Fig. 5a). The homoge-
nous dispersion of MoS2 nanosheets along the symmetric
membrane matrix of isotropic PES resulted in a higher average
pore size for 70% 1T/2H MoS2-modied isotropic PES than for
2H modied or unmodied isotropic PES. This nding was
consistent with the bubble-point pore size obtained for the
respective membrane samples. During membrane fabrication
by VIPS, there was a slower escape of the solvent from the casted
nascent lm. Water–vapour conditions and the presence of
MoS2 made this escape even slower, resulting in the formation
of an evenly distributed and symmetrical optimum-sized pore
structure. Measurement of the surface contact angle is an
accurate way to assess surface wettability, and this is linked
directly to surface hydrophilicity (which inuences the perme-
ability and antifouling properties of the surface). A contact
angle image was taken 2 s aer dropping the liquid water
droplet. Isotropic membranes possessed a relatively lower
contact angle (41°), which is characteristic of hydrophilic
samples. Modication of isotropic PES with 70% 1T/2H MoS2
made the nanocomposite membrane more hydrophilic (CA =
Fig. 6 (a) FTIR spectra and (b) thermogravimetric analysis for membran

© 2024 The Author(s). Published by the Royal Society of Chemistry
35° whereas 2H MoS2 made the membrane hydrophobic
(contact angle = 44° The presence of hydrophilic nanosheets in
M1 gave the resultant membrane a superior average pore size as
compared with that of M2 (which was modied with hydro-
phobic MoS2). A high permeance to pure water of M1 could be
linked to the hydrophilic nature of 70% 1T/2H MoS2.
3.4 Functional groups and thermogravimetric analysis

Addition of MoS2 within PES membranes did not alter the
functional groups present within PES membranes considerably
(Fig. 6a). All IR absorption peaks for unmodied PES were also
found in the specimens of modied membranes. Observed
peaks could be linked to numerous bond interactions in the PES
membrane matrix. The peak at 1578 cm−1 was linked to
stretching in the benzene ring or in plane bending of N–H
groups. Especially when shied to 1580 cm−1, the peak at
1485 cm−1 referred to C]C rotation. Aromatic ether expansion
was identied at 1241 cm−1. C]O expansion at 1668 cm−1 and
peak at 1149 cm−1 were linked to O–H deformation. Stretching
vibrations of C–S, C–H, C–N, C–O–C, and C–S were identied at
wavenumbers 1487, 1401, 1295, 1242, and 1102 cm−1, respec-
tively.41 An absorption peak for the Mo–S bond was expected to
e samples.
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be observed at 590 cm−1. However, the wt% of MoS2 used in
nanocomposite membranes was very low, so this peak did not
appear in this position, especially for modied membranes (see
the inserted plot focused on wavenumbers from 800 to
400 cm−1 in Fig. 6a). ATR-FTIR showed that the nanosheets
were dispersed in the PES membrane matrix only by physical
blending.

The response of membrane samples towards increasing
temperature from room temperature, 25 °C to 1000 °C is shown
in Fig. 6b. The presence of MoS2 in isotropic PES membrane
samples did not cause a signicant alteration to the decompo-
sition temperature of the resultant nanocomposite membrane.
All membrane samples possessed a similar TGA prole with
regard to mass reduction. However, beyond the degradation
temperature of PES, reduction of mass for modied samples
was slower than that of unmodied PES. This phenomenon
could be linked to the enhanced rigidity of the polymer chain
and enhanced fracture energy due to the presence of MoS2 in
the nanocomposite membrane.36 Residual mass was higher for
modied membrane samples than that for unmodied PES.
Hence, MoS2 nanosheets had been dispersed and embedded
within the PES membrane matrix.58
3.5 Permeability to pure water and permeance of crude oil in
water

Pressurizing pure water to cross through isotropic membrane
samples (Fig. 7) revealed that permeance to pure water was
higher in isotropic membrane samples than in anisotropic
samples, as we have shown previously. For isotropic membrane
samples, permeance to pure water was highest in M1 at 6911 kg
m−2 h bar and lowest in M0. Permeance to pure water for all
tested membrane samples was stable aer sufficient compac-
tion of membranes. From our previous work on optimal
modication of anisotropic PES with 70% 1T/2H MoS2, per-
meance to pure water up to 778 kg m−2 h bar was obtained,
which implied that the same modication in the isotropic PES
membrane increased permeance by more than 8-fold.40

Changes in permeance to pure water were consistent for
anisotropic and isotropic membrane samples (Fig. 7a and b). A
Fig. 7 Comparison of permeance to pure water for (a) anisotropic and

12064 | RSC Adv., 2024, 14, 12058–12070
high permeance to pure water of M1 could be ascribed to the
hydrophilic nature of 70% 1T/2H MoS2, as conrmed by the
contact angle analysis. A lower permeance to pure water of M2
could be linked to 2H MoS2 nanosheets that were blended in
this membrane sample, which rendered the membrane hydro-
phobic, thereby negatively affecting the permeation of water
across the membrane matrix.

Different concentrations of emulsions of heavy crude oil in
water were passed through M1. All sample solutions possessed
the same decay curve for a plot of permeance vs. time revealed
by other researchers.59 This behaviour was connected to the
fouling tendency of the membrane specimen (because heavy-
duty crude oil was used to create the emulsions of oil in
water) and harsh operation conditions subjected by the dead-
end ltration cell. The decay curve was also characteristic of
anisotropic membrane samples and was more affected than
that for isotropic membranes. A lower concentration
(100mg L−1) of the emulsionmade of real crude oil in water had
higher permeance, followed by that for emulsions at
1000 mg L−1 and 10 000 mg L−1 (Fig. 8a). The fouling tendency
of membrane samples increased with an increase in the oily
emulsion concentration, and a similar observation has been
noted by other researchers working with anisotropic
membranes.60 However, anisotropic PES samples suffered
increased fouling due to their low ux of pure water compared
with that of isotropic PES (for which pure-water ux was
extremely high and which led to minimal fouling). For all
ltration experiments across M1 (Fig. 8b), all permeate solu-
tions were clear and different from their respective feed solu-
tions. Analysis of particle-size distribution for 1000 mg L−1 feed
and permeate solutions across M1 revealed that there was
a clear size difference between solutions (Fig. 9).
3.6 Membrane performance

The main motivation for this study is that unmodied isotropic
membranes possess higher performance as compared with
anisotropic membranes, as reported recently by Ahmed et al.
while working with different concentrations of oil emulsions.29

M1 (Fig. 10b) possessed the highest performance towards cyclic
(b) isotropic membrane samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Permeance to oil for M1 and (b) feed and permeate solutions through M1.

Fig. 9 Variation in particle size for a crude oil emulsion (1000 mg L−1)
passing through M1.

Fig. 10 Permeance to pure water and cyclic oil-rejection performance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rejection of real emulsions of crude oil compared with that of
M0 (Fig. 10a) andM2 (Fig. 10c). As clearly indicated in Fig. 11a–c
for M0, M1 and M2, respectively, during the rst cycle of
rejecting 10 000 mg L−1 of real crude-oil emulsions, M1
exhibited a rejection of 99.83% compared with M0 for 98.29%
and M2 for 81.29%. Higher rejection was achieved at higher
concentrations of emulsions due to the possibility of forming
larger oil particles, which could be rejected readily. The
recombination of dispersed oil particles could have been sup-
ported by concentration polarization and because the emul-
sions used were free of surfactants.61,62 Enhanced performance
of oil rejection by M1 could be linked to the hydrophilic nature
of embedded 70% 1T/2H MoS2 nanosheets. The latter could
have created a continuous hydration layer that minimized the
interactions of oil particles with the membrane surface. A low
permeability and oil rejection of 2H MoS2-enhanced isotropic
PES, M2, s associated with its hydrophobic nature, as earlier
conrmed by the water contact angle, which made the nano-
composite membrane more oleophilic.
of (a) M0, (b) M1 and (c) M2.
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Fig. 11 Parameters of cyclic rejection for (a) M0, (b) M1 and (c) M2.

Fig. 12 FRR and flux resistance ratio of M0 for an emulsion of crude oil in water (1000 mg L−1) after 3 cycles.
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The antifouling parameters of different membrane samples
towards rejection of an emulsion of crude oil in water
(1000 mg L−1) aer 3 consecutive cycles are shown Fig. 12–14.
The ux recovery ratio of modied samples aer the third cycle
was higher than that of unmodied PES. Enhanced ux recovery
in M1 even aer the third cycle could be linked to its improved
hydrophilicity. However, there was an anomaly whereby M2 also
showed signicant ux recovery, and this could have been due
to its enhanced pore size (as noted earlier by pore-size analysis).
The total fouling ratio of the hydrophilic M1 membrane was
lower aer the third cycle as compared with that of the hydro-
phobic M2 membrane and unmodied membrane. The
reversible fouling ratio for M0 continued to decrease, whereas
that of modied samples remained constant when using the
emulsion of crude oil in water at 1000 mg L−1. The irreversible
fouling ratio for M0 continued to increase from the rst cycle to
the third cycle, whereas that for modied samples stayed
virtually the same. Membrane fouling increased as the
concentration of emulsions of crude oil in water increased. The
parameters for membrane fouling for cyclic ltration experi-
ments using concentrations of 100 mg L−1 and 10 000 mg L−1

are represented in Fig. SI1–SI6.† Comparison of membrane
performance in this work with that of other related published
work is summarized in Table 3. Digital images of membrane
surfaces captured aer the rst and third cycles (Fig. 15b)
revealed that M1 was less affected by fouling due to its
12066 | RSC Adv., 2024, 14, 12058–12070
hydrophilic nature, when compared with M2 and M0. These
data are in agreement with results published recently by our
research team: when anisotropic PES membranes were
enhanced with MoS2 nanosheets, membrane fouling was
enhanced more on hydrophobic surfaces than on hydrophilic
surfaces.62

Immiscible oil droplets dispersed in used emulsions were
eliminated by size exclusion (Fig. 15a).57,63 The presence of
MoS2 nanosheets during pore formation resulted in the crea-
tion of characteristic pore sizes in the membrane matrix,
which could eliminate only oil particles but let water pass
through the membrane. If particles are not reacting with the
membrane surface for separation to occur, ltration is
controlled by membrane cut-off, which is determined by the
particle-size distribution in the emulsion being separated and
pore size.64 Dispersed oil particles were larger than membrane
pores and so could not pass through the membrane, but the
hydrophilicity of the membrane surface also affected oil-
droplet rejection signicantly (see the graphical abstract).
Improved membrane performance coupled with the potential
for reuse aer appropriate cleaning procedures render the
membranes we fabricated economically feasible because
operational costs associated with the membranes we prepared
will be lower compared with those of other techniques. For the
latter, extra operational costs are inevitable for dealing with
secondary pollutants (in occulation and coagulation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 FRR and flux resistance ratio of M1 for an emulsion of crude oil in water (1000 mg L−1) after 3 cycles.

Fig. 14 FRR and flux resistance ratio of M2 for an emulsion of crude oil in water (1000 mg L−1) after 3 cycles.

Table 3 Comparison of the performance of PES membranes towards rejection of organic foulants

Polymer type
Nanoadditive
(optimum wt%) PWF (L /(m2 H)) FRR (%) Contact angle (°) Foulant Rejection (%) Reference

Anisotropic PES — 347 — 72.0 Crude oil 98 (1 g L−1) 29
Anisotropic PES MoS2 (0.2 wt%) 388 79.0 61.6 Crude oil 99 (1 g L−1) 40
Isotropic PES — 4721 — 39.0 Crude oil 99 (1 g L−1) 29
Anisotropic PES PFSA-g-MWCNT 477.83 70.96 58 Bovine serum albumin 86.29 (0.5 g L−1) 66
Anisotropic PES ZnFe2O4 687 82 52 Oil/water emulsion 96 (500 mg L−1) 67
Anisotropic PES TiO2–CdS 42.1 97 47 Activated sludge

suspension
95 (1 g L−1) 68

Anisotropic PES UiO-66-NH2/MOF 66.01 95.22 62.15 Diesel oil 99 (500 ppm) 69
Anisotropic PES Antimony tin oxide 25 99 57 Oil sands produced water 40 (organic matter

removal)
70

Isotropic PES MoS2 (0.2 wt%) 6911 94.1 35.0 Crude oil 97.85 (1.0 g L−1) This work
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processes) and if the material used to treat oily wastewater is
almost irrecoverable (adsorption processes using powder
adsorbents).65 However, before modication of isotropic PES
membranes with MoS2 nanosheets, the nature of the nano-
sheets to be used and, most importantly, the phase must be
© 2024 The Author(s). Published by the Royal Society of Chemistry
considered. Therefore, keen attention must be paid to the
phase type of MoS2 nanosheets to be mixed within the
isotropic PES membrane matrix because various phases can
alter the performance of isotropic PES membranes in different
ways.
RSC Adv., 2024, 14, 12058–12070 | 12067
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Fig. 15 (a) Mechanism of fouling of isotropic membranes (schematic). (b) Digital images of fouled membranes by an emulsion of crude oil in
water (1000 mg L−1) after different cycles.
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4. Conclusions

In this work, isotropic PES membranes were optimized with
MoS2 nanosheets of different phases by optimum processing
factors to achieve homogenously blended large-sheet
membranes. VIPS was utilized to achieve high-performance
membranes and used for the elimination of crude oil from
synthetic emulsions of oil in water formulated using industrial
crude oil. SEM revealed the ower-like structure of MoS2. HR-
TEM revealed the atomic structure and interlayer spacing of
MoS2 nanosheets. A decisive distinction of single-phase MoS2
from multiple phase. MoS2 was revealed using Raman spec-
troscopy. The isotropic PES sample modied with addition of
0.2 wt% of 70% 1T/2H MoS2 exhibited optimal performance,
with a signicantly higher permeance to pure water of 6911 kg
m−2.h.bar. The same membrane (M1) showed a high efficiency
of oil rejection of 98.78%, 97.85%, 99.83% for crude-oil emul-
sions of 100, 1000 and 10 000 mg L−1, respectively, and these
emulsions were prepared from real industrial crude-oil emul-
sions. This work revealed that phase variation of MoS2 nano-
sheets inuenced the performance of modied isotropic PES
membranes if applied by ultraltration of oily wastewater. The
improved permeance to pure water, in addition to the rejection
of oil from crude-oil emulsions, indicates the potential of using
high-performance MoS2-modied isotropic PES membranes for
enhanced oil rejection from oily wastewater.
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