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Abstract
The separation of oil–water mixtures is a widely utilized unit operation, used for handling a wide variety of mixtures from industry including:
petroleum drilling and refining, fracking, waste-water treatment, mining, metal fabrication and machining, textile and leather processing, and
rendering. Membrane-based methods have become increasingly attractive for the separation of oil–water mixtures because they are relatively
energy-efficient, can be readily used to separate a variety of industrial feed streams, and provide consistent permeate quality. In this perspec-
tive, we discuss the design strategies for membranes with selective wettability i.e., membranes that are either selectively wet by, or prevent
wetting by, the oil or water phase. The design strategies include the parameterization of two important physical characteristics: the surface
porosity and the breakthrough pressure. We also discuss how they are related for membranes with a periodic geometry. On the basis of
this understanding, we explore principles that allow for the systematic design of membranes with selective wettability. A review of the current
literature on the separation of oil–water mixtures using membranes with differing wettabilities is also presented. Finally, we conclude by dis-
cussing the current challenges and outlook for the future of the field.

Introduction
The separation of oil–water mixtures is a widely utilized unit
operation, used for handling a wide variety of mixtures from in-
dustry, including petroleum drilling and refining, fracking,
waste-water treatment, mining, metal fabrication and machin-
ing, textile and leather processing, and rendering.[1] The limita-
tions on oil and grease content set by the US Environmental
Protection Agency have become increasingly stringent over
the years. The best available technology limit on oil and grease
discharge in produced water is now 42 mg/L for any one day,
with a 29 mg/L 30, consecutive-day average.[2] Depending on
the industry, the oil and grease concentrations in the untreated ef-
fluent can typically range from a few hundred to 200,000 mg/L.[3]

The mixtures, produced from various industries, range from
free oil and water, to surfactant-stabilized oil–water emulsions.
Emulsions can be particularly difficult, energy intensive, and
expensive to separate. The large volumes of contaminated mix-
tures, including from accidents such as the Deepwater Horizon
spill, necessitate the development of durable, cost-effective

means of selectively separating oil, and water mixtures with a
high-volume throughput.

The difficulties associated with separating oil–water mix-
tures depend primarily on the dispersed phase size and its
stability in the mixture. Mixtures of oil and water are classified,
in terms of the diameter (d ) of the dispersed phase, as free oil
and water if d > 150 μm, a dispersion if 20 μm ≤ d≤ 150 μm, or
an emulsion if d < 20 μm.[1] The stability of oil–water emul-
sions is greatly enhanced by the addition of surfactants,
which decreases the interfacial tension between the oil and
water phases, and hinders the coalescence of droplets.[4]

Numerous methods, including gravity separation, flotation,
oil-absorbing materials, electrocoagulation, and flocculation,
have traditionally been used to separate oil–water mix-
tures.[1,5–9] Gravity separation or skimming is effective for sep-
arating free oil and water; however, it is unsuitable for the
separation of smaller oil droplets or oil–water emulsions.[6]

Flotation uses streams of air bubbles to enhance coalescence
of smaller oil droplets, and it is typically followed by demulsi-
fication (i.e., conversion of an oil–water emulsion to a free oil
and water) with chemicals and/or heat.[8,10] Porous materials
have also been widely used to absorb oil from water in case
of oil-spills in the ocean. However, these materials absorb not† These authors contributed equally to this work.
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only oil, but also water, due to a lack of selectivity, resulting in
low separation efficiency.[11,12] Electric-field-driven coales-
cence or chemical addition can be effective for demulsifying
emulsions, but these methods typically lead to significant ener-
gy consumption and secondary pollution.[9,13]

Membrane-based methods have become increasingly attrac-
tive for the separation of oil–water mixtures because they are
relatively energy-efficient, can be readily used to separate a va-
riety of industrial feed streams and provide consistent permeate
quality.[1,6] There are also some disadvantages associated with
membrane-based oil–water separation; the biggest drawback is
membrane fouling due to surfactant adsorption or pore
plugging by oil droplets, resulting in diminished permeate
flux.[14,15]

Research on membranes with selective wettability promises
to improve the separation efficiency, as well as, imbue anti-
fouling properties to oil–water separating membranes.[1] If a
membrane demonstrates a different wettability with water ver-
sus oil, it may be useful for the extremely efficient separation of
oil–water mixtures.[16] This idea has led to a large number of
membranes with selective wettability being developed and ap-
plied for separating a range of different oil–water mixtures.

Fundamentals of wettability
A surface’s wettability is commonly characterized by a contact
angle.[17] On a non-textured (or smooth) surface, the equilibri-
um contact angle θ is given by Young’s relation[18]:

cos u = gSV − gSL
gLV

. (1)

Here γ is the interfacial tension between two phases and S, L,
and V refer to the solid, liquid, and vapor phases, respectively.
Thus, γSV is the interfacial tension between the solid and
vapor phases, and it is commonly called the solid surface
energy. γLV is typically referred to as the liquid surface tension.

Based on previous literature,[19–21] the wettability of the solid
surface can be classified into four regimes using contact angles
for water: superhydrophobic (θwater > 150°), hydrophobic (HP)
(θwater > 90°), hydrophilic (HL) (θwater < 90°), and superhydro-
philic (θwater∼ 0°). Similarly, based on contact angles for a
low surface tension liquid such as an oil or alcohol, surfaces
are considered superoleophobic (θoil > 150°), oleophobic (OP)
(θoil > 90°), oleophilic (OL) (θoil < 90°), and superoleophilic
(θoil∼ 0°). Typically superhydrophobic or superoleophobic
surfaces are referred to as super-repellent surfaces.

When a liquid droplet is placed on a textured (or rough) sur-
face, the apparent contact angle (θ*) on the surface can be sig-
nificantly different from the Young’s contact angle θ. The
addition of a liquid droplet to a textured surface may lead to
either the ‘fully-wetted’ Wenzel[22] or the Cassie-Baxter[23]

state, forming a composite solid–liquid–air interface. The
Wenzel state exists when the liquid fully permeates and wets
the textured surface, as seen in Fig. 1(a). In this state, the overall
free energy reaches its minimum when the apparent contact
angle becomes θ*, given by the Wenzel relation as[22]:

cos u∗ = r cos u. (2)

Here r is the surface roughness defined as the ratio of the ac-
tual surface area to the projected surface area. Per its definition,
r≥ 1. Consequently, roughness yields a lower apparent contact
angle for a liquid with θ < 90°. On the other hand, a higher ap-
parent contact angle can be achieved for a liquid with θ > 90°.

The Cassie–Baxter state exists when air is trapped under-
neath the liquid droplet, forming a composite solid–liquid–air
interface, as seen in Fig. 1(b). The apparent contact angles in
this state can be calculated using the Cassie–Baxter relation,[23]

given as:

cos u∗ = fSLcos u+ fLV cosp = fSL cos u− fLV. (3)

This relation describes how the apparent contact angle var-
ies with the local areal fractions of the solid–liquid (fSL ) and
the liquid–air (fLV ) interfaces in the vicinity of the triple-phase
(solid–liquid–air) contact line.[24] For most surfaces, the local
and global areal fractions are equivalent.

Both the Wenzel and the Cassie–Baxter relations provide
correlations between the apparent contact angle θ* and the
Young’s contact angle, θ, based on free-energy analysis. It is
evident from Eqs. (2) and (3) that higher apparent contact an-
gles can be encouraged in either the Wenzel state, if θ > 90°
and r≫ 1, or in the Cassie–Baxter state, if fSL≪ 1. However,
contact angle hysteresis (i.e., the difference between the advanc-
ing and receding contact angles) for the two states can be signifi-
cantly different. The difference between the advancing (the
maximum contact angle on a given surface) and receding
(the minimum contact angle on a given surface) contact angles
arises due to the presence of multiple metastable energy states
on real, heterogeneous surfaces.[25] Typically, the contact angle

Figure 1. Liquid droplets on textured surfaces. The (a) Wenzel and (b)
Cassie–Baxter states are shown. In the diagrams, R is the feature radius, 2D
is the inter-feature spacing, θ is the equilibrium contact angle, θ* is the
apparent contact angle, and ψ is the texture angle. Adapted from Kota
et al.[21] © 2014 with permission from Nature Publishing Group.
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hysteresis in the Wenzel state is larger than in the Cassie–Baxter
state. This is because the solid–liquid interface is pinned on the
textured surface.[26] By contrast, a composite solid–liquid–air in-
terface in the Cassie–Baxter state leads to lower contact angle
hysteresis and higher apparent contact angles when the contact
area between the solid and the liquid is small.[26,27]

Consequently, the development of composite interfaces is essen-
tial for fabricating super-repellent surfaces.

Robust composite interfaces
Although the development of composite interfaces is necessary
in engineering super-repellent surfaces, the details of the sur-
face texture can significantly affect the stability of such an in-
terface. Previous literature[28–31] revealed that the formation
of the stable Cassie–Baxter state is possible only if the
Young’s contact angle θ is greater than the local texture
angle ψ. To illustrate this, two types of surface texture are con-
sidered here [Figs. 2(a) and 2(b)]. The surface texture shown in
Fig. 2(a) (texture angle ψ > 90°) can lead to the formation of a
composite interface when θ≥ ψ. If θ < 90°, which is common
for low surface tension liquids such as different oils on most
surfaces, then the surface texture cannot maintain a stable com-
posite interface, regardless of its surface energy or composition.
However, for the same low surface tension liquid with θ < 90°,
it is possible to support a composite interface as long as θ≥ ψ.
Such surface geometry with ψ < 90° is known as re-entrant tex-
ture. Re-entrant texture allows for the formation of a composite
interface with low surface tension liquids, which may lead to
OP or superoleophobic properties. Further design strategies
for increasing the robustness (repellency with high break-
through pressure) of a composite interface are described in
the following section.

Design strategies for membranes with
selective wettability
Systematic design of membranes for oil–water separation re-
quires the parameterization of two important physical charac-
teristics.[32] One is surface porosity, which affects the rate of
liquid permeation through the membrane. It is evident from
the Hagen–Poiseuille relation[33] that the volumetric flow rate
Q∝ r4 (here r is the pore radius), when all other parameters
are held constant. As the pore diameter decreases, viscous resis-
tance to fluid flow through the membrane pores increases and
consequently, the flux decreases. Although the Hagen–
Poiseuille relation provides a correlation between the flow
rate and the pore size, it does not account for the spacing be-
tween the pores, which also impacts flux. Previous
work[19,30,34,35] discussed the spacing ratio,D*, which provides
a dimensionless measure of surface porosity by considering
both the pore size and spacing. For membranes possessing a
predominantly cylindrical texture, such as interwoven meshes
or fabrics, D∗cylinder = (R+ D)/R. Here R is the radius of a cyl-
inder and 2D is the inter-cylinder spacing. Surface porosity in-
creases with increasing D*. Thus, membranes with higher

values of D* will show a higher permeation rate for a given
contacting liquid.

The other critical physical characteristic is the breakthrough
pressure (Pbreakthrough), defined as the maximum pressure differ-
ential across the membrane up until which the membrane pre-
vents the permeation of a given liquid. To parameterize
Pbreakthrough for a known surface texture and chemistry, previ-
ous work[30,34–36] discussed the robustness factor A*. This
dimensionless value is obtained by scaling Pbreakthrough with
respect to a reference pressure Pref = 2γLV/lcap. Here

lcap =
���������
gLV/rg

√
is the capillary length of a liquid, ρ is the liq-

uid density and g is the acceleration due to gravity. Pref is close
to the minimum possible pressure differential across a
millimeter-sized liquid droplet or a puddle.[30] Consequently,
large values of A* (A*≫ 1) indicate the formation of a robust
composite interface with a high Pbreakthrough. On the other hand,
membranes with robustness factor A*≤ 1, for a given contact-
ing liquid, cannot support a composite interface, allowing the
contacting liquid to penetrate into the pores and be fully im-
bibed. The robustness factor, for a surface possessing predom-
inantly cylindrical texture, is given as[34,36]:

A∗cylinder =
Pbreakthrough

Pref

= lcap
R(D∗cylinder − 1)

(1− cos u)
(D∗cylinder − 1+ 2sinu) . (4)

For the effective separation of oil and water, membranes
must be designed for a high permeation rate of one phase
(e.g., water) and simultaneously, a high breakthrough pressure
for the other phase (e.g., oil). This can be achieved by maxi-
mizing the two design parameters D* and A*.

However, D* and A* are strongly coupled for membranes
with a periodic, cylindrical geometry,[30,34,36] as is evident
from Eq. (4). The value of D* can be increased by either

Figure 2. Composite interfaces and hierarchical texture. (a) A Cassie–Baxter
state on a concave texture with ψ > 90° and θ > 90°. (b) A similar state exists
with a lower surface tension liquid (θ < 90°) on convex, re-entrant texture
(ψ < 90°). (c) A hierarchical texture combines coarser and finer textures to
maximize the solid–air interface. Adapted from Kota et al.[21] © 2014 with
permission from Nature Publishing Group.
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increasing D or reducing R, both of which lead to a decrease in
A*. As discussed above, it is crucial to increase A* without af-
fecting D* in order for the membranes to maintain a high rate of
permeation for one phase (e.g., water), and a high breakthrough
pressure for the other (e.g., oil) simultaneously. Such an en-
hancement can be achieved by introducing low surface energy
materials on the solid surface, which leads to an increase in the
values of Young’s contact angle θ. Using this approach, the
values of A* and the breakthrough pressure can be increased
without changing the membrane geometry. However, lowering
the surface energy of the solid may result in omniphobic surfac-
es, which repel both water and oil.[30,37,38] Consequently, mem-
branes with such surfaces may not allow selective permeation
of one phase over the other phase. As described by Kota
et al.,[21] there are other design methods for increasing A* with-
out affecting D* and vice versa. Utilizing a finer length scale
texture, which decreases both R and D in such a way that the
spacing ratio, D*, remains constant, will increase A* according
to Eq. (4). On the other hand, D* can be increased, while A*
remains constant, by adding hierarchical scales of texture.
This is due to composite interfaces being the least stable on
the largest scale of texture. Therefore, A*hierarchical≈ A*micro,
if both micro and nanostructures are present, while
D*hierarchical≫D*micro due to the extra air captured within the
multiple texture scales. Both A* and D* can be maximized in
this way for fabricating a robust membrane with a high perme-
ation rate.

Membranes possessing high A* values for one phase
(A∗liquid 1 ≫ 1), as well as small A* values for the other phase
(A∗liquid 2 ≤ 1), allow for selective permeation of one liquid

over the other. Such membranes can be achieved by developing
surfaces that display significant differences between θwater and
θoil. In general, membranes can be categorized into four groups
based on their contact angles with oil and water (Fig. 3): (A)
HP/OL, (B) HL/OL, (C) HL/OP, and (D) HP/OP. In the
following sections, we discuss recent developments and pro-
gress on membranes used for the separation of oil and water,
and where they fall on the diagram shown in Fig. 3.

Membranes with selective wettability
Hydrophobic and oleophilic membranes
One variation of surfaces with selective wettability is a sub-
strate that is both HP and OL. There are a few examples
of this in nature, such as the lotus leaf and duck feathers.
Many groups have been using this form of wettability to selec-
tively separate oil and water mixtures by creating membranes
that allow various oils to permeate while repelling water.
Typically, such membranes are developed by coating a mate-
rial with selective wettability onto porous substrates. A range
of flexible and rigid substrates have been used for this pur-
pose, including stainless steel and copper meshes, polymers,
textiles, and filter papers. It should be noted that a number
of previous publications fail to explicitly discuss if the mea-
sured contacts angles are advancing, receding, or static. In

this review, we have provided the contact angles (advancing,
receding, or static) exactly as described in the original
publication.

Feng et al.[39] spray coated an aqueous 30 wt% poly-
tetrafluoroethylene (PTFE) emulsion, also containing an
adhesive, a dispersant and a surfactant, onto a stainless-steel
mesh. After half an hour in a 350 °C oven, the solvent evapo-
rated. Some other organic, non-Teflon components were de-
composed at this temperature, leaving behind a rough PTFE
surface [Figs. 4(a) and 4(b)]. The surface contained micro
and nanoscale roughness yielding a static θ*water = 156.2 ±
2.8° and θ*diesel oil = 0 ± 1.3° [Figs. 4(c) and 4(d)]. A free diesel
oil and water mixture was poured over the developed mem-
brane, which was mounted at approximately 45° in a glass
tube to allow the lower density diesel oil to contact the mem-
brane. It allowed for the separation of the diesel oil and water
under gravity with >95% separation efficiency. PTFE was
also used in conjunction with ZnO on a stainless-steel mesh
by Wu et al.[40] A 0.2 M zinc acetate solution was spray coated
onto a cleaned mesh at 180 °C to form ZnO seeds. Following
spray coating, the ZnO crystals on the mesh were grown further
in a basic 0.1 M zinc acetate solution. Finally, the rough ZnO
surface was spin coated with PTFE to create a low surface en-
ergy, hierarchically textured surface. This led to the formation
of 1–2 μm sized flowers and nanorods. On the fabricated sur-
face, static θ*water = 157° (sliding angle of <5°) and static
θ*diesel oil was nearly 0°. To demonstrate the separation ability
of the surface with diesel oil and water, droplets of each were
simultaneously poured on the membrane. The water rolled off
the surface, while the oil passed through the mesh. Tuteja
et al.[19] achieved a superhydrophobic and superoleophilic
surface by electrospinning fluorodecyl polyhedral oligomeric
silsesquioxane (POSS)–poly(methyl methacrylate) (PMMA)
fibers onto a steel mesh. A fibrous mat with multiple scales
of texture was achieved, with the f-POSS bringing additional
roughness to the “beads on a string” fibers. θ*water = 161 ± 2°
and θ*alkane = 0° for a membrane created by electrospinning a
9.1 wt% f-POSS in PMMA mixture. With the membrane sus-
pended above a glass jar, a free octane and water mixture
was cleanly separated.

Other groups have worked to chemically modify the under-
lying porous substrate. Wang et al.[41] used a stainless steel
mesh modified with 1H, 1H, 2H, and 2H-perfluoroalkyltrie-
thoxysilane. The surface displayed θ*water = 148.2° and
θ*diesel = 0°. The developed membrane was used to separate
two different oil and water mixtures: xylene/water (94.0 wt%
water) and diesel/water (95.1 wt% water). The membrane
allowed the oils to permeate through, while the water was re-
tained. For the xylene/water system, the permeate contained
0.081 wt% water, whereas for the diesel/water system, 0.028
wt% water was measured in the permeate. Cao et al.[42] coated
a stainless steel mesh with a polydopamine (PDA) film to act as
an adhesive layer for the subsequent addition of n-dodecyl mer-
captan (NDM) by a Michael’s addition reaction [Fig. 4(e)]. The
surface was covered with nano-papillae, which along with the
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NDM, yielded a HP surface. They found θ*water = 143.8 ± 1.0°
and θ*diesel oil close to 0°. To test the oil–water separation abil-
ity, the membrane was placed inside a glass tube and the tube
was tilted at a 15° angle to allow the oil to contact the mesh,
despite the density difference between the oil and water
[Figs. 4(f) and 4(g)]. Diesel/water, petroleum ether/water, and

gasoline/water mixtures were separated with η = 98.1% effi-
ciency for diesel/water and η > 99.7% for the other two separa-
tions [Fig. 4(h)].

Several groups have also used a modified copper mesh sub-
strate for the separation. Wang et al.[43] achieved hierarchical
copper surfaces by cathodic electrodeposition on copper
meshes. Copper microclusters with 30–50 nm nanoparticles
were developed on the mesh surface, and the textured copper
meshes were soaked in a solution of n-dodecanoic acid for
12 h to yield θ*water = 158 ± 2° (and a 2° sliding angle), while
θ*diesel oil was ≈0°. The developed superhydrophobic and
superoleophilic membrane was found to be an effective diesel
oil and water separator. Wang and Guo[44] used a similar elec-
trochemical approach and deposited a ∼2 μm thick coating of
copper nanoparticles on top of a copper mesh followed by
n-octadecyl thiol grafting [Figs. 5(a) and 5(b)]. θ*water =
154.1° and θ*chloroform = 0° were achieved, and a mixture of
chloroform and water was separated by the prepared mesh
mounted inside a tube [Figs. 5(c) and 5(d)]. Wang et al.[45] uti-
lized the nitric acid etching of a copper mesh, followed by
chemically modifying the surface with hexadecanethiol [Figs.
5(e) and 5(f)]. The mesh showed θ*water = 153 ± 1° (<5° sliding
angle), while diesel oil permeated through the mesh (θ*diesel =
0°). Diesel oil and water separation was demonstrated by pour-
ing a mixture onto a mesh at the opening of a test tube. The
diesel permeated through, while the water rolled off into a
secondary beaker [Figs. 5(g) and 5(h)].

Figure 3. Membrane classification based on selective wettability for oil and
water. A membrane is HP/OL when θ*water > 90° and θ*oil < 90°, HL/OL when
θ*water < 90° and θ*oil < 90°, HL/OP when θ*water < 90° and θ*oil > 90°, and
HP/OP when θ*water > 90° and θ*oil > 90°.

Figure 4. Coated stainless steel meshes with selective wettability. (a,b) Textured Teflon coating on stainless steel mesh. (c,d) The superhydrophobic and
superoleophilic nature of the mesh. Reproduced from Feng et al.[39] © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim with permission from John Wiley
& Sons, Inc. (e) The fabrication of a NDM treated mesh. (f,g) The separation of a hexane-water mixture with the apparatus at a 15° tilt angle. (h) Efficiencies for
the separation of a variety of oils and water with the PDA–NMD mesh. Adapted with permission from Cao et al.[42] Copyright 2013 American Chemical Society.
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Liu et al.[46] fabricated a textured copper mesh with HP/OL
wetting properties, which could be reversibly switched to HL
and underwater OP [Figs. 6(a) and 6(b)]. A copper mesh was
textured with Cu(OH)2 nanoneedles by oxidation with 0.05 M

K2S2O8 and 1.0 M NaOH [Figs. 6(c)–6(e)]. The as-prepared
membrane was found to be superhydrophilic. After surface
modification using a self-assembling monolayer of stearic

acid, formed by dipping the membrane in a 0.05 M solution
for 5 min, the membrane became superhydrophobic and
superoleophilic with θ*water = 155.4 ± 1.3° and θ*diesel = 0°.
This mesh could separate diesel oil and water mixtures by
allowing oil to permeate through, while retaining water
[Figs. 6(f) and 6(g)]. Interestingly, the surface wettability was
altered to superhydrophilic and underwater superoleophobic

Figure 5. Copper mesh modification and separation ability. (a) and (b) SEM images of a copper mesh coated with Cu nanoparticles. (c,d) The separation of
chloroform and water with the as-prepared copper mesh. Reprinted with permission from Wang and Guo.[44] © 2013 AIP Publishing LLC. (e,f) Etched and
1-hexadecanethiol treated copper mesh with 135 μm pore size and “nano-hills.” (g,h) Removal of diesel oil from water as the oil permeates and the water rolls off
the mesh into the surrounding vial. Adapted with permission from Wang et al.[45] Copyright 2009 American Chemical Society.

Figure 6. The switchable wetting of stearic acid modified Cu(OH)2 nanoneedles on a copper mesh. (a,b) Schematics illustrating the switchable wettability for the
mesh. Stearic acid self-assembled monolayer (SAM) provides superhydrophobicity, while THF desorbs this layer to provide a superhydrophilic and underwater
superoleophobic mesh. SEM images are provided, with high magnification insets, of (c) a mesh with Cu(OH)2 nanoneedles, (d) a SAM modified mesh, and (e) a
THF desorbed mesh. (f) A diesel–water mixture was tested on the membrane showing that the SAM modified mesh allowed diesel permeation (g), while the THF
desorbed mesh permeated water (h,i). Adapted with permission from Liu et al.[46] Copyright 2014 American Chemical Society.
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by immersion in tetrahydrofuran (THF) for 5 min due to the
desorption of stearic acid. Such wettability reversal allowed
water to permeate through while retaining diesel oil, leading
to switchable oil–water separation [Figs. 6(h) and 6(i)].
Copper meshes have also been coated with polymers to
achieve HP/OL properties. Crick et al.[47] deposited Sylgard
184 silicone elastomer (PDMS) on copper meshes using
aerosol-assisted chemical vapor deposition (AACVD). The
PDMS-based elastomer was dissolved in chloroform and
used in the AACVD process to develop 3–5 μm tall micropil-
lars on the mesh surface, which became superhydrophobic
with θ*water = 152°–167° for various mesh sizes. The toluene,
petroleum ether, and hexane contact angles on the fabricated
mesh were θ*oil = 0°. The membrane was used to separate
mixtures of water/toluene, water/petroleum ether, and water/
hexane. Almost no water permeated through the mesh, and
greater than 99% of the oil phase could be removed from the
water.

Not all membranes have used metal meshes as the substrate;
polymeric substrates have also been found to work well. The
porous polymer substrates with desired wetting properties
may be formed directly, or they may be modified through
additional texture and chemical treatments, as necessary.
Shang et al.[48] formed a nanofiber membrane substrate from
electrospun cellulose acetate. Thermosetting 2,2-bis(3-m-
trifluoromethylphenyl-l-3,4-dihydro-2H-1,3-benzoxazinyl)
propane (BAF-tfa) monomer and SiO2 nanoparticles (7–40 nm)
were added on top by dip coating, followed by polymerization
at 190 °C. The HP polymer is referred to as fluorinated
polybenzoxazine (F-PBZ) and binds the nanoparticles to the
cellulose acetate fibers. The particles add hierarchical rough-
ness, while the F-PBZ provides a low surface energy. The
fiber diameter and roughness were controlled by varying the
wt% of BAF-tfa and SiO2 nanoparticles in the dip coating

solutions [Fig. 7(a)]. A static contact angle of up to θ*water =
161° was measured, along with a θ*dichloromethane = 3°. This
membrane was shown to quickly separate a dichloromethane
and water (50%, v/v) mixture [Fig. 7(b)]. Tang et al.[49] contin-
ued this work, with a F-PBZ coating on an electrospun sub-
strate, to improve the physical properties of the membrane.
Their synthesis procedure was very similar, but the materials
were slightly different. The cellulose acetate was exchanged
for poly(m-phenylene isophthalamide) with added multi-walled
carbon nanotubes. Also, a new version of F-PBZ was utilized;
the new monomer was 2,2-bis(3-octadecyl-3,4-dihydro-2H-
1,3-benzoxazinyl)hexafluoro propane (BAF-oda). The
coating allowed the membrane to achieve θ*water = 161° and
θ*dichloromethane = 0° and to cleanly separate a mixture of
dichloromethane and water (50% v/v). By adjusting the poly-
mers used in this work, this new membrane was stable up to
350 °C, resistant to hot water at 80 °C, and showed a mechan-
ical strength of 40.8 MPa.

Huang et al.[50] developed another method for achieving
HP/OL membranes with fluorinated benzoxazine using silica
nanofibers, alumina (Al2O3) nanoparticles, and 3-[3-(trifluoro-
methyl)phenyl]-2H-benzoxazine-6-carbaldehyde (BAF-CHO)
monomer [Fig. 8(a)]. θ*water = 161° and θ*rapeseed oil = 0°,
and the membrane could gravity separate a surfactant-
stabilized water-in-petroleum ether, micron-scale emulsion
[Figs. 8(b) and 8(c)]. The petroleum ether phase was shown
to pass through the membrane under gravity, while retaining
the water [Fig. 8(b)]. The filtrate showed no water droplets, in-
dicating almost complete separation [Fig. 8(c)].

Zhang et al.[51] utilized a phase-inversion process to form a
hierarchical poly(vinylidene fluoride) (PVDF) membrane for
separating surfactant-stabilized emulsions. The PVDF solution
was first prepared in N-Methylpyrrolidone followed by drop
casting onto a PTFE substrate. This was subsequently dipped

Figure 7. F-PBZ/SiO2 nanoparticle-modified, electrospun cellulose acetate membranes. (a) The fabrication strategy for a nanofibrous membrane produced
using electrospinning and (b) the separation ability of the fabricated membrane tested with a 50% v/v mixture of dichloromethane and water. Adapted from
Shang et al.[48] © 2012 with permission from The Royal Society of Chemistry.
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in water for phase inversion, and the resulting PVDFmembrane
was peeled off the PTFE substrate. The prepared PVDF mem-
brane showed microparticles, with surface nanostructure, inter-
connected by fibers. The membrane showed θ*water = 158° and
θ*dichloromethane < 1°, and the separation capability was tested
with water-in-oil emulsions (5–20 μm droplets), with and with-
out surfactant. The oils used included: petroleum ether, toluene,
isooctane, and dichloromethane. The membranes could sepa-
rate the various water-in-oil emulsions under gravity with η >
99.95% separation efficiency.

Multiple groups have been successful in modifying com-
mercially available filter papers to impart them with HP/OL
properties. Wang et al.[52] fabricated HP/OL membranes by
dip coating a cellulose filter paper in a solution containing
polystyrene and PDMS-modified, HP silica nanoparticles.
The polystyrene and silica nanoparticles were used in a 1:1
mass ratio for optimum results. A static θ*water = 157 ± 2°
was measured, while diesel oil spread and permeated
through the surface (θ*diesel oil = 0°). Using this membrane,
mixtures of diesel oil and water, with volume ratios ranging
from 1:15 to 1:1 (oil:water), demonstrated a separation
efficiency η > 96% upon pouring over the membrane.
Du et al.[53] fabricated a polystyrene film, with embedded
PTFE nanoparticles (200 nm), on top of filter paper (15–
20 μm pore size) to achieve superhydrophobic and supero-
leophilic membranes. PTFE and polystyrene nanoparticle
colloidal solutions, 6 and 1 wt%, respectively, were mixed
in a 3:2 ratio. The filter paper was dipped in the solution
for 30 min, and then heated at 220 °C for 20 min to melt
only the polystyrene nanoparticles, while retaining rough-
ness from the PTFE nanoparticles. The θ*water = 155 ± 2°
and θ*hexane = 0° on the developed membranes. To test the
separation ability, a hexane and water mixture was poured
over the membrane inside a funnel. The membrane allowed

only the hexane to permeate through, yielding a η > 99%
separation efficiency.

Carbon is also useful, when used in conjunction with
polymers and filter papers, for forming composite membranes
that are HP/OL, as well as electrically conductive. Asthana
et al.[54] utilized combinations of carbon black (CB), graphene
nanoplatelets (GNP), and carbon nanotubes (CNT) with
Capstone ST-100 fluoroacrylic polymer to achieve conducting,
HP/OL membranes. A 2 wt% solution of the fluoropolymer
and a separate 2 wt% solution of the various carbon fillers
were made. The two solutions were mixed to achieve the de-
sired carbon filler to polymer ratio. Different ratios of carbon
fillers and fillers-to-polymer were tested until the best overall
mixture for water-impalement resistance and conductivity
was found to be a 1:1:2 CB:GNP:Polymer mass ratio. The pre-
pared solution mixture was drop cast onto cellulose filter paper
and cured at 160 °C to melt the polymer. The rough hierarchical
surface showed superhydrophobicity with θ*water > 150° and
oleophilicity with θ*mineral oil = 0°. A mineral oil (ρoil = 0.838
g/mL) and water (1:1 v/v) mixture was completely gravity
separated with the CB/GNP membrane inside a funnel. The
funnel geometry allowed the lower density oil to contact the
membrane.

Shi et al.[55] fabricated films composed of purely single-
walled carbon nanotubes (SWCNTs). This film met the need
for achieving the thinnest membrane possible, while maintaining
a useful pore size for maximum permeation rates. A SWCNT
suspension was filtered through a mixed cellulose ester (MCE)
membrane to form the film. Immersion in acetone dissolved
the MCE membrane and the SWCNT film floated to the surface
[Fig. 9(a)]. Membranes with thicknesses of 30–120 nm and cor-
responding pore sizes of 200–20 nm were fabricated. For static
droplets on the 70 nm thick membrane, θ*water = 94° and
θ*dichloromethane = 0°. The film was placed on a ceramic support

Figure 8. F-PBZ/Al2O3 nanoparticle-modified, electrospun silica nanofibrous (SNF) membranes. (a) Procedure for the synthesis of relatively durable
nanofibrous membranes (b) The gravity-driven separation of a span80-stabilized water-in-petroleum ether nanoemulsion. (c) The optical clarity of the oil after
separation is apparent in the photograph and optical micrographs. Adapted from Huang et al.[50] © 2013 with permission from The Royal Society of Chemistry.
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for liquid separation testing [Fig. 9(b)], and several different
emulsions, both surfactant-free and surfactant-stabilized
water-in-oil emulsions, were separated, including water-in-petro-
leum ether and span80-stabilized water in toluene emulsions
[Fig. 9(c)]. All separations showed no water droplets in the oil
permeate, and the oil was tested to be >99.95 wt% pure, while
maintaining very high permeation rates up to 107,140 L/m2/h/
bar for the 30 nm thick film (obtained using surfactant-free
water-in-petroleum ether emulsion).

Zhang and Seeger[56] modified polyester textiles to achieve
superhydrophobic and superoleophilic membranes through the
chemical vapor deposition of trichloromethylsilane, which grew
silicone nanofilaments on the textile [Figs. 9(d) and 9(e)]. The
rough, fibrous surface helped achieve superhydrophobicity
(θ*water > 150°), with a water roll-off angle of ω = 3° and
θ*octane = 0°. A mixture of octane and water was separated by
pouring it over the membrane [Fig. 9(f)].

Li et al.[57] achieved superhydrophobic coatings by adding
family VIII and IB metal oxide nanocrystals and octadecyl
thiol to textiles (65% polyester and 35% cotton). Nanocrystal
suspensions were formed and the textiles were dipped in
them for 5 min. After washing and drying the textiles, they
were dipped in 20 mM octadecyl thiol for 24 h to become HP/
OL. They obtained θ*water > 150° and θ*hexane = 0°. A mixture
of hexane and water was poured on the membrane mounted in a
tube, and the hexane permeated quickly while retaining the
water. No water was found in the hexane permeate.

Kavalenka et al.[58] turned to a biodegradable and non-toxic
alternative for achieving a superhydrophobic and superoleo-
philic surface. They processed lignin and wood fibers to create

a microhaired membrane by hot pulling their “liquid wood”
polymer, Arbofill® spruce. The surface fibers were about 5
μm in diameter and >200 μm long. A static θ*water = 153.8
± 2.1° and an oil contact angle θ*Total Azolla ZS 10 = 0° were
measured. The oil and water separation ability was demon-
strated by placing drops of Total Azolla ZS 10 (hydraulic
oil) and water mixture onto the surface; the oil permeated,
while the water was retained.

Although many different methods have now been devel-
oped for separating oil and water mixtures with a HP/OL
membrane, there are inherent difficulties with this type of wet-
tability. First, gravity separation is prevented if water contacts
the membrane before oil, due to its higher density and the hy-
drophobicity of the membrane. Secondly, these membranes
encounter fouling, as oils adsorb to the membrane surface,
which decreases the desired oil flux.[59,60] This can add signif-
icant downtime, cleaning, and membrane replacement costs
when using these types of membranes. To overcome these dis-
advantages, membranes with other selective wettabilities have
also been explored.

Hydrophilic and oleophilic membranes
Recently, a new concept of underwater superoleophobic surfac-
es has been proposed, which was inspired by the non-wetting
behavior of oil droplets on fish scales underwater.[61] From
Young’s relation [see Eq. (1)], it is clear that HL surfaces in
air can become OP when underwater.[61,62] In the presence of
HL rough structures, water readily wets and fills all the cavities
present on the surface, leading to a composite solid–oil–water
interface. Similar to the composite solid–oil–air interface

Figure 9. SWCNTs and silicone nanofilament membranes. (a) A TEM image of a 70 nm thick SWCNT film showing its interlaced structure. (b) The SWCNT
film supported by a steel hoop and (c) the selective permeation of oil from an emulsion using this film. Reproduced from Shi et al.[55] © 2013 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim with permission from John Wiley & Sons, Inc. (d,e) Silicone nanofilaments grown on a polyester textile. (f) The
simple separation of an octane and water mixture. Reproduced from Zhang et al.[56] © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim with permission
from John Wiley & Sons, Inc.
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formed on superoleophobic surfaces in air, this new composite
interface prevents the permeation of oil droplets, yielding un-
derwater superoleophobicity. Such superhydrophilic and un-
derwater superoleophobic surfaces exhibit excellent oil
fouling resistance, which is attributed to the low affinity for
oil droplets when submerged in water.[61] However, these
types of membranes may not be effective in stop-and-go oper-
ations where the loss of water would allow oil contamination to
occur. A number of membranes that display superhydrophilic-
ity in air and underwater superoleophobicity have been
fabricated.

One of the first reports on superhydrophilic and underwater
superoleophobic membranes was from Xue et al.[63] in 2011.
They fabricated polyacrylamide (PAM) hydrogel-coated mem-
branes, which consisted of rough hydrogel coatings on top of
porous, stainless steel substrates [Fig. 10(a)]. The PAM
hydrogel-coated mesh showed underwater superoleophobicity
with a θ*1,2-dichloroethane = 155.3 ± 1.8°. They also demonstrated
that the hydrogel coating reduced the affinity for oil droplets,
which could foul typical membranes, through a reduction in
the adhesion force of an oil droplet from 46.5 ± 2.3 μN, on
the uncoated stainless steel mesh, to 0.8 ± 0.3 μN for the under-
water, hydrogel-coated mesh. Utilizing this underwater,

superoleophobic membrane, they achieved separations of vari-
ous free oil–water mixtures including: crude oil, gasoline, and
diesel with η > 99% [Figs. 10(b) and 10(c)]. Recently, Teng
et al.[64] developed superhydrophilic in air and underwater
superoleophobic hydrogel-coated membranes that exhibit
stability under harsh environmental conditions. Poly
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-
PSS) hydrogel meshes with hierarchical structures were fabri-
cated by in situ polymerization on a titanium (Ti) mesh
substrate [Fig. 10(d)]. The membrane displayed θ*water = 0°
in air and θ*1,2-dichloroethane = 156° contact angle underwater.
They demonstrated that the membranes would separate a series
of oil–water mixtures containing acidic, basic, and aqueous salt
solutions, with η > 99.9% [Figs. 10(e) and 10(f)]. Furthermore,
the membranes achieved η = 99.5% even after 50 separation
operations, demonstrating their durability. Zhang et al.[65] fab-
ricated chitosan (CTS)-coated membranes inspired by the
anti-oil-fouling behavior of shrimp shells. A coating of
CTS on a rough copper mesh [Fig. 10(g)] maintained
underwater superoleophobicity with low oil adhesion in pure
and hyper-saline aqueous solutions. Similar to shrimp shells,
the CTS -coated mesh was HL (θ*water = 7.1 ± 3.0°) and OL
(θ*1,2-dichloroethane = 11.8 ± 2.0°) in air, whereas it possessed

Figure 10. Hydrogel and CTS coated meshes for oil and water separations. (a) 50 μm, stainless steel mesh coated with a PAM hydrogel. (b,c) Water, from a
crude oil–water mixture, selectively permeated through the membrane. Reproduced from Xue et al.[63] © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
with permission from John Wiley & Sons, Inc. (d) SEM image of a PEDOT-PSS hydrogel coated Ti mesh. (e,f) The mesh was used to separate a diesel and 1
M sulfuric acid mixture without any degradation. Reproduced from Teng et al.[64] © 2014WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim with permission from
John Wiley & Sons, Inc. (g) CTS coated on a rough Cu mesh with nanopapillae. (h) The water permeated out of a crude oil and water mixture and (i) a high
separation efficiency was seen for several oils, even in saline conditions. Adapted with permission from Zhang et al.[65] Copyright 2013 American Chemical
Society.
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underwater superoleophobicity (θ*1,2-dichloroethane = 155.9 ±
1.0° in deionized water; θ*1,2-dichloroethane = 153.0 ± 1.4° in
seawater). The prepared membranes separated free oil–water
mixtures containing various oils, including: hexane, gasoline,
diesel, and crude oil, as well as, saline (2 M NaCl) mixtures
with these oils, with η > 99% [Figs. 10(h) and 10(i)]. Further,
they demonstrated that the membranes could separate a range
of oil–water mixtures in hyper-saline and broad pH conditions
after fully cross-linking CTS. Lu et al.[66] fabricated cellulose
hydrogel-coated nylon membranes. The as-prepared membrane
showed superhydrophilicity in air with θ*water = 0° and under-
water superoleophobicity with a θ*1,2-dichloroethane > 150°. They
demonstrated that the membrane was effective in the separation
of multiple free oil–water mixtures including: n-hexane,
petro-ether, gasoline, and diesel.

Although hydrogel-coated meshes have been successfully
fabricated and have demonstrated their utility in separating
oil–water mixtures, the binding of hydrogel to the underlying
porous substrate is often very weak, leading to low membrane
durability. Jing et al.[67] demonstrated that poly(glycidyl meth-
acrylate) (PGMA) could be grafted onto stainless steel mesh by
thermal treatment. Subsequently, polyacrylamide-co-poly
(acrylic acid) (PAM-co-PAA) hydrogel particles were grafted
onto the PGMA-modified stainless steel mesh. This led to static

θ*water = 4.4 ± 0.4° in air, and a static underwater θ*dodecane =
157.1 ± 2.6°. The PAM-co-PAA-coated membranes were
used to separate different free oil–water mixtures, including
water–dodecane and water–rapeseed oil mixtures.

In addition to hydrogels, various other HL materials have
also been utilized for coating porous meshes to engender super-
hydrophilicity and underwater superoleophobicity. Dong
et al.[68] fabricated HL graphene oxide (GO) nanosheet-coated
membranes using a stainless steel mesh substrate [Fig. 11(a)].
Due to the HL GO coating, and the mesh morphology, a static
θ*water < 10° in air, while the static underwater θ*oil > 150° for
various oils. As-prepared GO-coated membranes were used to
separate a number of free oil–water mixtures, including:
n-hexane, gasoline, diesel, toluene, etc. with η > 90% separa-
tion efficiencies [Figs. 11(b) and 11(c)].

Due to their hydrophilicity and chemical stability, zeolites
have also attracted research interest in the field of oil–water sep-
aration. Wen et al.[69] developed zeolite-coated membranes for
gravity-driven oil–water separation. Such membranes were fab-
ricated by growing pure-silica zeolite, silicalite-1, crystals on a
stainless steel mesh [Fig. 11(d)]. The as-prepared membrane
exhibited θ*water < 10° in air, whereas all contact angles for var-
ious oils underwater, including petroleum ether, soybean oil,
diesel, and crude oil, were θ*oil > 150°. High separation

Figure 11. GO and zeolite-coated mesh membranes. (a) GO coated on 38 μm pore-size stainless steel mesh. (b) The separation apparatus showing the
permeation of water and rejection of hexane (dyed red) by the GO-coated mesh. (c) High separation efficiency was seen for a variety of oils. Adapted from Dong
et al.[68] © 2014 with permission from The Royal Society of Chemistry. (d) An SEM image of the zeolite-coated mesh film (ZCMF-12) and (e) a demonstration
of its ability to selectively remove water from crude oil. (f) The residual oil content in water for different oils after the separation. Adapted from Wen et al.[69] ©
2013 with permission from The Royal Society of Chemistry. (g)–(i) A zeolite membrane on top of stainless steel mesh separated chloroform (dyed red) and
water mixtures efficiently while maintaining high dichloromethane contact angles over 14 separations. Reprinted from Zeng et al.,[70] Copyright 2014, with
permission from Elsevier.
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efficiency of various oils, including crude oil, diesel, and soy-
bean oil, was achieved due to the superhydrophilicity and un-
derwater superoleophobicity of the zeolite-coated membrane
surface [Figs. 11(e) and 11(f)]. Zeng and Guo[70] demonstrated,
in another report, that the zeolite-coated membranes possessed
good reusability [Figs. 11(g) and 11(h)] without a decline in
separation efficiency [Fig. 11(i)]. Liu et al.[71] proposed a
much simpler approach to fabricate superhydrophilic in air,
and underwater superoleophobic, membranes. Chemical oxida-
tion of a copper mesh leads to the formation of Cu(OH)2 micro-
and nanoscale hierarchical structure on the mesh surface
[Fig. 12(a)]. This prepared mesh exhibited superhydrophilicity
with θ*water = 0° in air, and underwater superoleophobicity with
θ*1,2-dichloroethane = 166.2 ± 1.3°. The membranes could sepa-
rate various mixtures of organic solvents or oil and water
with η > 99.99% [Figs. 12(b)–12(d)]. They also demonstrated
the reusability and stability of the membranes with no degrada-
tion after 60 separations [Fig. 12(e)].

In addition to metal meshes, there have also been reports of
superhydrophilic in air, and underwater superoleophobic, poly-
mer membranes. Zhu et al.[72] fabricated zwitterionic polyelec-
trolyte brush [poly(3-(N-2-methacryloxyethyl-N, N-dimethyl)
ammonatopropanesultone) or PMAPS]-grafted PVDF mem-
branes. After PMAPS grafting, the PVDF membrane displayed
a static θ*water = 11° in air, while all static underwater contact an-
gles for oil, including petroleum ether, soybean oil and hexane,

were θ*oil > 150°. Utilizing this membrane, they demonstrated
the separation of a series of dispersed oil–water mixtures, includ-
ing isooctane, hexane, diesel, and soybean oil. After the separa-
tions, the oil content in the water-rich permeates was less than
10 ppm for all systems. Chen et al.[73] developed hybrid polypro-
pylene microfiltration membranes, which were optimized by
grafting on PAA and depositing HL, nano-sized CaCO3 miner-
als. In conjunction with the HL PAA layer, the CaCO3 coating
traps water, in an aqueous environment, to form a hydrated
layer on the membrane pore surface. This leads to underwater
superoleophobicity with θ*1,2-dichloroethane > 150°. The mem-
brane could separate free oil–water, as well as, surfactant-
stabilized oil-in-water emulsions (140 nm–5.56 μm), with η >
99% separation efficiency. Yang et al.[74] developed a one-pot
approach to modify polypropylene membranes through the
co-deposition of PDA and polyethyleneimine (PEI) [Fig. 13
(a)]. The PDA/PEI-coated membranes showed better stability
in an alkaline environment due to the covalent cross-linking be-
tween PDA and PEI. They demonstrated that the membranes
could separate a 1,2-dichloroethane-in-water emulsion with η
> 98% separation efficiency [Fig. 13(b)]. In their recent
work,[75] nanosilica particles were added to the PDA/
PEI-coated polypropylene membranes [Fig. 13(c)]. The mem-
branes could be used for the separation of a variety of surfactant-
stabilized oil-in-water emulsions (polydisperse: 150 nm to >10
μm) with η > 99% separation efficiency [Fig. 13(d)].

Figure 12. Hierarchically structured copper (II) hydroxide on copper mesh. (a) An SEM image of Cu(OH)2 nanoneedles and microscale spherical crystals on top
of a copper mesh. (b,c) Selective permeation of water and retention of diesel was achieved. (d) The oil content in the collected water, and the separation efficiency
for a variety of oils. (e) Separation efficiency over extended numbers of separations. Reproduced from Liu et al.[71] © 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim with permission from John Wiley & Sons, Inc.

486▪ MRS COMMUNICATIONS • VOLUME 5 • ISSUE 3 • www.mrs.org/mrc



In other reports, the polymer membrane was directly fabri-
cated by electrospinning. Ahmed et al.[76] fabricated poly(vi-
nylidene fluoride)-co-hexafluoropropylene (PVDF-HFP),
non-woven, nanofiber membranes by electrospinning a
PVDF–HFP solution. Immersing the membrane in an ionic liq-
uid and cellulose solution, followed by ionic liquid removal,
yielded a cellulose/PVDF–HFP composite, resulting in en-
hanced mechanical properties and wettability [Fig. 14(a)].
Cellulose-coated membranes displayed θ*water = 0° in air,
whereas θ*dichloromethane = 169 ± 3° underwater. They demon-
strated separations of oil-in-water emulsions (unstated size),
using corn oil, gasoline, and crude oil, with η > 99.98% separa-
tion efficiency [Figs. 14(b)–14(e)]. Raza et al.[77] developed
multi-layered, nanofibrous membranes with a polyacrylonitrile
(PAN)/polyethylene glycol (PEG) base, and an additional in
situ cross-linked, polyethylene glycol diacrylate (PEGDA)
nanofiber layer spun on top [Fig. 14(f)]. These membranes sep-
arated free oil–water mixtures, as well as, surfactant-stabilized
soybean oil-in-water emulsions, between 5 and 40 μm in size
[Fig. 14(g)].

In addition to polymer membranes, inorganic fiber filters
have also been utilized for oil–water separation. Liu et al.[78]

fabricated zwitterionic poly(sulfobetaine methacrylate)-grafted
(pSBMA) glass fiber filters using surface-initiated atom transfer

radical polymerization. pSBMA is a superhydrophilic polymer
due to its strong electrostatic interaction with water. Thus, in
air, the water contact angle of pSBMA-treated glass was
θ*water = 8–15°, while underwater θ*hexadecane = 162–169°. The
prepared membranes demonstrated complete separation of free
hexadecane–water mixtures. Chen et al.[79] fabricated superhy-
drophilic and underwater superoleophobic membranes by com-
bining a quartz fiber mesh with silica gel, which was further
enhanced by adding 1,2-bis(triethoxysilyl)ethane (BTSE) and
PAM. Because the silica gel is stable in acidic and saline envi-
ronments, the membrane demonstrated the ability to separate
free crude oil–water mixtures without being deteriorated by
such harsh conditions.

Practical applications of HL or superhydrophilic membranes
in oil–water separations are limited by contamination from low
surface energy oil.[80,81] Once the membrane is fouled by oil, it
is difficult to remove the adsorbed oil. This leads to decreased
separation performance, and necessitates periodic washing of
the membranes, resulting in higher operating costs. To over-
come this limitation, self-cleaning membranes have also been
studied. Zhang et al.[82] fabricated self-cleaning membranes
using layer-by-layer (LBL) assembly of sodium silicate and
TiO2 nanoparticles on stainless steel mesh. The integration of
self-cleaning ability using TiO2 enables the convenient removal

Figure 13. Modified polypropylene membranes for oil–water separation. (a) A schematic illustrating the treatment of a polypropylene membrane with
dopamine and PEI, and (b) its use for separating a dichloroethane in water emulsion. Adapted from Yang et al.[74] © 2014 with permission from The Royal
Society of Chemistry. (c) Method for producing silica and PDA/PEI decorated polypropylene membranes that (d) show high water permeation, while rejecting
several oils. Adapted with permission from Yang et al.[75] Copyright 2014 American Chemical Society.
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of contaminants by ultraviolet (UV) light. The developed mem-
branes could separate free gasoline–water mixtures under grav-
ity [Figs. 15(a) and 15(b)]. Furthermore, they evaluated the
membrane’s self-cleaning capability by measuring water con-
tact angles on the membranes after five cycles of oleic acid con-
tamination and UV illumination-based recovery [Fig. 15(c)].
This showed that the cleaned membranes still exhibited hydro-
philicity similar to the uncontaminated membranes. Gao
et al.[83] fabricated sulfonated graphene oxide (SGO) mem-
branes with hierarchically nanostructured TiO2 spheres. The
TiO2 spheres, bound by the HL SGO nanosheets, endowed
this composite membrane with excellent mechanical and chem-
ical durability. They demonstrated that the membrane could
separate various surfactant-stabilized oil-in-water emulsions
(200 nm), including toluene, crude oil, vegetable oil, and die-
sel, at various temperatures and ionic concentrations [Figs. 15
(d)–15(f)]. The membrane was also found to recover its super-
hydrophilicity upon UV light illumination. Sawai et al.[84] fab-
ricated Ti membranes with a TiO2 surface through the
calcination of a Ti mesh at 500 °C for 4 h. They observed
that the water contact angle on a membrane reduced from
θ*water = 48.8 ± 3.9° to less than 5° upon UV irradiation.

Conversely, underwater contact angles for oils (heptane, dodec-
ane, and hexadecane) increased to static θ*oil > 160°. This indi-
cates that UV irradiated-TiO2 exhibits extremely high oil
repellency in water. Utilizing this membrane, they demonstrat-
ed the separation of free hexadecane–water mixtures.

Although membranes with superhydrophilic and underwater
superoleophobic properties can be successfully used for
gravity-driven separation of oil–water mixtures, and are more
resistant to fouling, they are unsuitable for the separation of
free water-in-oil or water-in-oil emulsions. This is because
both oil and water easily permeate through them, unless
every pore within the membrane is pre-wet by water.
Consequently, oil permeates through the membrane if water
dries out from even a single pore within the superhydrophilic
membrane, which can typically happen in a matter of
minutes.[32]

Hydrophilic and oleophobic membranes
As discussed in previous chapters, HP/OL membranes are un-
suitable for most gravity-driven separations. Although HL/OL
membranes are applicable for the gravity-driven separation of
oil-in-water emulsions, they do not work for free oil–water or

Figure 14. Electrospun composite polymer membranes for water purification. (a) Process for the fabrication of cellulose/PVDF–HFP composite membranes. 10
wt% oil-in-water emulsions were made with (b) corn oil, (c) gasoline, (d) motor oil, and (e) crude oil. In each window (b)–(e), the emulsion is on the left
and the aqueous permeate is on the right. Reprinted from Ahmed et al.,[76] Copyright 2014, with permission from Elsevier. (f) Fabrication procedure for
cross-linked PEGDA nanofibers supported on PAN/polyethylene glycol nanofibrous (x-PEGDA@PG NF) membranes. (g) Soybean oil (dyed red) and water were
separated using the x-PEGDA@PG NF membrane. Adapted from Raza et al.[77] © 2014 with permission from The Royal Society of Chemistry.
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water-in-oil emulsions, unless they are repeatedly pre-wet
by water. HL/OP membranes are expected to overcome these
limitations. However, it has been considered challenging to
fabricate such membranes due to the surface tension of water
(γLV = 72.1 mN/m) being significantly higher than that of oils
(γLV = 20–30 mN/m).

In our recent work,[32] we successfully fabricated hygro-
responsivemembranes that are both superhydrophilic and super-
oleophobic in air and underwater. We utilized a polymer blend
consisting of 20 wt% 1H, 1H, 2H, 2H-heptadecafluorodecyl
polyhedral oligomeric silsesquioxane (fluorodecyl POSS) and
cross-linked polyethylene glycol diacrylate (x-PEGDA) as the
coating material. With a porous substrate, such as stainless
steel mesh or polyester fabric, water readily wet the coated
surface (i.e., θ*water = 0°), while θ*rapeseed oil, adv = 152°
[Fig. 16(a)]. We showed that such selective wettability of
water over oil is attributed to the surface reconfiguration of the
fluorodecyl POSS + x-PEGDA coating [Figs. 16(b) and 16(c)].
It was demonstrated that the membrane could separate
surfactant-stabilized oil-in-water and water-in-oil emulsions
(emulsion diameter: 10–20 μm) under gravity. We also demon-
strated that the membrane could separate virtually all types of
oil–water mixtures, solely under gravity, with η > 99% separa-
tion efficiency [Fig. 16(d)]. A continuous separation apparatus
was engineered utilizing a hygro-responsive membrane and a
conventional HP/OL membrane operating in tandem [Fig. 16
(e)]. During the continuous separation of oil–water emulsions,
the fluxes for both water and oil did not decline over a period
of 100 h [Fig. 16(f)].

In addition to polymer blends, synthesis of polymers pos-
sessing HL and OP constituents has also been proposed for fab-
ricating HL/OP coating materials. Yang et al.[80] developed a
superhydrophilic and superoleophobic nanocomposite coating.
They first synthesized a polymer with HL and OP constituents
through the reaction of poly(diallyldimethylammonium chlo-
ride) (PDDA) with sodium perfluorooctanoate (PFO).
Superhydrophilic and superoleophobic surfaces were fabricated
by spray casting PDDA–PFO/silica nanoparticles onto glass,
stainless steel mesh, or paper. On the coated glass surface,
the water contact angle in air was found to be θ*water = 0°,
while θ*hexadecane = 155 ± 1°. Separation membranes were fab-
ricated by spray casting polymer-silica nanoparticles onto stain-
less steel mesh, and they demonstrated separation of free
hexadecane–water mixtures under gravity. In another report,[85]

PDDA was substituted with CTS for the HL constituent. CTS–
PFO polymer and silica nanoparticles were sprayed onto stain-
less steel mesh, developing membranes with θ*water = 0° and
θ*hexadecane = 157 ± 1°, which separated a free hexadecane–
water mixture under gravity. Zhu et al.[86] fabricated mem-
branes using PVDF, as the base matrix polymer, blended
with additive polymers containing perfluoroalkyl PEG surfac-
tant chains. The developed membranes exhibited anti-organic
and anti-biofouling properties. In another report,[87] they dem-
onstrated that the membrane could separate crude oil or
hexadecane-in-water emulsions (1–50 μm) with η > 98% sepa-
ration efficiency.

Howarter and Youngblood[88] modified glass fiber mem-
branes by bonding Zonyl® FSN-100, a perfluorinated

Figure 15. TiO2 composite membranes. (a) and (b) Sodium silicate and TiO2 nanoparticles on top of a stainless steel mesh selectively removed water from
gasoline (c) Anti-fouling properties shown by water contact angle changes on the silicate/TiO2 coated mesh in five cycles of oleic acid contamination and UV
illumination-based recovery. Adapted from Zhang et al.[82] under Creative Commons License CC-BY 3.0 (d) A graphene-TiO2 membrane could separate a
surfactant-stabilized toluene-in-water emulsion. (e,f) Water, with varying concentrations of salt, was also removed from crude oil at different temperatures.
Adapted from Gao et al.[83] © 2014 with permission from The Royal Society of Chemistry.
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polyethylene glycol (f-PEG), to them using 3-Isocyanatopropyl
dimethylchlorosilane as a linker. The f-PEG oligomer, contain-
ing both a low surface energy segment and a polar one, led
to HL/OP surfaces on various membranes, with pore sizes
ranging from 10–20 μm to 145–174 μm. The best static contact
angles were achieved on the 10–20 μm pore-sized membrane,
θ*water = 30° and θ*hexadecane = 105°, in air, and it maintained
θ*hexadecane > 140° underwater. For testing oil rejection capabil-
ity, a 12:1 volume ratio of water to hexadecanewas mechanically
dispersed to form an, approximately, 10 μm diameter oil-in-
water emulsion. This was gravity fed through the modified
10–20 μm pore-sized membrane and only 2.6 ± 1.2 wt% of the
hexadecane permeated through the membrane with the water.
The larger pore-sized membranes permitted <6 wt% of hexade-
cane to permeate through, while maintaining several times
greater flow rates, as expected. The f-PEG layer was≤5 nm
thick and should not significantly alter the initial membrane
pore size. Larger pore-sized membranes have greater flow
rates, but may allow smaller oil droplets to permeate through.

Yoon et al.[89] developed superhydrophilic and OP stainless
steel meshes (initially 42–60 μm pore size) using a mixture of
PDDA, PFO, and 10–25 nm diameter silica particles. This
provided a dense composite coating with a thickness of approx-
imately 2.8 μm. The PDDA and silica provided HL

components to the coating, and the PFO provided low-energy,
mobile fluorinated chains. The static θ*water = 0° and
θ*hexadecane = 95°. The separation ability was tested by mount-
ing the prepared mesh in glassware and pouring 50 mL of hex-
adecane on it, followed by 100 mL of water. The water
displaced the oil and passed through in 12 min, while retaining
the oil. It remained OP for 2 weeks with 97% water recovery.
Repeating the separation 30 times, with aqueous cleaning,
and drying, performed between each trial, tested the mesh reus-
ability. In addition, a graphene plug was added after the mesh to
show that organics such as methylene blue could be removed
from the water after the separation. The 2 cm thick plug de-
creased the permeation rate from 800,000 to 6000 L/m2/h/bar.

Hydrophobic and oleophobic membranes
In contrast to membranes with selective wettability of water
over oil or vice versa, HP/OP membranes prevent perme-
ation of both oil and water. To utilize HP/OP membranes
(omniphobic) for the separation of oil–water mixtures, pres-
sure must be selectively exerted on either the water or oil
phase, leading to Pbreakthrough, water < Papplied < Pbreakthrough, oil

or vice versa.
An electric field provides a facile route for tuning the wetta-

bility of polar (or conducting) liquids. The decrease in the

Figure 16. Hygro-responsive membranes for oil–water separation. (a) Water (blue) and rapeseed oil (red) contact angles on a stainless steel mesh (top) and a
polyester fabric (bottom) dip coated in 20 wt% fluorodecyl POSS + x-PEGDA blend. (b) Optical microscopy image of a 20 wt% fluorodecyl POSS + x-PEGDA
blend surface in air and (c) underwater showing the surface reconfiguration. (d) A four-component mixture of water, hexadecane, 30:70 (v:v) water-in-
hexadecane emulsion, and a 50:50 (v:v) hexadecane-in-water emulsion was separated with a 400 mesh stainless steel membrane coated with 20 wt%
fluorodecyl POSS + x-PEGDA blend. (e) A continuous separation apparatus separated 30:70 (v:v) water-in-hexadecane emulsions stabilized by polysorbate80. It
used a 20 wt% fluorodecyl POSS + x-PEGDA blend membrane (superhydrophilic and OP) on the bottom, and a Desmopan9370 coated sidewall membrane
(HP/OL). (f) The hexadecane and water fluxes for the continuous apparatus over a period of 100 h. Reprinted from Kota et al.[32] © 2012 with permission
from Nature Publishing Group.
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macroscopic contact angle for a polar liquid droplet on a dielec-
tric, in response to an external electric field, is known as
electrowetting on a dielectric (EWOD) [Figs. 17(a)–17(d)]. It
is described by the Young–Lippmann equation[90]:

cos uew = cos u+ 101d
2g12d

V 2. (5)

θew is the macroscopic electrowetting contact angle, θ is
Young’s contact angle, ε0 is the vacuum permittivity, εd is
the dielectric permittivity, γ12 is the interfacial tension between
the liquid and surrounding medium, d is the dielectric thick-
ness, and V is the voltage applied. Utilizing the EWOD phe-
nomenon, we[91] recently developed an on-demand oil–water
separation technology, where the separation is triggered upon
the application of an electric field. For effective on-demand
separation of oil–water mixtures, both oil and water must be re-
tained above the membrane initially. Thus, we first developed
an omniphobic membrane by dip-coating nylon mesh with a
blend of 50 wt% fluorodecyl POSS and cross-linked polydime-
thylsiloxane (x-PDMS). The membrane retained both water and
oil before the application of an electric field. When an external
electric field was applied across the conducting liquid (e.g.,
water) and the electrode at the membrane, the conducting liq-
uid, initially in the Cassie–Baxter state on the porous mem-
brane, transitioned to the Wenzel state. This is because the
Maxwell stress exerted on the conducting liquid surface pulls
it outward along the surface normal. By contrast, a non-
conducting liquid (e.g., oil) does not undergo such a transition
[see Fig. 17(e)]. When transitioning to the Wenzel state, in-
creasing the applied pressure, Papplied, sags the liquid–air inter-
face [Fig. 17(f)] until it reaches a critical texture angle, ψcr. This

angle is where the surface can withstand the greatest pressure
Pcritical before entering the Wenzel state. For cylindrical surface
geometry, such as with our membranes, Pcritical is given by[91]:

Pcritical = g12sin (u− ccr)
D+ R− R sinccr

, (6)

where

ccr = u− cos−1
R sin u

R+ D

( )
. (7)

As in Fig. 17(f), R is the cylinder radius and D is half of the
cylinder spacing. Consequently, upon applying a sufficient
electric field, a conducting liquid transitions to the Wenzel
state and permeates through the membrane, whereas a non-
conducting liquid is retained above the membrane. Utilizing
this preferential transition, we demonstrated the on-demand
separation of free oil and water, oil-in-water emulsions, and
water-in-oil emulsions, with η > 99.9% separation efficiency
[Fig. 17(g)]. Such on-demand separation could be useful for
the remote operation of oil–water separation units, microfluidic
valves, and lab-on-a-chip devices.

Conclusions and future outlook
The development of membranes with selective wettability is an
ongoing process, which aims to more effectively meet today’s
needs for efficient oil and water separation. They are a promis-
ing alternative to traditional separation methodologies. The nu-
merous sources of oily wastewater and increasingly strict
environmental guidelines necessitate a highly effective, eco-
nomical, and durable membrane, with a long service life, for

Figure 17. Electrowetting of an omniphobic surface. (a) and (b) Hexadecane’s contact angle on a non-textured 50 wt% fluorodecyl POSS + x-PDMS substrate
was unchanged by the application of a 1.5 kV potential, while (c,d) water’s contact angle decreased significantly. (e) The macroscopic contact angles for
water and hexadecane on the non-textured surface as a function of applied voltage. (f) A diagram illustrating the pressure-induced liquid–air interface sagging.
(g) The EWOD effect was used to separate hexadecane (red) and water (blue) on-demand. Adapted from Kwon et al.[91] © 2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim with permission from John Wiley & Sons, Inc.
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purifying waste streams and spills. As discussed throughout,
there are different selective wettabilities to choose from, and
many different methods for achieving each one of them. The
type of membrane used will depend on the waste stream com-
position, fouling potential, and the system employed for
the separation (on-demand, gravity fed, high pressure, etc.).
The form of oil, whether free or emulsified, will indicate the
pore size for the membrane and thus is directly related to
the permeation rate through the membrane. All these parame-
ters must be taken into account for utilizing membranes with
selective wettability.

A multitude of selective wettability systems have been used
to successfully separate oil and water mixtures with greater than
99.9% efficiency, but the future lies in imparting these wetting
properties to membranes that withstand high trans-membrane
pressures, have greater permeation rates of the desired liquid,
are anti-fouling, and can be scalably manufactured at a reason-
able cost. Developing a selective wettability membrane with all
these characteristics will require creative solutions, and pro-
vides a range of intellectual and research challenges. Such
membranes will help meet the growing needs for waste and
byproduct treatment in a wide variety of fields.
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