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Abstract: A photo-responsive TiO2-coated stainless-steel mesh membrane (TiO2@SSM), possessing
unique surface wettability, was fabricated. This TiO2@SSM membrane is found to be capable of
separating oil and water from oily water and has the potential to carry out photocatalytic self-cleaning
and/or the degradation of organic pollutants present in water. The fabrication of TiO2@SSM is quite
simple: titanium dioxide (TiO2) nanoparticles were spray-coated onto stainless steel microporous
mesh (SSM) substrates and annealed at the temperature of 500 ◦C. The fabricated TiO2@SSM mem-
brane was structurally and morphologically characterized by XRD, FE-SEM, EDX, and elemental
mapping. The contact angle measurements using a goniometer showed that the fabricated TiO2@SSM
membrane surface is superhydrophilic and superoleophilic in air and superoleophobic under water.
This is a favorable wetting condition for the water passing oil–water separation membrane, and
this water passing property of the membrane eased the common problem of the fast clogging of
the membrane by oil. An oil–water separation efficiency of about 99% was achieved, when the
TiO2@SSM membrane was used as the separating medium in the gravity-driven oil–water separation
system, unlike the uncoated stainless steel mesh membrane, which allowed both oil and water to pass
together. This confirmed that the oil–water separating functionality of the membrane is attributed to
TiO2 coating on the stainless steel mesh. The photocatalytic degradation property of the TiO2@SSM
membrane is an added advantage, where the membrane can be potentially used for self-cleaning of
the membrane’s surface and/or for water purification.

Keywords: mesh membrane; TiO2 nanoparticles; surface wettability; oil–water separation; photocatalysis

1. Introduction

There are many sources for the mixing of oil in water, such as accidental and intentional
leakage from oil tankers into the sea, the release of waste oil into water bodies, and the
produced water generated during oil excavation [1,2]. The oily water thus generated
poses a great deal of menace to the environment in general, and the lives of those in the
marine environment in particular [3]. Growing global awareness and initiatives to protect
the environment has urged countries to enact stringent legislations to keep this reckless
manipulation of the environment in check [4]. The generation of oily water from the
petrochemical industries and oil rigs are quite inevitable as a huge amount of water is
poured into oil wells, particularly into ageing oil wells in order to obtain a high yield in
oil excavation [5]. Oil companies are forced to deal with the oily water in order to protect
the fragile environment and also to redeem a huge quantity of reusable water as a spin-off.
Many viable technologies, based on physical, chemical, and biological methods such as
magnetic separation, chemical separation, centrifuging, filtration, floatation, and separation
with oil absorbents, have been developed for separating oil and water from oily water [6–8].
In addition to oil contamination, water is polluted with other organic/inorganic substances

Membranes 2023, 13, 302. https://doi.org/10.3390/membranes13030302 https://www.mdpi.com/journal/membranes

https://doi.org/10.3390/membranes13030302
https://doi.org/10.3390/membranes13030302
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0002-9881-1981
https://doi.org/10.3390/membranes13030302
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes13030302?type=check_update&version=1


Membranes 2023, 13, 302 2 of 13

and microorganisms such as sulfate-reducing bacteria (SRB), which need to be purified
after oil–water separation [9,10].

Membrane-based filtering systems have been developed for many purification ap-
plications including oil–water separation [6–8,11]. Many variants of specially fabricated
microporous and nanoporous membranes have proven to be less effective for oil–water
separation because of the rapid clogging of pores by oil and oily water. In order to cir-
cumvent these problems, membranes with preferential wettability for water and oil were
developed [12–15]. The wettability of a particular liquid is decided by the relative magni-
tudes of the interfacial surface energy of the membrane surface and the surface tension
of the liquid. When surface energy is more than the surface tension of the liquid, the
adhesive force of the liquid on the surface is more than the cohesive force of the liquid,
which leads to the wetting of the surface, and on the other hand, when the liquid surface
tension is dominant, the cohesive force overpowers the adhesive force, which leads to
the beading of liquid on the surface. Therefore, in order to achieve a surface with the
desired wettability for oil and water, the chemical composition of the coated material and
the hierarchical surface roughness are factored in. The membrane surfaces, showing a high
affinity for oil and a strong repulsion for water (superhydrophobic/superoleophilic), were
fabricated by many groups for the application of oil–water separation [16,17]. The superhy-
drophobic/superoleophilic membranes permeated oil through the pores due to a strong
oil affinity and retained water with a separation efficiency as high as 95%. Nevertheless,
the stability and the sustainability of membranes that pass oil remain to be a real technical
challenge due to the rapid clogging of pores by oil. The second kind of surface wettability
contemplated for oil–water separation was the membrane surface, which showed a high
affinity for water and a strong repulsion of oil (superhydrophilic/superoleophobic) [6–8].
Although the realization of the membrane surfaces with a second kind of wettability is an
apparent solution to minimize oil clogging in the membrane’s pores, a material showing
this kind of surface wettability is difficult to achieve due to the fact that the surface tension
of water is almost twice that of oil, and also according to the basic laws of wettability.

However, it is possible to develop an in-air superhydrophilic/superoleophilic mem-
brane surface, which drastically flips its oil wettability to superoleophobic under the water
by selecting the right material and also by engineering the surface roughness [14,15,18]. In
this kind of membrane, a positive upward oil pressure due to solid–water–oil interfacial
tension pushed the oil away from the membrane’s surface and a negative downward
water pressure due to solid–water–air interfacial tension pushed the water down. As
this membrane is water passing, the oil clogging problem is drastically reduced, which
renders a high stability and reusability for the membrane. Metal oxides, metal organic
frameworks (MOF), metal carbides, and zeolites have been tried in attempt to achieve
superhydrophilic–underwater superoleophobic wettability [18]. In addition to this, in some
recent works, polymeric materials showed superhydrophilic–underwater superoleopho-
bic properties, and these membranes showed a good oil–water separation efficiency, but
polymeric materials are fragile and are not durable.

In this work, we fabricated an in-air superhydrophilic and underwater superoleopho-
bic filtering membrane by the facile and inexpensive spray coating of TiO2 nanoparticles
on a microporous stainless steel mesh substrate (TiO2@SSM). The advantage of this fil-
tering membrane, besides the simplicity of its fabrication, is that TiO2 nanoparticles are
well known photocatalysts and hence have the potential to photocatalytically purify the
permeated water and also to self-clean the membrane’s surface by irradiating light. In this
work, we separately studied the oil–water separation efficiency and the efficiency of the
photocatalytic degradation of the coated membrane for organic pollutants. It was found
that the fabricated TiO2@SSM membrane is water passing, showed an oil–water separation
efficiency as high as 99%, and achieved a high level of stability even after ten cycles of
repeated use. In the photocatalytic front, the fabricated TiO2@SSM membrane showed itself
to be photo-responsive and achieved a 99% degradation of organic dye from water. Hence,
the novelty of this work is its dual functionality with an excellent oil–water separation effi-
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ciency and photocatalytic degradation efficiency. Second, the roughness engineered surface
showed a rapid transition from the extreme level of in-air oil adherence to under-water oil
repellency, which is the key factor that brought about the observed oil–water separation
efficiency. Additionally, the simplicity of the fabrication of the surface with an expensive
material is also a novelty. With proper engineering, this membrane has the potential to be
simultaneously used as a filtering medium for oil–water separation and also as a purifying
agent for the permeated water, as well as the self-cleaning of the membrane.

2. Materials and Methods
2.1. Materials

Titanium dioxide nanoparticles (TiO2; Particle size = 10–20 nm), acetone, ethanol,
methanol, hydrochloric acid, hexadecane, octane, and dodecane were commercially ac-
quired from Sigma Aldrich (Burlington, MA, USA). A microporous stainless steel mesh
substrate was acquired from TWP, Inc. USA (Burlington, MA, USA).

2.2. Fabrication of TiO2 Nanoparticles-Coated SSM Membrane

The aqueous solution of commercially acquired TiO2 was initially subjected to ultra-
sonication to remove of the lumps and also to make a homogeneous suspension. The
microporous stainless steel mesh substrates (SSM) were cleaned in an ultrasonic bath with
DI water and also with ethanol; they were then annealed at 500 ◦C for 4 h to obtain a
rough surface. Subsequently, the homogeneous suspension of TiO2 nanoparticles was
spray-coated on the clean SS mesh membrane followed by annealing at 500 ◦C to obtain
the TiO2@SSM membranes. The schematic of the fabrication of TiO2 nanoparticles-coated
SSM membranes using spray coating is shown in Figure 1. For the spray coating, a spray
gun (McMaster Carr) with a nozzle diameter of 0.75 mm was used under the nitrogen
pressure of 170 kPa, and 10 mL of TiO2 suspension was used to coat the SSM membranes.
The distance between the nozzle and substrate was fixed at an optimum distance of 20 cm
and the diameter of the sprayed area was 7 to 10 cm. There is a delicate balance between
the spraying distance and the duration of spraying, and in our case, it was found to be
1 min to achieve the required surface roughness without blocking the pores, which doing
so would diminish the permeation flux.
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2.3. Characterization

The XRD analysis of the uncoated SSM membrane and TiO2-coated SSM membranes
were carried out by the benchtop Rigaku X-ray diffractometer (Rigaku, Tokyo, Japan). The
surface morphology and elemental mapping analysis were conducted by field-emission
scanning electron microscopy (TESCAN, Lyra3, Kohoutovice, Czech Republic), equipped with
an Energy Dispersive X-ray Detector (EDX). A contact angles goniometer (KRUSS, Hamburg,
Germany) was used to measure the surface wettability of the TiO2-coated SSM membranes.

2.4. Oil–Water Separation

A gravity-driven oil–water separation system was used to test the oil–water separation
efficiency of the TiO2@SSM membranes. In total, 2 glass tubes measuring 2.5 cm in diameter
and 20 cm in length were connected by keeping the TiO2@SSM membrane in the middle
with a connecting flange, and the whole system was vertically kept using a lab stand. The
top tube above the TiO2@SSM membrane served as the feed side where the oily water was
poured, and the bottom tube, along with the 50 mL glass beaker, collected the permeate. The
oil–water separation efficiency was calculated using the following formula (Equation (1)):

Separation e f f iciency (%) = 1−
[

Cp

C0

]
× 100 (1)

2.5. Photocatalytic Dye Degradation

A broad band Xe/Hg lamp with an appropriate wavelength filter was used as the
radiation source for the photocatalytic reaction; the reaction sample was 80 mL of aqueous
solution of methylene blue (MB) dye. The TiO2@SSM membrane was immersed in the mixture
and subjected to light irradiation and the irradiated sample was collected at a regular interval
for quantification using the intensities of the absorbance spectrum of the dye.

3. Results and Discussion
3.1. X-ray Diffraction and Morphological Analysis

The XRD patterns of the bare SSM and TiO2@SSM membrane are depicted in Figure 2a
in a 2θ range between 20 and 90◦, along with the enlarged XRD pattern of the TiO2@SSM
membrane in Figure 2b. In Figure 2a, only the characteristic (111), (200), and (220) diffraction
planes are present for SSM, and for the TiO2@SSM membrane, in addition to the above three
SSM peaks, the (101), (103), (004), (112), and (200) diffraction planes pertained to the anatase
phase and (110) and (101) diffraction planes due to the rutile phase of TiO2 being present. This
indicates the successful deposition of TiO2 nanoparticles on the surface of microporous SSM.
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The surface morphology using FE-SEM images of the bare SSM (Figure 3a–d) and
TiO2@SSM membrane (Figure 3e–h) representing four different magnifications are shown
in Figure 3. The FE-SEM images of the bare SSM shows only the micro-porosity of the
smooth SSM surface, where the images of the TiO2@SSM membrane show the uniform
distribution of the TiO2 nanoparticles on the porous SSM surface. FESEM images of the
TiO2@SSM membrane not only show the proper deposition of the TiO2 nanoparticles on
the SSM surface but they also manifest the presence of a good surface roughness, which is
essential to achieve the desired surface wettability.
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In addition to the morphological studies using FESEM, EDX elemental analysis and
the mapping of the elements present in bare SSM (Figure 4b) and the TiO2@SSM membrane
(Figure 4h) are presented in Figure 4. The EDX of SSM shows the presence of carbon (C),
oxygen (O), iron (Fe), chromium (Cr) and nickel (Ni), the elements expected to present in
the stainless steel alloy, whereas the EDX of the TiO2@SSM membrane shows the presence
of an intense titanium (Ti) peak in addition to the reduced intensities of the elemental
peaks from the SSM. The dominance of the Ti peak and the diminishing intensities of the
elements present in the SSM is a clear indication of the proper coating of TiO2 nanoparticles
on the surface of microporous SSM. The elemental distribution of the above elements in
the bare SSM (Figure 4c–f) and TiO2@SSM (Figure 4i–m) membrane were characterized by
the elemental mapping of individual elements on both of the surfaces. In the elemental
mapping of the bare SSM, the distribution of iron (Fe), chromium (Cr), and nickel (Ni)
were quite uniform, whereas they were weakly distributed in TiO2@SSM due to the heavy
masking of TiO2 on the SSM surface. On the other hand, the distribution of Ti and O
were quite dominant and uniform in TiO2@SSM, which further substantiates the successful
coating of TiO2 nanoparticles on the SSM surface.

3.2. Surface Wettability of TiO2 Nanoparticles-Coated SSM

The wettability of the oil and water on the membrane’s surface in an air and water
environment is an important factor that decides the functionality of the membrane as a
medium for oil–water separation. The relative dominance of the surface energy of the
membrane’s surface and the surface tension of the liquid medium, along with the dimension
and the distribution of surface roughness, are quite instrumental in deciding the wettability
of the surface for the oil and water on the surface. The wettability is experimentally
quantified using the contact angles that the particular liquid makes on the solid surface in
an air or water environment. Figure 5a shows the photographic images of the water and oil
droplets on the annealed TiO2@SSM membrane in air, water, and oil and in a water medium
for oil. It is quite clear that in an air environment, both oil and water droplets completely
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spread on the surface, yielding both water-in-air (θWA) and oil-in-air (θOA) contact angles
close to zero, which indicates that the surface is superoleophilic and superhydrophilic in air.
In air, the surface energy of the TiO2@SSM membrane is more than the surface tension of
oil and water, making the more adhesive force enabling for both oil and water to spread on
the membrane’s surface. In the case of the oil wettability of the surface under water, from
Figure 5a, it is quite clear that the oil beads on the membrane’s surface rather than spreading
out, measuring the oil-in-water contact angle (θOW) to be as high as ~160◦. This indicates
that the surface switches from being superoleophobic in air to being superoleophobic in
water. Under water, due to the superhydrophilicity of the membrane, a layer of water film
on the membrane’s surface weakens the surface energy of the membrane relative to the
surface tension of oil; the cohesive force of the oil is more than the adhesive force of the
surface to make the oil bead on the surface. Additionally, Figure 5b–d show the temporal
evolution of oil and droplets on the surface in air and under water, where it is quite clear in
an air environment that both oil and water droplets spread in no time and the oil droplet
in the water environment remains beading for a long time. In addition to the surface
energies, the surface roughness also plays an important role in modifying the wettability
of the surfaces according to the original Young’s law of wettability, modified by Wenzel
and Cassie Baxter [14,15]. These wettability conditions amount to the fact that when oily
water comes in contact with the TiO2@SSM membrane, the water phase is attracted to the
membrane due to superhydrophilicity and the oil phase in water is vehemently repelled by
the membrane due to the superoleophobicity of the membrane under water. The thickness
of the resultant TiO2@SSM membrane was also measured and was found to be ~475 µm.

3.3. Oil–Water Separation Performance

The TiO2@SSM membrane with the unique oil and water wettability showed an
excellent performance for oil–water separation in a gravity-driven separation system.
The gravity-driven oil–water system consists of two glass tubes of a one-inch diameter,
connected through the circular TiO2@SSM membrane by joining clamps and fixed in a
vertical stand. The upper tube, above the membrane, is the feed side, where the oil–water
mixture is poured and the bottom tube below the membrane is the permeate side through
which the water permeates and falls in a beaker. When the oily water is poured into the
feed side, the bulk of the water tends to stay momentarily above water, and the small oil
droplets in the water then come into contact with the water-drenched membrane; the oil
droplets are strongly repelled by the surface due to its under-water superoleophobicity, and
at the same time, the pure water easily becomes permeated through the membrane due to
superhydrophilicity. The oil and water are mixed in an equal ratio and after passing through
the TiO2@SSM membrane, the permeate is expected to have only a water phase as most of
the oil droplets are rejected by the membrane’s surface in the feed side. However, a small
quantity of oil still remains in the water, and the amount of the residual oil is estimated by
thermogravimetry to calculate the oil–water separation efficiency. The bar chart in Figure 6a
shows the oil–water separation efficiency of octane, hexadecane, dodecane, and olive oil
mixed in water, and for all the oil–water mixture under study, the separation efficiencies
are close to 99%. In addition to the separation efficiency, the stability and the robustness of
the TiO2@SSM membrane was verified by estimating the oil–water separation efficiency in
every consecutive trial of oil–water separation by reusing the same membrane.

It is quite clear from Figure 6b that the same level of 99% oil–water separation efficiency
is retained in every trial of 10 consecutive cycles. This level of stability of the TiO2@SSM
membrane is possible only if the membrane strongly adheres to the stainless steel surface,
maintaining the same level of surface roughness and retaining its structural stability. In
order to evaluate the mechanical stability of the membrane, the SEM and EDX images
of the membrane after repeated use were taken and they are shown in Figure 7. It is
quite obvious that in the used membrane, the adhesion of the TiO2 nanoparticles on the
SSM surface is as good as the new membrane (Figure 7a–e). It is also obvious from EDX
(Figure 7f) that the dominance of the Ti peak and the diminishing intensities of the elements
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present in the SSM is a clear indication of the exitance of the TiO2 nanoparticles coating
the surface of the microporous SSM. Hence, the membrane is mechanically very robust.
The excessive oil–water separation efficiency of the TiO2@SSM membrane stems from the
unique wettability accomplished on the membrane’s surface due to the characteristics of
the TiO2 nanoparticles, and also the surface roughness achieved by spray coating.

Membranes 2023, 13, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 4. (a) SEM image of SSM, (b) EDX of SSM, Elemental mapping images of SSM for O (c), Cr 
(d), Fe (e) and Ni (f). (g) SEM image of TiO2@SSM membrane, (h) EDX of SSM, Elemental mapping 
images of TiO2@SSM membrane for O (i), Ti (j) Cr (k), Fe (l) and Ni (m) and elemental mapping 
analysis of SSM membrane and annealed TiO2@SSM membrane. 

3.2. Surface Wettability of TiO2 Nanoparticles-Coated SSM 
The wettability of the oil and water on the membrane’s surface in an air and water 

environment is an important factor that decides the functionality of the membrane as a 
medium for oil–water separation. The relative dominance of the surface energy of the 
membrane’s surface and the surface tension of the liquid medium, along with the dimen-
sion and the distribution of surface roughness, are quite instrumental in deciding the wet-
tability of the surface for the oil and water on the surface. The wettability is experimentally 
quantified using the contact angles that the particular liquid makes on the solid surface in 
an air or water environment. Figure 5a shows the photographic images of the water and 

Figure 4. (a) SEM image of SSM, (b) EDX of SSM, Elemental mapping images of SSM for O (c), Cr
(d), Fe (e) and Ni (f). (g) SEM image of TiO2@SSM membrane, (h) EDX of SSM, Elemental mapping
images of TiO2@SSM membrane for O (i), Ti (j) Cr (k), Fe (l) and Ni (m) and elemental mapping
analysis of SSM membrane and annealed TiO2@SSM membrane.



Membranes 2023, 13, 302 8 of 13

Membranes 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

oil droplets on the annealed TiO2@SSM membrane in air, water, and oil and in a water 
medium for oil. It is quite clear that in an air environment, both oil and water droplets 
completely spread on the surface, yielding both water-in-air (θWA) and oil-in-air (θOA) con-
tact angles close to zero, which indicates that the surface is superoleophilic and superhy-
drophilic in air. In air, the surface energy of the TiO2@SSM membrane is more than the 
surface tension of oil and water, making the more adhesive force enabling for both oil and 
water to spread on the membrane’s surface. In the case of the oil wettability of the surface 
under water, from Figure 5a, it is quite clear that the oil beads on the membrane’s surface 
rather than spreading out, measuring the oil-in-water contact angle (θOW) to be as high as 
~160°. This indicates that the surface switches from being superoleophobic in air to being 
superoleophobic in water. Under water, due to the superhydrophilicity of the membrane, 
a layer of water film on the membrane’s surface weakens the surface energy of the mem-
brane relative to the surface tension of oil; the cohesive force of the oil is more than the 
adhesive force of the surface to make the oil bead on the surface. Additionally, Figure 5b-
d show the temporal evolution of oil and droplets on the surface in air and under water, 
where it is quite clear in an air environment that both oil and water droplets spread in no 
time and the oil droplet in the water environment remains beading for a long time. In 
addition to the surface energies, the surface roughness also plays an important role in 
modifying the wettability of the surfaces according to the original Young’s law of wetta-
bility, modified by Wenzel and Cassie Baxter [14,15]. These wettability conditions amount 
to the fact that when oily water comes in contact with the TiO2@SSM membrane, the water 
phase is attracted to the membrane due to superhydrophilicity and the oil phase in water 
is vehemently repelled by the membrane due to the superoleophobicity of the membrane 
under water. The thickness of the resultant TiO2@SSM membrane was also measured and 
was found to be ~475 µm.  
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3.3. Oil–Water Separation Performance 
The TiO2@SSM membrane with the unique oil and water wettability showed an ex-

cellent performance for oil–water separation in a gravity-driven separation system. The 
gravity-driven oil–water system consists of two glass tubes of a one-inch diameter, con-
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Figure 5. (a) Surface wettability analysis of annealed TiO2@SSM membrane for water (in-air) and oil
(in-air and under water). (b) Different steps of water contact angle analysis of annealed TiO2@SSM
membrane in-air showing water is approaching, touching, and completely wetted to the surface,
(c) different steps of oil contact angle analysis of annealed TiO2@SSM membrane in-air showing oil is
approaching, touching, and completely wetted to the surface, (d) different steps of oil contact angle
analysis of annealed TiO2@SSM membrane under water showing oil is approaching, beading, and
repelling (non-wetting) to the surface.
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The under-water superoleophobicity with a high oil-in-water contact angle (θOW) can
be achieved by the optimum interfacial surface energies of the surface–water–air interface
(γWA), surface–oil–air interface (γOA), and surface–oil–air interface (γOW). According to the
Young–Dupre equation of wettability for oil–surface–water interfaces (Equation (1)), γWA
should be greater than γOA and at the same time, γOW should be low enough to achieve
a high level of under-water oil repellency. As shown in Figure 8, the superhydrophilic
(θWA = 0) and under-water superoleophobic (θOW = 160◦) TiO2@SSM membrane with the
pore diameter leads up to a positive upward oil pressure (4P2) due to solid–water–oil
interfacial tension (Figure 8a) and a negative downward water pressure (4P1) due to solid–
water–air interfacial tension (Figure 8b) in accordance with the Young–Laplace equation
(Equations (2) and (3)) [14,15].

4P1 = (−2γWA·cosθWA)/d (2)

4P2 = (−2γOW·cosθOW)/d (3)
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hydrophilic and underwater superoleophobicity TiO2@SSM membrane for oil-water separation.

The positive upward pressure of the oil and the negative downward pressure of the
water pave the way for the water to pass and the oil to be rejected by the membrane. The
oil in the feed side exerts a downward hydrostatic pressure, which is overpowered by the
upward oil pressure (4P2) and as the height of oil column increases, the hydrostatic oil
pressure becomes greater than4P2; under this condition, the oil retaining efficiency of the
membrane fails and oil starts flowing through along with water. So, in order make this
retention pressure high, the membrane surface should be so engineered to yield a high oil
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repellency by selecting the material with the optimum interfacial surface energies, surface
roughness, and pore size.

3.4. Photocatalytic Performance of TiO2@SSM Membrane

The second functionality of the fabricated membrane is its potential to function as a
photocatalyst under light irradiation to self-clean the membrane surface and also disinfect
the organic pollutants present in the permeated water from the oil–water separation. The
light responsive property of the coated TiO2 is presented in Figure 9a, where the maximum
absorption is in the spectral range between 200 nm and 400 nm. The spectra in Figure 9a
is obtained from the diffuse reflectance spectra of the coated membrane, from where it is
transformed into the absorption equivalent Kubelka Munk function (KM), using the relation
KM = (1− R)2/2R, where R is the reflectance. In addition to this, the band gap energy of the
material is also estimated using the Tauc plot, which is basically the (KM × h

1 
 

ʋ )0.5 vs. h

1 
 

ʋ plot,
whose x-intercept directly presents the band gap energy. This is validated from the well-
known relation (αE)(1⁄n) = A(E− Eg) in the field of the semiconductor where A is a frequency
independent constant, n takes the value of 2 in the above equation, and a value of 0.5 is
provided in the Tauc plot for an indirect band gap material. TiO2 is an indirect band gap
material, where the valance and conduction bands are in a different momentum space and
hence require the intervention of a phonon to conserve momentum and make the electronic
transition possible. The Tauc plot for the coated membrane is presented in Figure 9b and
the estimated band gap is around 3. 3 eV. The optical studies indicate that the coating
is photo-responsive.
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Figure 9. (a) UV-DRS of annealed TiO2@SSM membrane. (b) Tauc plot of annealed TiO2@SSM membrane.

The photocatalytic degradation is exponentially decayed with time; hence, the decay
curve was linearized and the extent of the deactivation of the methylene blue dye with the
exposure time is conveniently quantified by the slope of the ln N/N0 versus the exposure
time. The photocatalytic degradation of methylene blue dye with the TiO2@SSM membrane
is shown in Figure 10a, where the two decay curves are represented in the presence and
absence of TiO2@SSM. It is quite clear from Figure 10a that the photocatalytic degradation
with the TiO2@SSM membrane under light irradiation shows a curve with a much higher
slope than the one without the membrane, which indicates that the membrane is capable
of photocatalytically degrading the organic pollutants in addition to its capability for oil–
water separation. The marginal slope (dye degradation) observed in the curve without
the TiO2@SSM membrane is simply the light-induced (non-photocatalytic) degradation.
Figure 10b shows the percentage of photocatalytic degradation of methylene blue dye using
the TiO2@SSM membrane at different irradiation times.
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Figure 10. (a) Decay curve of photocatalytic degradation of organic dye (MB dye) with and without
annealed TiO2@SSM membrane. (b) Photocatalytic degradation % of MB dye with and without
annealed TiO2@SSM membrane with time.

The schematic of the photocatalytic deactivation of the TiO2@SSM nanocomposite
is depicted in Figure 11. When the light with a wavelength shorter than the wavelength
represents the band gap of the coated material, the electron hole pairs (e−/h+) are generated
on the TiO2 surface as the electron transfers from the conduction band to the valance band.
The holes in the valance band of TiO2 are more positive than the reduction potential of
water, hence the positively charged holes oxidize the water molecule and produce hydroxyl
radical and hydrogen ion and two hydroxyl radicals (OH•) combine to form an oxygen
molecule. The oxygen molecule is reduced by the electrons in the conduction band of
TiO2 to form a super oxide radical (-O2−). The highly reactive hydroxyl radical and the
superoxide generated by the redox reaction mediated by photo-induced charge carriers
degrade the organic pollutants.
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Figure 11. Schematic diagram of photocatalytic degradation of hazardous dye using annealed
TiO2@SSM membrane under UV light irradiation.

In order to highlight the superior performance of the TiO2@SSM membrane in terms of
the oil–water separation efficiency and photocatalytic degradation efficiency, a comparison
of these two parameters is made with other similar works in Table 1. Despite the fact that
in some of the cited references [19–22], the oil–water separation efficiencies are comparable
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to the performance of the TiO2@SSM membrane, the photocatalytic degradation efficiencies
in some of the works went down to 85%. Therefore, from Table 1, it is quite evident that the
TiO2@SSM membrane shows a better oil–water separation efficiency than the membranes
listed and it exhibits the best photocatalytic degradation efficiency. As the TiO2@SSM mem-
brane possesses an excellent oil–water separation efficiency and photocatalytic degradation,
this is ideal for the simultaneous separation and purification of oily water.

Table 1. Comparison of oil–water separation efficiency and photocatalytic performance (pollutant
degradation efficiency) with other reported literatures.

Material Used Wetting Behavior Contact Angle Oil–Water Separation
Efficiency (%)

Photocatalytic
Activity (%) Refs.

Ag2O/TiO2@CuC2O4
nanocomposite-coated mesh

Superhydrophilic and
underwater

superoleophobic

WCA (in-air) = ~0◦
OCA (under water) = ~150◦ ~95% ~94% degradation of

MB dye in 60 min [19]

BiVO4-coated mesh
Superhydrophilic and

underwater
superoleophobic

WCA (in-air) = ~0◦
OCA (under water) = ~159◦ ~98.6% ~85% degradation of

MB dye in 200 min [20]

Zn-Ni-Co
LDHs@NiMoO4-coated mesh

Superhydrophilic and
underwater

superoleophobic

WCA (in-air) = ~0◦
OCA (under water) = ~164.9◦ ~99% ~93.95% degradation of

MB dye in 80 min [21]

W, N-co-doped-TiO2 nanobelts
(WNTNBs)-coated mesh

Superhydrophilic and
underwater

superoleophobic

WCA (in-air) = ~0◦
OCA (under water) = ~150◦ ~99.5% ~94.3% degradation of

MB dye in 180 min [22]

TiO2@SSM membrane
Superhydrophilic and

underwater
superoleophobic

WCA (in-air) = ~0◦
OCA (under water) = ≥160◦ 99% 98.43% degradation of

MB dye in 60 min This Work

4. Conclusions

A water passing, light-responsive, oil–water separation membrane (TiO2@SSM) pos-
sessing in-air superhydrophilicity, in-air superoleophobicity, and under-water superoleo-
phobicity was fabricated by spray coating TiO2 nanoparticles on a stainless steel membrane,
followed by annealing at 500 ◦C. Structural and morphological characterization using
XRD, FE-SEM, and EDX revealed that the TiO2 nanoparticles were well placed on the
stainless steel membrane. The contact angle measurements using goniometric showed
that the fabricated TiO2@SSM membrane surface showed that the contact angles on the
surface–water–air interface and surface–oil–air interface are 0◦ (superhydrophilic and su-
peroleophilic), and the surface–oil–water interface is close to 160◦ (superoleophobic under
the water). The TiO2@SSM membrane was used as a separation medium in the gravity-
driven oil–water separation system and an oil–water separation efficiency as high as 99%
was achieved. Additionally, TiO2@SSM was used as a photocatalyst for the degradation
of methylene blue dye present in water, and it was found to be close to 100% degrada-
tion of dye. This would usher in an unprecedented dual-purpose system that not only
removes oil but also clears up the harmful microorganism in it as well, marking an exciting
technological revolution in the oil–water separation industry.

Author Contributions: Conceptualization, U.B. and M.A.D.; methodology, U.B.; software, U.B.;
validation, U.B. and M.A.D.; formal analysis, U.B.; investigation, U.B. and M.A.D.; data curation, U.B.
and M.A.D., writing—original draft preparation, U.B. and M.A.D.; writing—review and editing, U.B.,
and M.A.D.; visualization, U.B. and M.A.D.; project administration, U.B.; funding acquisition, U.B.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful for the support of DROC and KFUPM for paying the Article
Processing Charges (APC) for this publication.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.



Membranes 2023, 13, 302 13 of 13

Acknowledgments: The authors would like to acknowledge the support provided by the IRC for
Membranes and Water Security through project # INMW2313, KFUPM, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hien, E. Real Impact of Oil Tankers as Opposed to Other Sources of Oil in the Marine Environment. World Maritime University

Dissertations. 2000. Available online: https://commons.wmu.se/all_dissertations/403 (accessed on 1 January 2020).
2. Rogowska, J.; Namieśnik, J. Environmental implications of oil spills from shipping accidents. Rev. Environ. Contam. Toxicol. 2010,

206, 95–114.
3. Akpan, E. Environmental consequences of oil spills on marine habitats and the mitigating measures—The niger delta perspective.

J. Geosci. Environ. Prot. 2022, 10, 191–203. [CrossRef]
4. Chang, S.; Stone, J.; Demes, K.; Piscitelli, M. Consequences of oil spills: A review and framework for informing planning. Ecol.

Soc. 2014, 19, 26. [CrossRef]
5. Alsalem, F.; Thiemann, T. Produced Water from Oil and Gas Exploration—Problems, Solutions and Opportunities. J. Water Resour.

Prot. 2022, 14, 142.
6. Baig, U.; Faizan, M.; Waheed, A. A review on super-wettable porous membranes and materials based on bio-polymeric chitosan

for oil-water separation. Adv. Colloid Interface Sci. 2022, 303, 102635. [CrossRef] [PubMed]
7. Baig, U.; Faizan, M.; Sajid, M. Multifunctional membranes with super-wetting characteristics for oil-water separation and removal

of hazardous environmental pollutants from water: A review. Adv. Colloid Interface Sci. 2020, 285, 102276. [CrossRef] [PubMed]
8. Baig, U.; Faizan, M.; Dastageer, M. Polyimide based super-wettable membranes/materials for high performance oil/water

mixture and emulsion separation: A review. Adv. Colloid Interface Sci. 2021, 297, 102525. [CrossRef]
9. Baig, U.; Gondal, M.; Dastageer, M.; Khalil, A.; Zubair, S. Photo-catalytic deactivation of hazardous sulfate reducing bacteria using

palladium nanoparticles decorated silicon carbide: A comparative study with pure silicon carbide nanoparticles. J. Photochem.
Photobiol. B Biol. 2018, 187, 113–119. [CrossRef]

10. Gondal, M.; Dastageer, M.; Khalil, A.; Rashid, S.; Baig, U. Photo-catalytic deactivation of sulfate reducing bacteria–a comparative
study with different catalysts and the preeminence of Pd-loaded WO3 nanoparticles. RSC Adv. 2015, 5, 51399–51406. [CrossRef]

11. Baig, U.; Faizan, M.; Sajid, M. Semiconducting graphitic carbon nitride integrated membranes for sustainable production of clean
water: A review. Chemosphere 2021, 282, 130898. [CrossRef]

12. Baig, U.; Gondal, M.; Dastageer, M. Oil-water separation using surface engineered superhydrophobic and superoleophilic
membrane for the production of clean water. J. Water Process. Eng. 2022, 45, 102473. [CrossRef]

13. Baig, U.; Gondal, M.; Dastageer, M. Customization of surface wettability of nano-SiO2 by coating Trimethoxy(vinyl)silane modifier
for oil-water separation: Fabrication of metal-based functional superwetting nanomaterial, characterizations and performance
evaluation. Chemosphere 2022, 308, 136405. [CrossRef] [PubMed]

14. Baig, U.; Gondal, M.; Dastageer, M.; Falath, W. Rapid fabrication of textured membrane with super-wettability using simple
spray-coating of Pd-doped WO3 nanoparticles for efficient oil-water separation. Colloids Surf. A Physicochem. Eng. Asp. 2021,
609, 125643. [CrossRef]

15. Baig, U.; Dastageer, M.; Gondal, M. Fabrication of Super-wettable mesh membrane and their application in efficient gravity
driven oil/water separation. Colloids Surf. A Physicochem. Eng. Asp. 2022, 660, 130793. [CrossRef]

16. Matin, A.; Baig, U.; Gondal, M.; Akhtar, S.; Zubair, S. Superhydrophobic and superoleophilic surfaces prepared by spray-coating
of facile synthesized cerium(IV)oxide nanoparticles for efficient oil/water separation. Appl. Surf. Sci. 2018, 462, 95–104. [CrossRef]

17. Matin, A.; Baig, U.; Gondal, M.; Akhtar, S.; Zubair, S. Facile fabrication of superhydrophobic/superoleophilic microporous
membranes by spray-coating ytterbium oxide particles for efficient oil-water separation. J. Mem. Sci. 2018, 548, 390–397.
[CrossRef]

18. Gondal, M.; Sadullah, M.; Qahtan, T.; Dastageer, M.; Baig, U. Fabrication and wettability study of WO3 coated photocatalytic
membrane for oil-water separation: A comparative study with ZnO coated membrane. Sci. Rep. 2017, 7, 1686. [CrossRef]

19. He, H.; Zhang, T.; Ouyang, L.; Yuan, S. Superwetting and photocatalytic Ag2O/TiO2@CuC2O4 nanocomposite-coated mesh
membranes for oil/water separation and soluble dye removal. Mater. Today Chem. 2022, 23, 100717. [CrossRef]

20. Song, S.; Yang, H.; Zhou, C.; Cheng, J.; Jiang, Z.; Lu, Z.; Miao, J. Underwater superoleophobic mesh based on BiVO4 nanoparticles
with sunlight-driven self-cleaning property for oil/water separation. Chem. Eng. J. 2017, 320, 342–351. [CrossRef]

21. Sun, Y.; Li, J.; Zhang, L.; Jiang, B.; Yang, X.; Yang, N.; Peng, F.; Xu, M.; Xiao, X. Dual-functional mesh with Zn-Ni-Co
LDHs@NiMoO4 heterojunction nanoarrays for highly efficient oil/water separation and photocatalytic degradation. Sep.
Purif. Technol. 2021, 259, 118116. [CrossRef]

22. Zhou, C.; Li, Y.; Li, H.; Zeng, X.; Pi, P.; Wen, X.; Xu, S.; Cheng, J. A self-cleaning titanium mesh with underwater superoleophobicity
for oil/water separation and aqueous pollutant degradation. Surf. Coat. Technol. 2017, 313, 55–62. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://commons.wmu.se/all_dissertations/403
http://doi.org/10.4236/gep.2022.106012
http://doi.org/10.5751/ES-06406-190226
http://doi.org/10.1016/j.cis.2022.102635
http://www.ncbi.nlm.nih.gov/pubmed/35325601
http://doi.org/10.1016/j.cis.2020.102276
http://www.ncbi.nlm.nih.gov/pubmed/33039840
http://doi.org/10.1016/j.cis.2021.102525
http://doi.org/10.1016/j.jphotobiol.2018.08.010
http://doi.org/10.1039/C5RA10094A
http://doi.org/10.1016/j.chemosphere.2021.130898
http://doi.org/10.1016/j.jwpe.2021.102473
http://doi.org/10.1016/j.chemosphere.2022.136405
http://www.ncbi.nlm.nih.gov/pubmed/36116624
http://doi.org/10.1016/j.colsurfa.2020.125643
http://doi.org/10.1016/j.colsurfa.2022.130793
http://doi.org/10.1016/j.apsusc.2018.08.104
http://doi.org/10.1016/j.memsci.2017.11.045
http://doi.org/10.1038/s41598-017-01959-y
http://doi.org/10.1016/j.mtchem.2021.100717
http://doi.org/10.1016/j.cej.2017.03.071
http://doi.org/10.1016/j.seppur.2020.118116
http://doi.org/10.1016/j.surfcoat.2017.01.047

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of TiO2 Nanoparticles-Coated SSM Membrane 
	Characterization 
	Oil–Water Separation 
	Photocatalytic Dye Degradation 

	Results and Discussion 
	X-ray Diffraction and Morphological Analysis 
	Surface Wettability of TiO2 Nanoparticles-Coated SSM 
	Oil–Water Separation Performance 
	Photocatalytic Performance of TiO2@SSM Membrane 

	Conclusions 
	References

