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Abstract: Oil/water separation processes have garnered significant global attention due to the quick
growth in industrial development, recurring chemical leakages, and oil spills. Hence, there is a
significant demand for the development of inexpensive superwetting materials in an eco-friendly
manner to separate oil/water mixtures and emulsions. In this study, a superwetting melamine sponge
(SMS) with switchable wettabilities was prepared by modifying melamine sponge (MS) with sodium
dodecanoate. The as-prepared SMS exhibited superhydrophobicity, superoleophilicity, underwater
superoleophobicity, and underoil superhydrophobicity. The SMS can be utilized in treating both
light and heavy oil/water mixtures through the prewetting process. It demonstrated fast permeation
fluxes (reaching 108,600 L m−2 h−1 for a light oil/water mixture and 147,700 L m−2 h−1 for a heavy
oil/water mixture) and exhibited good separation efficiency (exceeding 99.56%). The compressed
SMS was employed in separating surfactant-stabilized water-in-oil emulsions (SWOEs), as well as
surfactant-stabilized oil-in-water emulsions (SOWEs), giving high permeation fluxes (reaching 7210
and 5054 L m−2 h−1, respectively). The oil purity for SWOEs’ filtrates surpassed 99.98 wt% and
the separation efficiencies of SOWEs exceeded 98.84%. Owing to their remarkable capability for
separating oil/water mixtures and emulsions, eco-friendly fabrication method, and feasibility for
large-scale production, our SMS has a promising potential for practical applications.

Keywords: melamine sponge; sodium dodecanoate; switchable wettability; oil/water mixtures
separation; emulsion separation

1. Introduction

Oil spills, municipal sewage, and industrial oily wastewater discharge pose a sig-
nificant hazard to the aquatic environment, and consequently the global ecosystem as
well. Therefore, the separation of oil and water has evolved into an expanding and swiftly
escalating issue within both the research community and the industrial sector [1–5]. Oil
and water mixtures include immiscible oil–water mixture and stabilized emulsions with
droplet diameters less than 20 µm. Hence, emulsified oil–water mixtures are harder to
separate owing to their stability, and greater focus should be made on innovating inex-
pensive, reliable, and highly efficient methods to address this issue [6–8]. Conventional
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oil–water separation systems face challenges such as high energy consumption and mem-
brane fouling. Furthermore, a single membrane may not be able to effectively treat all kinds
of oil–water mixtures [8,9].

Recently, the utilization of superwetting materials in membrane adsorption and filtra-
tion strategies for oil–water separation has garnered considerable attention from researchers
due to their potential to surpass traditional methods in terms of cost-effectiveness, efficiency,
eco-friendliness, and diverse industrial applications [10–12]. Wettability is characterized
by both surface chemistry and the geometrical structure of the materials. The chemical
composition determines the interaction between the liquid and the solid at the molecular
level, while the surface morphology, including features like roughness and texture, can
affect how the liquid spreads on the surface [13,14].

Having an appropriate membrane that would not be blocked by a phase that is
not permeating is also crucial for achieving greater separation performance. Inspired
by fish scale, superhydrophilic/underwater superoleophobic membranes that selectively
allow the permeation of water and hindering oil, have been created and developed for
various oil–water separation applications [15,16], and such membranes exhibit antifouling
properties [17,18]. Accordingly, many super-hydrophilic and underwater super-oleophobic
materials have been fabricated from TiO2 nanoparticle sprayed meshes [19], aloe vera
mucilage coated fabrics [20], poly(vinyl alcohol) hydrogel coated filter paper [21], graphene
oxide modified meshes [22], polyacrylamide hydrogel coated meshes [23], and porous
nitrocellulose membranes [24]. However, membranes designed for oil blocking are not
appropriate to be employed in the separation of heavy oil–water mixtures since heavy oil
creates a barrier film on the membrane preventing water permeation.

Materials endowed with superhydrophobicity and superoleophilicity, often referred
to as “water blocking” materials, present an ideal solution for the separation of heavy
oil and water mixture [10,25]. Accordingly, various superhydrophobic/superoleophilic
materials have emerged such as polytetrafluoroethylene (PTFE) coated stainless steel
meshes [26], polyaniline and fluorinated alkyl silane modified fabrics [27], poly(vinyl
phenol) and phenylene bisoxazoline modified cotton materials [28], Cu(OH)2 and N-
dodecylmercaptain modified copper foams [29], and perfluorodecyltriethoxysilane and
ZnO coated paper [30]. Although fluoropolymers are suitably preferred to lower the
surface free energy of the materials, they are expensive and are not environmentally
friendly. Additionally, superhydrophobic/superoleophilic materials pose challenges when
it comes to selective filtration of water in light oil mixtures since water creates a barrier film
between the light oil and the membrane.

In order to address the limitations observed in previously reported materials, develop-
ing materials that possess switchable superwetting features for the separation of oil and
water, which are in high demand, proves highly advantageous [10,31–33]. Membranes
which exhibit underwater superoleophobic and underoil superhydrophobic properties can
realize the separation of different immiscible oil–water mixtures and oil–water emulsions.
Zhang et al. fabricated an underwater superoleophobic and underoil superhydropho-
bic membrane from a dopamine and polyethyleneimine-modified iron mesh, and the
as-prepared mesh displayed outstanding antifouling properties, and had high separation
efficiency [34]. Kong et al. successfully fabricated a hygro-responsive membrane by employ-
ing liquid-phase deposition of TiO2 with perfluorooctanoic acid, which demonstrated high
efficiency in separating various oil–water mixtures [35]. Similarly, Chen et al. employed
simple methods to create fabrics with underwater superoleophobic and underoil superhy-
drophobic properties, that were proven effective in separating versatile oil–water mixtures
and oil–water emulsions [36]. Gao et al. fabricated a dually prewetted carbon black mem-
brane capable of continuously separating multiphase emulsions with high permeation
flux and separation efficiency [37]. Yang et al. developed a superwetting copper-coated
fabric that has a wettability that can be switched, enabling a remarkably efficient oil–water
separation [38].
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However, the above-mentioned materials’ use for large-scale applications has been
constrained, though, by the use of hazardous chemicals, complicated fabrication processes,
and secondary environmental pollution. As a result, a straightforward, environmentally
friendly, and effective method for creating an underwater superoleophobic and underoil
superhydrophobic membrane that can be utilized to realize the separation of surfactant-
stabilized oil–water emulsions and versatile oil–water mixtures needs to be developed.
Commercially available 3D porous polymeric sponges are widely used for oil–water sepa-
rations due to their ultralight weight, low cost, mechanical strength, high flexibility, and
large-scale production [39–41]. Among these are melamine-based sponges that have out-
standing fire-retardant behavior and high-temperature resistance because of their high
nitrogen content [42,43]. One of the most commonly known and commercially available
melamine sponges is the “Mr. Clean Magic Eraser”, renowned for its versatility as a flame
retardant, noise reducer, and insulation for pipes and ductwork. However, studies on
melamine sponge-based materials with both underwater superoleophobic and underoil
superhydrophobic properties are rare. These materials can be employed for separation and
absorption of organic contaminants from water including water-in-oil emulsion and oil-in
water emulsion separation.

In this study, the pristine melamine sponge (MS) was transformed into a superwetting
material with switchable wettabilities that demonstrated underwater superoleophobicity
and underoil superhydrophobicity using a simple and eco-friendly dip coating method
without employing any organic solvents. The fabricated MS mimics the “lotus effect”,
exhibiting in-air superhydrophobicity and underoil superhydrophobicity states, and also
mimics the “fish-scale effect”, demonstrating in-air superoleophilicity and underwater
superoleophobicity states [14,15]. Therefore, the as-prepared MS sponge can be used for a
variety of oil/water separation purposes, including separating oil-in-water and water-in-oil
emulsions, as well as for on-demand separation of immiscible light oil/water and heavy
oil/water mixtures.

2. Materials and Methods
2.1. Materials

Comprehensive details regarding the materials can be found in the Supporting Infor-
mation section.

2.2. Preparation of Superwetting Melamine Sponge (SMS) with Switchable Wettability

To prepare the superwetting melamine sponge (SMS) with switchable wettability,
firstly, the surface impurities of the pristine melamine sponge were removed through
a washing process employing water and ethanol, followed by drying at 60 ◦C for an
hour prior to use. Then, 0.5 M HCl and 0.05 M sodium dodecanoate aqueous solutions
were prepared. The cleaned MS was soaked in the HCl(aq) for 30 min to enhance acid
protonation, followed by repeated washing with water. The protonated melamine sponge
was immersed in 0.05 M sodium dodecanoate aqueous solution for a duration of 10 min
and was subsequently rinsed with water numerous times. The modified sponge was finally
rinsed with ethanol and subsequently dried in an oven at 60 ◦C for a period of 3 h.

2.3. Preparation of Various Emulsions

The surfactant-stabilized water-in-oil emulsions (SWOEs) were formulated by adding
Span 80 (0.03 g) to various kinds of organic solvents or oils (100 mL), followed by the
addition of water (1 mL) into the solution. The mixture was then subjected to a 3 h
stirring process. Surfactant-stabilized oil-in-water emulsions (SOWEs) were formulated
by dissolving Tween 80 (0.03 g) in water (100 mL), followed by the addition of organic
solvents or oils (2 mL) into the solution, which was subjected to stirring for 3 h.
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2.4. Oil/Water Mixtures Separation Experiments

In assessing the oil/water separation capability of our fabricated material, the SMS
was fixed in a glass funnel and prewetted with either water or oil. Subsequently, a 1:1
volumetric ratio mixture of oil and water was then poured onto the prewetted SMS.

2.5. Emulsions Separation Experiments

Emulsion separation experiments were carried out by placing compressed SMS into
a glass funnel and prewetting it with oil or water for separating SWOEs or SOWEs, re-
spectively. The separation experiment was undertaken by gravity. To evaluate the flux,
the permeation volume of liquid passing through a unit area per unit time for the 50 mL
emulsion was calculated.

To calculate the separation efficiency for oil/water mixtures and emulsions the follow-
ing equation was used:

separation e f f iciency =

(
1 −

Cp

Co

)
× 100% (1)

where Co represents the water (or oil) content in the feed oil/water mixtures or emulsions,
and Cp represents the corresponding filtrate content.

2.6. Instruments and Characterization

Comprehensive details regarding the characterizations and the instruments employed
can be found in the Supporting Information section.

3. Results
3.1. Preparation, Morphological Analysis and Surface Chemical Compositions of Melamine Sponges

MS, with its high porosity and good mechanical properties, has been commercialized
as an effective abrasive cleaner. In this research, we prepared a superwetting melamine
sponge (SMS) possessing switchable wettabilities through an eco-friendly procedure with-
out using any organic solvents. As demonstrated in Figure 1, the pristine MS is immersed
in an acidic medium to form protonated MS [44,45]. Then, the protonated MS was treated
with a sodium dodecanoate aqueous solution to undergo a counterion exchange reac-
tion [46,47] to have the desired wettability. The combination of the long carbon chain (hy-
drophobic/oleophilic groups), together with carboxyl and quaternary ammonium groups
(hydrophilic groups) on the surface of SMS resulted in switchable superwetting properties.
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Scanning electron microscopy (SEM) was employed to investigate the surface mi-
crostructures of the pristine MS and the SMS. The pristine MS showed open-cell porous
microstructures (Figure 2a,b) and smooth surface morphologies (Figure 2c). The SEM
images indicated that the morphology of SMS closely resembled that of the pristine MS
(Figure 2d–f). Figure 3 displays the Fourier transform infrared (FTIR) spectra of the pris-
tine MS and SMS. The broader band at about 3330 cm −1 could be attributed to the N-H
secondary amine stretching vibrations. Both MS and SMS showed characteristic peaks at
about 1530 cm−1, 1460 cm−1 and 1323 cm −1 that could correspond to C=N ring stretch-
ing vibrations and C-H bending vibrations, respectively. Moreover, the peaks at about
2941 cm−1, 994 cm−1, and 810 cm−1 represent the C-H stretching vibrations, C-H bending
vibrations, and triazine ring bending vibrations, respectively [48–50]. As can be observed
from Figure 3, the increase in the intensity of both C-H stretching and bending vibrations
in the SMS sponge spectra confirms that the dodecanoate was successfully incorporated
onto the MS.
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3.2. Wettabilities of Sponges

To assess the wetting characteristics of both the MS and the SMS with respect to oil
and water, the dispersion of oil and water droplets was recorded and observed using a
charge-coupled device camera system. Both water and different oils (n-hexane, isooctane,
n-hexadecane, petroleum ether, and dichloromethane) droplets exhibited spontaneous
spreading on the MS surface and were instantly absorbed by the MS. The water contact
angle (WCA), as well as the oil contact angles (OCAs) of MS were all close to 0◦, indicating
that the MS possessed superamphiphilicity in air (Figure 4a). In contrast, SMS showed
superhydrophobicity with a WCA of about 160◦ and superoleophilicity with all OCAs close
to 0◦ (Figure 4b). When the pristine MS and the modified SMS were placed on the water
surface, the pristine MS absorbed water and instantaneously sank to the bottom of the
glass jar, while the modified MS remained floating on the top of the water (Figure 4c). Our
results indicated that the in-air wettability of the MS transformed from superamphiphilic
to superhydrophobic/superoleophilic, confirming the successful surface modification. The
wettabilities of the SMS in different environments were also investigated, and we found out
that the SMS exhibited special, switchable wettabilities. When the SMS was prewetted by
water and was forcibly placed underwater, some water turned into its microstructure, and
accordingly, in the presence of oil, a composite interface of oil/water/solid was generated.
The trapped water diminished the contact surface between the SMS and the oil droplet,
resulting in underwater superoleophilicity [51,52]. The underwater oil contact angles
(UWOCA) for different kinds of oils on the SMS are shown in Figure 4d. The UWOCA for
all oils exceeded 150◦, indicating underwater superoleophilicity. A similar situation oc-
curred when we put a water droplet on the SMS under oil. The trapped water decreased the
contact area between the SMS and the water droplet, resulting in underoil superoleophilic-
ity. Figure 4e displays that the underoil water contact angles (UOWCA) on the SMS in
various oils (including n-hexane, n-octane, isooctane, n-hexadecane, petroleum ether, and
dichloromethane) are all higher than 150◦, confirming the underoil superhydrophobicity
of the SMS. The UWOCAs and UOWCAs were stable for over one hour. It revealed that
superwetting properties of the SMS can be switched through the pre-wetting process.
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We then used oil droplets and analyzed their approach, contact, deformation, and
departure processes to study the underwater wettabilities of the SMS, such as that of a
chloroform droplet suspended on a syringe for the SMS underwater (Figure 5a). The
chloroform droplet was promptly and completely withdrawn from the surface of SMS,
despite severe deformation occurring in this case. Figure 5b shows a water droplet’s
approach, contact, deformation, and departure for the SMS underoil (isooctane). The water
droplet was promptly and completely withdrawn from the surface of SMS. We also used
oil or water droplet sliding tests to study the wettabilities of the SMS. Figure 5c shows the
process of an underwater chloroform droplet rolling off an 18◦-tilted SMS. Here, a droplet
of chloroform was put on the SMS underwater, and then, after its release from the pipette,
the droplet rolled off as soon as it made contact with the SMS. Figure 5d demonstrates
the procedure of an underoil (isooctane) water droplet rolling off an 18◦-tilted SMS. We
put a water droplet on the SMS underoil, and then, after its release from the pipette, the
droplet rolled off as soon as it made contact with SMS. These results further confirmed the
underwater superoleophobicity and underoil superhydrophobicity of our SMS.
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3.3. Oil/Water Mixtures Separation Performance of the SMS

Due to the underwater superoleophobicity and underoil superhydrophobicity of the
SMS, it can easily separate both lighter and heavier oil–water mixtures. In our experimental
setup, we secured the SMS in the middle of two glass tubes and then prewetted it with
water or oil for oil rejection or water rejection separation processes (Figure 6). When the oil
density is lower than the water density (ρwater > ρoil), we prewetted the SMS with water
under an external pressure to generate the underwater superoleophobic property able to
eliminate water from light oil/water mixtures. On the other hand, when the oil density is
higher than the water density (ρoil > ρwater), we prewetted the SMS with oil to achieve the
underoil superhydrophobic property able to eliminate oil from heavy oil/water mixtures.
To facilitate the separation of oil and water, an immiscible oil/water mixture (1:1 volume
ratio) was introduced into the separation apparatus and allowed to permeate under gravity.
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Figure 6 revealed the gravity-driven isooctane/water mixture separation process, where
the water penetrated through the SMS (prewetted by water) quickly while the oil was
retained above the SMS. However, the water-prewetted SMS is not suitable for treating
oil/water mixtures with an oil density greater than water density (e.g., chloroform) because
heavy oils could aggregate to form an obstruction layer on the material and prohibit the
permeation of water. We solved this problem by prewetting the SMS with heavy oil, thereby
producing an underoil superhydrophobic SMS. During the separation test, the chloroform
passed through the oil-prewetted SMS briskly, while the water was repelled and remained
on the SMS. To further study the separation performance of the SMS, the separation fluxes
for different oil/water mixtures were examined. As depicted in Figure 7a, the fluxes of
water for different immiscible light oil–water mixtures were demonstrated for isooctane, n-
hexane, petroleum ether, n-hexadecane, and n-octane ranging from 98,140, 94,700, 108,600,
93,580, 91,800 L m−2 h−1, respectively. The separation efficiency for all cases is above
99.99%. On the other hand, the oil fluxes for the heavy oil–water mixture were 132,100 and
147,700 L m−1 h−1 for chloroform and dichloromethane, respectively, and the separation
efficiency for both is greater than 99.56%. These confirm the outstanding performance
of the as-prepared SMS for versatile oil/water mixture separations. The reusability of
the SMS prewetted by water was evaluated by conducting cyclic tests for separating an
isooctane/water mixture. It was revealed that after 50 cycles of separation experiments,
the SMS prewetted by water sustained a flux exceeding 98,100 L m−2 h−1. Moreover, it
was found to maintain a separation efficiency higher than 99.99%. This demonstrates the
exceptional reusability of the water-prewetted SMS (Figure 7b).
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Conventional filtration separation methods are inadequate for effectively addressing
large quantities of oil pollutants on water surfaces during oil spill treatment. Therefore,
there is a continued necessity to develop innovative technologies that can achieve continu-
ous absorption and elimination of oil contaminants from water surfaces, while possessing
an excellent separation capability. In a previous study, we introduced a straightforward
setup that involved connecting superhydrophobic porous materials to a vacuum system, en-
abling one-step removal of substantial quantities of oil pollutants from water surfaces [53].
Herein, we found out that the oil-prewetted SMS can be used for the continuous removal
of oil pollutants. A piece of SMS was connected to a tube, prewetted by light oil, and then
fixed at the light oil–water interface in a light oil/water mixture (Figure 8a). Figure 8b
presents that the SMS was speedily saturated with the oil and completely rejected the water
because of its underoil superhydrophobic property. Subsequently, the vacuum system
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(0.025 bar) was activated to consistently eliminate the oil from the water surface. Eventually,
we successfully extracted all the oil, leaving behind only transparent and clean water in the
beaker. The collected filtrate oil appeared devoid of any visible water droplets to the naked
eye. Notably, upon conducting a continuous separation test of an isooctane/water mixture,
high permeance (757,800 L m−2 h−1 bar−1) was observed. In addition, we also checked the
purity of the oil filtrate using a Karl Fischer titrator instrument and found that the oil purity
exceeded 99.99 wt%, indicating an excellent separation performance of the system. This oil
absorption method can be adopted for large-scale removal of oil contaminants from the
water surface.
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3.4. Oil/Water Mixtures Separation Mechanism

To evaluate the oil–water separation mechanism of the SMS, schematic models de-
picting water and oil wetting were created, as illustrated in Figure 9. To explain the liquid
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selective properties of the SMS surface, the variation in the breakthrough pressure (∆P)
was demonstrated using the Young–Laplace equation [23,54,55]

∆P = −2γLcosθ

R
(2)

where γL represents the liquid’s surface tension, θ denotes the intrinsic contact angle
formed by the liquid on the surface, and R represents the curvature’s pore radius. As can
be observed from this equation, it is evident that a material’s wettability has a major impact
on the breakthrough pressure. If the θ of a liquid on a surface exceeds 90◦, it can endure
a certain level of external pressure (Figure 9a). Hence, a given liquid cannot permeate
unless external force is applied. Because of the superhydrophobicity of the SMS, we needed
to apply external pressure to wet the SMS with water. Conversely, if θ is smaller than
90◦, the surface will not be able to sustain a composite interface, allowing the liquid to
naturally penetrate through the pores and completely wet the surface. Because of the
SMS’ superoleophilicity, the in-air intrinsic contact angle nearly approaches 0◦, resulting in
∆P < 0. Hence, a certain oil can promptly penetrate through the SMS and completely wet
its surface, as depicted in Figure 9b.
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with water. (d) Water could not permeate through the SMS prewetted by oil.

In the water/oil/solid three-phase system, the maximum pressure required to over-
come the interfacial tension at the three-phase interface when the surface is prewetted
with water or oil is known as the breakthrough pressure. Therefore, the critical intrusion
pressure within the interface system of oil–water and solid can be approximated using the
formula [55]:

∆PWO = −
2γL1L2 cosθOW

R
(3)

where ∆PWO is the critical intrusion pressure, γL1L2 represents the oil/water interfacial
tension, and θOW corresponds to the water or oil contact angle on the SMS. R represents
the curvature’s pore radius. Based on this model, when SMS is prewetted either by water
or oil, a liquid film could be formed on the material’s surface. Due to this, the UWOCA
and UOWCA were observed to exceed 150◦, and ∆PWO becomes positive, signifying that
the SMS can sustain pressure to some extent. The prewetted SMS allows the wetting phase
(water or oil) to quickly permeate through it, while the non-wetting phase is repelled, owing
to its underwater superoleophobicity and underoil superhydrophobicity (Figure 9c,d).
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3.5. Emulsions Separation Performance of the SMS

Wastewater that contains an emulsified oil/water mixture with particles smaller than
20 µm cannot be separated using conventional technologies. Thus, three-dimensional
porous materials functionalized with unique wettability have gained interest as a viable
option for effective emulsion separation due to their exceptional flexibility [56]. In this
study, for the surfactant-stabilized water-in-oil emulsions (SWOEs) separation, a piece of
SMS with the desired mass is tightly packed into a funnel with a radius of 0.55 cm and a
height of 4 cm. Subsequently, the compressed SMS is prewetted by oil and the SWOE was
poured from the top of the funnel allowing the liquid to pass through by gravity. Figure 10a
displays the actual photographs, as well as the OM images of the feed SWOE and its
corresponding filtrate. The original emulsion contains water droplets with microscale
diameters, but after the separation processes these droplets were observed to be removed
resulting in a transparent filtrate. These findings indicate that the removal of water from
the SWOE was successful. The compressed SMS layer’s density can be adjusted to control
the emulsion separation flux and separation performance. As depicted in Figure S1, the
optimum compression density with respect to flux and separation efficiency was attained
by varying the mass of SMS packed into the funnel. For the water-in-isooctane emulsion
separation test, as the density of the SMS increased from 0.039 to 0.163 g cm−3, the oil
flux was observed to decline from 21,040 to 2130 L m−2 h−1, and at the same time an
enhancement in the emulsion separation performance was found. For the SWOE separa-
tion experiments driven by gravity, we selected a compressed SMS having a density of
0.097 g cm−3 that exhibited moderate fluxes and separation efficiencies. For the surfactant-
stabilized water in n-hexadecane, n-octane, petroleum ether, isooctane, and n-hexane, the
separation fluxes were determined to be 1370 ± 126, 5690 ± 130, 5910 ± 160, 6120 ± 110,
and 7210 ± 150 L m−2 h−1, respectively. Correspondingly, the purity of the filtrate oil
was tested to evaluate the separation performance. In all cases, it was found that the oil
purity of the filtrate was greater than 99.98 wt%, signifying the outstanding separation
performance of the compressed SMS (Figure 10b). In comparison to other superwetting
materials applied for the separating of SWOEs, SMS exhibits high fluxes and outstanding
separation performances (Table S1).
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In addition, owing to its switchable superwetting property, the compressed SMS can
feasibly be employed in separating surfactant-stabilized oil-in-water emulsions (SOWEs)
through a water prewetting process. Figure 11a displays the actual photographs, as well
as the OM images of the feed SOWE and its corresponding filtrate. It can be observed
that the oil droplets in the feed emulsion can be removed after the separation procedure,
yielding a clear filtrate. In the separation test utilizing isooctane-in-water emulsion, as the
compressed SMS’ density increased from 0.031 to 0.147 g cm−3, the flux correspondingly
declined from 17,540 to 1833 L m−2 h−1, but the separation efficiency increased from 97.75
to 99.06% (Figure S2). To carry out SOWE separation experiments, a density of 0.084 g cm−3

was selected as optimal for its moderate flux and reasonable separation performance. The
separation fluxes for the surfactant-stabilized n-hexadecane, n-octane, petroleum ether,
isooctane, and n-hexane in water, were determined to be 4305 ± 123, 4567 ± 130, 4360 ± 138,
4655 ± 105, and 5054 ± 115 L m−2 h−1, respectively. For all emulsions, the separation
efficiencies were found to exceed 98.84%, signifying an outstanding separation performance
(Figure 11b). In comparison to other superwetting materials applied for the separating of
SOWEs, SMS exhibits very high fluxes and good separation performances (Table S2).
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SWOEs and SOWEs also underwent cycles of emulsion separation experiments, utiliz-
ing isooctane to prepare the emulsions. As shown in Figure 12a,b, even after the fifth cyclic
separation test for both SWOEs and SOWEs, the fluxes did not show significant changes.
Likewise, the purities in the oil filtrates for all SWOEs exceeded 99.99 wt%, while the
separation efficiencies for the SSOIWEs were higher than 99.02%. These findings indicate
the remarkable recyclability of the SMS and suggest their feasibility for practical application
and long-term usability for emulsion separations.
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4. Conclusions

The separation of oil/water mixtures and emulsions poses significant challenges, and
addressing this issue is crucial as it presents serious environmental concerns. This research
tackled and presented the green fabrication method of SMS possessing switchable wettabil-
ities. The as-prepared SMS exhibited superhydrophobicity, superoleophilicity, underwater
superoleophobicity, and underoil superhydrophobicity. The SMS was successfully utilized
in the separation of both light oil/water and heavy oil/water mixtures, where it exhibited
excellent permeation fluxes (reaching 108,600 L m−2 h−1 for light oil/water mixture, and
147,700 L m−2 h−1 for heavy oil/water mixture). It also displayed outstanding separation
efficiency (exceeding 99.56%). Furthermore, compressed SMS exhibited remarkable gravity-
driven emulsion separation capability for both SWOEs and SOWEs, showing high fluxes
(reaching 7210 and 5054 L m−2 h−1, respectively) and outstanding separation performances
(with filtrate oil purities for SWOEs exceeding 99.98 wt% and the separation efficiencies for
SOWEs exceeded 98.84%). In summary, our research findings illustrate the considerable
potential and practicable worth of employing the SMS for real-world use in fuel purification
and wastewater treatment applications.
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References [28,29,37,57–65] are cited in the supplementary materials.

Author Contributions: Conceptualization, C.-F.W.; methodology, G.B.B. and Y.-Y.C.; formal analysis,
W.-S.H. and J.-K.C.; investigation, G.B.B. and Y.-Y.C.; data curation, G.B.B., Y.-Y.C. and C.-C.H.;
writing—original draft preparation, G.B.B. and C.-F.W.; writing—review and editing, C.-F.W. and
C.-C.H.; project administration, C.-F.W. and J.-Y.L.; funding acquisition, C.-F.W. and J.-Y.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science and Technology Council, Taiwan, grant
number NSTC 112-2221-E-110-075 and NSTC 112-2218-E-110-007.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

https://www.mdpi.com/article/10.3390/polym16050693/s1
https://www.mdpi.com/article/10.3390/polym16050693/s1


Polymers 2024, 16, 693 14 of 16

References
1. Peterson, C.H.; Rice, S.D.; Short, J.W.; Esler, D.; Bodkin, J.L.; Ballachey, B.E.; Irons, D.B. Long-term ecosystem response to the

Exxon Valdez oil spill. Science 2003, 302, 2082–2086. [CrossRef]
2. Ivshina, I.B.; Kuyukina, M.S.; Krivoruchko, A.V.; Elkin, A.A.; Makarov, S.O.; Cunningham, C.J.; Peshkur, T.A.; Atlas, R.M.; Philp,

J.C. Oil spill problems and sustainable response strategies through new technologies. Environ. Sci. Process Impacts 2015, 17,
1201–1219. [CrossRef]

3. Kwon, G.; Kota, A.K.; Li, Y.; Sohani, A.; Mabry, J.M.; Tuteja, A. On-demand separation of oil-water mixtures. Adv. Mater. 2012, 24,
3666–3671. [CrossRef] [PubMed]

4. Shannon, M.A.; Bohn, P.W.; Elimelech, M.; Georgiadis, J.G.; Mariñas, B.J.; Mayes, A.M. Science and technology for water
purification in the coming decades. Nature 2008, 452, 301–310. [CrossRef] [PubMed]

5. Ma, Q.; Cheng, H.; Fane, A.G.; Wang, R.; Zhang, H. Recent development of advanced materials with special wettability for
selective oil/water separation. Small 2016, 12, 2186–2202. [CrossRef] [PubMed]

6. Zhang, W.; Liu, N.; Cao, Y.; Lin, X.; Liu, Y.; Feng, L. Superwetting porous materials for wastewater treatment: From immiscible
oil/water mixture to emulsion separation. Adv. Mater. Interfaces 2017, 4, 1600029. [CrossRef]

7. Kota, A.K.; Kwon, G.; Choi, W.; Mabry, J.M.; Tuteja, A. Hygro-responsive membranes for effective oil-water separation. Nat.
Commun. 2012, 3, 1025. [CrossRef] [PubMed]

8. Cheryan, M.; Rajagopalan, N. Membrane processing of oily streams. Wastewater treatment and waste reduction. J. Membr. Sci.
1998, 151, 13–28. [CrossRef]

9. Fritt-Rasmussen, J.; Wegeberg, S.; Gustavson, K. Review on burn residues from in situ burning of oil spills in relation to arctic
waters. Water Air Soil Pollut. 2015, 226, 329. [CrossRef]

10. Qiu, L.; Sun, Y.; Guo, Z. Designing novel superwetting surfaces for high-efficiency oil–water separation: Design principles,
opportunities, trends and challenges. J. Mater. Chem. A. 2020, 8, 16831–16853. [CrossRef]

11. Ge, M.; Cao, C.; Huang, J.; Zhang, X.; Tang, Y.; Zhou, X.; Zhang, K.; Chen, Z.; Lai, Y. Rational design of materials interface at
nanoscale towards intelligent oil–water separation. Nanoscale Horiz. 2018, 3, 235–260. [CrossRef]

12. Xu, C.-L.; Wang, Y.-Z. Novel dual superlyophobic materials in water-oil systems: Under oil magneto-fluid transportation and
oil–water separation. J. Mater. Chem. A. 2018, 6, 2935–2941. [CrossRef]

13. Feng, X.; Jiang, L. Design and creation of superwetting/antiwetting surfaces. Adv. Mater. 2006, 18, 3063–3078. [CrossRef]
14. Feng, L.; Li, S.; Li, Y.; Li, H.; Zhang, L.; Zhai, J.; Song, Y.; Liu, B.; Jiang, L.; Zhu, D. Super-hydrophobic surfaces: From natural to

artificial. Adv. Mater. 2002, 14, 1857–1860. [CrossRef]
15. Liu, M.; Wang, S.; Wei, Z.; Song, Y.; Jiang, L. Bioinspired design of a superoleophobic and low adhesive water/solid interface.

Adv. Mater. 2009, 21, 665–669. [CrossRef]
16. Chen, C.; Weng, D.; Mahmood, A.; Chen, S.; Wang, J. Separation mechanism and construction of surfaces with special wettability

for oil/water separation. ACS Appl. Mater. Interfaces 2019, 11, 11006–11027. [CrossRef]
17. Zhang, S.; Jiang, G.; Gao, S.; Jin, H.; Zhu, Y.; Zhang, F.; Jin, J. Cupric phosphate nanosheets-wrapped inorganic membranes

with superhydrophilic and outstanding anticrude oil-fouling property for oil/water separation. ACS Nano 2018, 12, 795–803.
[CrossRef]

18. Wang, Z.; Ji, S.; Zhang, J.; Liu, Q.; He, F.; Peng, S.; Li, Y. Tannic acid encountering ovalbumin: A green mild strategy for
superhydrophilic underwater superoleophobic modification of various hydrophobic membranes for oil/water separation.
J. Mater. Chem. A 2018, 6, 13959–13967. [CrossRef]

19. Gondal, M.A.; Sadullah, M.S.; Dastageer, M.A.; McKinley, G.H.; Panchanathan, D.; Varanasi, K.K. Study of factors governing
oil–water separation process using TiO2 films prepared by spray deposition of nanoparticle dispersions. ACS Appl. Mater.
Interfaces 2014, 6, 13422–13429. [CrossRef] [PubMed]

20. Shome, A.; Rather, A.M.; Manna, U. Aloe vera mucilage derived highly tolerant underwater superoleophobic coatings. J. Mater.
Chem. A 2018, 6, 22465–22471. [CrossRef]

21. Fan, J.B.; Song, Y.; Wang, S.; Meng, J.; Yang, G.; Guo, X.; Feng, L.; Jiang, L. Directly coating hydrogel on filter paper for effective
oil-water separation in highly acidic, alkaline, and salty environment. Adv. Funct. Mater. 2015, 25, 5368–5375. [CrossRef]

22. Dong, Y.; Li, J.; Shi, L.; Wang, X.; Guo, Z.; Liu, W. Underwater superoleophobic graphene oxide coated meshes for the separation
of oil and water. Chem. Comm. 2014, 50, 5586–5589. [CrossRef]

23. Xue, Z.; Wang, S.; Lin, L.; Chen, L.; Liu, M.; Feng, L.; Jiang, L. A novel superhydrophilic and underwater superoleophobic
hydrogel-coated mesh for oil/water separation. Adv. Mater. 2011, 23, 4270–4273. [CrossRef]

24. Gao, X.; Xu, L.; Xue, Z.; Feng, L.; Peng, J.; Wen, Y.; Wang, S.; Zhang, X. Dual-scaled porous nitrocellulose membranes with
underwater superoleophobicity for highly efficient oil/water separation. Adv. Mater. 2014, 26, 1771–1775. [CrossRef]

25. Wei, Y.; Qi, H.; Gong, X.; Zhao, S. Specially wettable membranes for oil–water separation. Adv. Mater. Interfaces 2018, 5, 1800576.
[CrossRef]

26. Feng, L.; Zhang, Z.; Mai, Z.; Ma, Y.; Liu, B.; Jiang, L.; Zhu, D. A super-hydrophobic and super-oleophilic coating mesh film for the
separation of oil and water. Angew. Chem. Int. Ed. 2004, 116, 2046–2048. [CrossRef]

27. Zhou, X.; Zhang, Z.; Xu, X.; Guo, F.; Zhu, X.; Men, X.; Ge, B. Robust and durable superhydrophobic cotton fabrics for oil/water
separation. ACS Appl. Mater. Interfaces. 2013, 5, 7208–7214. [CrossRef] [PubMed]

https://doi.org/10.1126/science.1084282
https://doi.org/10.1039/C5EM00070J
https://doi.org/10.1002/adma.201201364
https://www.ncbi.nlm.nih.gov/pubmed/22689385
https://doi.org/10.1038/nature06599
https://www.ncbi.nlm.nih.gov/pubmed/18354474
https://doi.org/10.1002/smll.201503685
https://www.ncbi.nlm.nih.gov/pubmed/27000640
https://doi.org/10.1002/admi.201700029
https://doi.org/10.1038/ncomms2027
https://www.ncbi.nlm.nih.gov/pubmed/22929782
https://doi.org/10.1016/S0376-7388(98)00190-2
https://doi.org/10.1007/s11270-015-2593-1
https://doi.org/10.1039/D0TA02997A
https://doi.org/10.1039/C7NH00185A
https://doi.org/10.1039/C7TA10739K
https://doi.org/10.1002/adma.200501961
https://doi.org/10.1002/adma.200290020
https://doi.org/10.1002/adma.200801782
https://doi.org/10.1021/acsami.9b01293
https://doi.org/10.1021/acsnano.7b08121
https://doi.org/10.1039/C8TA03794A
https://doi.org/10.1021/am501867b
https://www.ncbi.nlm.nih.gov/pubmed/25058802
https://doi.org/10.1039/C8TA08481E
https://doi.org/10.1002/adfm.201501066
https://doi.org/10.1039/C4CC01408A
https://doi.org/10.1002/adma.201102616
https://doi.org/10.1002/adma.201304487
https://doi.org/10.1002/admi.201800576
https://doi.org/10.1002/ange.200353381
https://doi.org/10.1021/am4015346
https://www.ncbi.nlm.nih.gov/pubmed/23823678


Polymers 2024, 16, 693 15 of 16

28. Ejeta, D.D.; Wang, C.-F.; Kuo, S.-W.; Chen, J.-K.; Tsai, H.-C.; Hung, W.-S.; Hu, C.-C.; Lai, J.-Y. Preparation of superhydrophobic
and superoleophilic cotton-based material for extremely high flux water-in-oil emulsion separation. Chem. Eng. J. 2020,
402, 126289. [CrossRef]

29. Wang, Z.; Xiao, C.; Wu, Z.; Wang, Y.; Du, X.; Kong, W.; Pan, D.; Guan, G.; Hao, X. A novel 3D porous modified material with
cage-like structure: Fabrication its demulsification effect for efficient oil/water separation. J. Mater. Chem. A 2017, 5, 5895–5904.
[CrossRef]

30. Wen, G.; Guo, Z. Nonflammable superhydrophobic paper with biomimetic layered structure exhibiting boiling-water resistance
and repairable properties for emulsion separation. J. Mater. Chem. A 2018, 6, 7042–7052. [CrossRef]

31. Ge, D.; Yang, L.; Wang, C.; Lee, E.; Zhang, Y.; Yang, S. A multi-functional oil–water separator from a selectively pre-wetted
superamphiphobic paper. Chem. Comm. 2015, 51, 6149–6152. [CrossRef]

32. Li, J.; Li, D.; Yang, Y.; Li, J.; Zha, F.; Lei, Z. A prewetting induced underwater superoleophobic or underoil (super) hydrophobic
waste potato residue-coated mesh for selective efficient oil/water separation. Green Chem. 2016, 18, 541–549. [CrossRef]

33. Tao, M.; Xue, L.; Liu, F.; Jiang, L. An intelligent superwetting PVDF membrane showing switchable transport performance for
oil/water separation. Adv. Mater. 2014, 26, 2943–2948. [CrossRef]

34. Zhang, J.; Zhang, L.; Zhao, J.; Qu, W.; Wang, Z. A facile and mild strategy to fabricate an underwater superoleophobic and
underoil superhydrophobic mesh with outstanding anti-viscous oil-fouling properties for switchable high viscosity oil/water
separation. Green Chem. 2019, 21, 5080–5089. [CrossRef]

35. Kong, W.; Li, F.; Pan, Y.; Zhao, X. Hygro-Responsive, photo-decomposed superoleophobic/superhydrophilic coating for on-
demand oil–water separation. ACS Appl. Mater. Interfaces 2021, 13, 35142–35152. [CrossRef] [PubMed]

36. Chen, J.; Zhou, Y.; Zhou, C.; Wen, X.; Xu, S.; Cheng, J.; Pi, P. A durable underwater superoleophobic and underoil superhydropho-
bic fabric for versatile oil/water separation. Chem. Eng. J. 2019, 370, 1218–1227. [CrossRef]

37. Cao, G.; Wang, Y.; Wang, C.; Ho, S.-H. A dually prewetted membrane for continuous filtration of water-in-light oil, oil-in-water,
and water-in-heavy oil multiphase emulsion mixtures. J. Mater. Chem. A 2019, 7, 11305–11313. [CrossRef]

38. Yang, W.; Li, J.; Zhou, P.; Zhu, L.; Tang, H. Superhydrophobic copper coating: Switchable wettability, on-demand oil-water
separation, and antifouling. Chem. Eng. J. 2017, 327, 849–854. [CrossRef]

39. Nguyen, D.D.; Tai, N.-H.; Lee, S.-B.; Kuo, W.-S. Superhydrophobic and superoleophilic properties of graphene-based sponges
fabricated using a facile dip coating method. Energy. Environ. Sci. 2012, 5, 7908–7912. [CrossRef]

40. Zhu, Q.; Chu, Y.; Wang, Z.; Chen, N.; Lin, L.; Liu, F.; Pan, Q. Robust superhydrophobic polyurethane sponge as a highly reusable
oil-absorption material, J. Mater. Chem. A. 2013, 1, 5386–5393. [CrossRef]

41. Wu, L.; Li, L.; Li, B.; Zhang, J.; Wang, A. Magnetic, durable, and superhydrophobic polyurethane@ Fe3O4@ SiO2@ fluoropolymer
sponges for selective oil absorption and oil/water separation. ACS Appl. Mater. Interfaces 2015, 7, 4936–4946. [CrossRef]

42. Ruan, C.; Ai, K.; Li, X.; Lu, L. A superhydrophobic sponge with excellent absorbency and flame retardancy. Angew. Chem. Int. Ed.
2014, 126, 5662–5666. [CrossRef]

43. Yang, Y.; Deng, Y.; Tong, Z.; Wang, C. Multifunctional foams derived from poly (melamine formaldehyde) as recyclable oil
absorbents. J. Mater. Chem. A. 2014, 2, 9994–9999. [CrossRef]

44. Hynes, L.; Montiel, G.; Jones, A.; Riel, D.; Abdulaziz, M.; Viva, F.; Bonetta, D.; Vreugdenhil, A.J.; Trevani, L. Melamine adsorption
on carbon materials: Impact of carbon texture and surface chemistry. Adv. Mater. 2020, 1, 262–270. [CrossRef]

45. Wang, C.-F.; Huang, H.-C.; Chen, L.-T. Protonated melamine sponge for effective oil/water separation. Sci. Rep. 2015, 5, 14294.
[CrossRef]

46. Yang, J.; Zhang, Z.; Xu, X.; Zhu, X.; Men, X.; Zhou, X. Superhydrophilic–superoleophobic coatings. J. Mater. Chem. 2012, 22,
2834–2837. [CrossRef]

47. Zhang, G.; Zhang, X.; Huang, Y.; Su, Z. A surface exhibiting superoleophobicity both in air and in seawater. ACS Appl. Mater.
Interfaces 2013, 5, 6400–6403. [CrossRef]

48. Merline, D.J.; Vukusic, S.; Abdala, A.A. Melamine formaldehyde: Curing studies and reaction mechanism. Polym. J. 2013, 45,
413–419. [CrossRef]

49. Wang, D.; Zhang, X.; Luo, S.; Li, S. Preparation and property analysis of melamine formaldehyde foam. Adv. Mater. Phys. Chem.
2012, 2, 63–67. [CrossRef]

50. Bani-Jaber, A.; Hamdan, I.; Alkawareek, M. The synthesis and characterization of fatty acid salts of chitosan as novel matrices for
prolonged intragastric drug delivery. Arch. Pharm. Res. 2012, 35, 1159–1168. [CrossRef]

51. Tian, X.; Jokinen, V.; Li, J.; Sainio, J.; Ras, R.H. Unusual dual superlyophobic surfaces in oil–water systems: The design principles.
Adv. Mater. 2016, 28, 10652–10658. [CrossRef]

52. Liu, M.; Zheng, Y.; Zhai, J.; Jiang, L. Bioinspired super-antiwetting interfaces with special liquid− solid adhesion. Acc. Chem. Res.
2010, 43, 368–377. [CrossRef]

53. Wang, C.-F.; Lin, S.-J. Robust superhydrophobic/superoleophilic sponge for effective continuous absorption and expulsion of oil
pollutants from water. ACS Appl. Mater. Interfaces 2013, 5, 8861–8864. [CrossRef] [PubMed]

54. Kim, B.-S.; Harriott, P. Critical entry pressure for liquids in hydrophobic membranes. J. Colloid Interface Sci. 1987, 115, 1–8.
[CrossRef]

55. Lafuma, A.; Quéré, D. Superhydrophobic states. Nat. Mater. 2003, 2, 457–460. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cej.2020.126289
https://doi.org/10.1039/C6TA10248D
https://doi.org/10.1039/C8TA01920G
https://doi.org/10.1039/C4CC09813G
https://doi.org/10.1039/C5GC01818H
https://doi.org/10.1002/adma.201305112
https://doi.org/10.1039/C9GC02129A
https://doi.org/10.1021/acsami.1c08500
https://www.ncbi.nlm.nih.gov/pubmed/34279897
https://doi.org/10.1016/j.cej.2019.03.220
https://doi.org/10.1039/C9TA01889A
https://doi.org/10.1016/j.cej.2017.06.159
https://doi.org/10.1039/c2ee21848h
https://doi.org/10.1039/c3ta00125c
https://doi.org/10.1021/am5091353
https://doi.org/10.1002/ange.201400775
https://doi.org/10.1039/C4TA00939H
https://doi.org/10.1039/D0MA00097C
https://doi.org/10.1038/srep14294
https://doi.org/10.1039/c2jm15987b
https://doi.org/10.1021/am401582d
https://doi.org/10.1038/pj.2012.162
https://doi.org/10.4236/ampc.2012.24B018
https://doi.org/10.1007/s12272-012-0706-6
https://doi.org/10.1002/adma.201602714
https://doi.org/10.1021/ar900205g
https://doi.org/10.1021/am403266v
https://www.ncbi.nlm.nih.gov/pubmed/24032484
https://doi.org/10.1016/0021-9797(87)90002-6
https://doi.org/10.1038/nmat924
https://www.ncbi.nlm.nih.gov/pubmed/12819775


Polymers 2024, 16, 693 16 of 16

56. Guan, Y.; Cheng, F.; Pan, Z. Superwetting polymeric three dimensional (3d) porous materials for oil/water separation: A review.
Polymers 2019, 11, 806. [CrossRef] [PubMed]

57. Ge, J.; Wang, F.; Yin, X.; Yu, J.; Ding, B. Polybenzoxazine-functionalized melamine sponges with enhanced selective capillarity for
efficient oil spill cleanup. ACS Appl. Mater. Interfaces 2018, 10, 40274–40285. [CrossRef] [PubMed]

58. Peng, Y.; Liu , Y.; Dai, J.; Cao, L.; Liu, X. A sustainable strategy for remediation of oily sewage: Clean and safe. Sep. Purif. Technol.
2020, 240, 116592. [CrossRef]

59. Chu, Z.; Seeger, S. Multifunctional hybrid porous micro-/nanocomposite materials. Adv. Mater 2015, 27, 7775–7781. [CrossRef]
[PubMed]

60. Zhan, B.; Liu, Y.; Zhou, W.-T.; Li, S.-Y.; Chen, Z.-B.; Stegmaier, T.; Aliabadi, M.; Han, Z.-W.; Ren, L.-Q. Multifunctional 3D
GO/g-C3N4/TiO2 foam for oil-water separation and dye adsorption. Appl. Surf. Sci. 2021, 541, 148638. [CrossRef]

61. Zhang, L.; Yang, X.; Jiang, B.; Sun, Y.; Gong, Z.; Zhang, N.; Hou, S.; Li, J.; Yang, N. Superhydrophilic and underwater
superoleophobic Ti foam with robust nanoarray structures of TiO2 for effective oil-in-water emulsion separation. Sep. Purif.
Technol. 2020, 252, 117437. [CrossRef]

62. Yang, X.; Yan, L.; Wu, Y.; Liu, Y.; Shao, L. Biomimetic hydrophilization engineering on membrane surface for highly-efficient
water purification. J. Membr. Sci. 2019, 589, 117223. [CrossRef]

63. Li, Z.; Wu, J.; Yue, X.; Qiu, F.; Yang, D.; Zhang, T. Study on the application of waste bricks in emulsified oil-water separation.
J. Clean. Prod. 2020, 251, 119609. [CrossRef]

64. Yang, H.-C.; Pi, J.-K.; Liao, K.-J.; Huang, H.; Wu, Q.-Y.; Huang, X.-J.; Xu, Z.-K. Silica-decorated polypropylene microfiltration
membranes with a mussel-inspired intermediate layer for oil-in-water emulsion separation. ACS Appl. Mater. Interfaces 2014, 6,
12566–12572. [CrossRef] [PubMed]

65. Li, Z.; Qian, W.; Chen, Y.; Xu, P.; Li, J.; Yang, J. A new treasure in industrial solid waste—Coal fly ash for effective oil/water
separation. J. Taiwan Inst. Chem. Eng. 2021, 118, 196–203. [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://doi.org/10.3390/polym11050806
https://www.ncbi.nlm.nih.gov/pubmed/31064062
https://doi.org/10.1021/acsami.8b14052
https://www.ncbi.nlm.nih.gov/pubmed/30365880
https://doi.org/10.1016/j.seppur.2020.116592
https://doi.org/10.1002/adma.201503502
https://www.ncbi.nlm.nih.gov/pubmed/26501390
https://doi.org/10.1016/j.apsusc.2020.148638
https://doi.org/10.1016/j.seppur.2020.117437
https://doi.org/10.1016/j.memsci.2019.117223
https://doi.org/10.1016/j.jclepro.2019.119609
https://doi.org/10.1021/am502490j
https://www.ncbi.nlm.nih.gov/pubmed/24998407
https://doi.org/10.1016/j.jtice.2020.12.026

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Superwetting Melamine Sponge (SMS) with Switchable Wettability 
	Preparation of Various Emulsions 
	Oil/Water Mixtures Separation Experiments 
	Emulsions Separation Experiments 
	Instruments and Characterization 

	Results 
	Preparation, Morphological Analysis and Surface Chemical Compositions of Melamine Sponges 
	Wettabilities of Sponges 
	Oil/Water Mixtures Separation Performance of the SMS 
	Oil/Water Mixtures Separation Mechanism 
	Emulsions Separation Performance of the SMS 

	Conclusions 
	References

