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 The separation of oil andwater fromwastewater generated in the oil-production industries, aswell as in frequent
oil spillage events, is important in mitigating severe environmental and ecological damage. Additionally, a wide
arrange of industrial processes require oils or fats to be removed from aqueous systems. The immiscibility of oil
and water allows for the wettability of solid surfaces to be engineered to achieve the separation of oil and water
through capillarity.Meshmembraneswith extreme, selectivewettability can efficiently remove oil orwater from
oil/water mixtures through a simple filtration process using gravity. A wide range of different types of mesh
membranes have been successfully rendered with extreme wettability and applied to oil/water separation in
the laboratory. These mesh materials have typically shown good durability, stability as well as reusability,
which makes them promising candidates for an ever widening range of practical applications.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Need for oil/water separation

The separation of oil andwater from oil/watermixtures is an ancient
challenge that is becoming more important [1–3]. Discharged oil can
, zhiping.lai@kaust.edu.sa

e separation of oil and water w
cause severe environmental and ecological damage directly and be-
cause the oil is flammable and can decompose to form other harmful
chemicals, further polluting the natural environment and threatening
aqueous habitats and affecting human health [2]. Furthermore,
chemicals used in clean-up operations can cause environmental harm.
Apart from these environmental and ecological issues, a wide range of
industrial processes require the separation of oils or fats from aqueous
solutions and the scarcity of water in many arid regions adds to the
demand for efficient oil/water separation technologies [4]. Another
important consideration in choosing the technology used to effect
ith mesh membranes by capillarity, Adv Colloid Interface Sci (2016),
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separation is the possible reuse of the recovered oil. Although tradition-
al methods such as skimmers, centrifuges, coalesces, settling tanks,
depth filters, magnetic separations, flotation technologies, and ignition
of oil can remove oil from oily wastewater, these techniques are mainly
useful for oil watermixtures and unstable emulsified oils, as their work-
ing mechanisms are sensitive to the oil droplet size and/or the density
difference betweenwater and oil [5–7]. Moreover, because they require
long processing times or gas or chemical input, these conventional
separation systems usually are expensive and require a large amount
of space and energy [5,6]. More stringent environmental controls and
the pressure of economic development have led to a strong desire to
produce more efficient, cost-effective processes for oil and water sepa-
ration [8].

Utilizing engineered wetting of solid surfaces to design an oil/water
separation process based on capillary processes has been recognized as
an effective approach [9–11]. For practical applications it is necessary
to preferentially maintain one phase at the surface in addition to
preventing fouling of the surfaces, therefore materials with extreme
surfacewettability of two types are employed. These are solidswith sur-
faces that are superhydrophobic and superoleophilic or surfaces with
the inverse wettability that are superoleophobic and superhydrophilic.
Such surfaces when exposed to mixtures of oil and water preferentially
attract one of the phases in order to reduce the overall interfacial energy
of the system.

1.2. Weak assembly

From a molecular viewpoint the interfacial energy arises due to the
loss of cohesion energy when a molecule is moved from the bulk to
the interface. For liquid oil, we can approximate the cohesive energy
of a molecule to the translational kinetic energy. Assuming half the
cohesive interactions are lost for a molecule at the interface, the molec-
ular energy shortfall at the interface is ~3 KBT/4 for an air interface. As
such, wetting is an example of weak assembly, where the lowering in
interaction energy for an oil molecule moving from the liquid–liquid
interface to the liquid–solid interface is ~KBT, whereas the lowering in
interaction energy for a watermoleculemoving to a hydrophilic surface
is NKBT, due to both dispersion and polar interactions and is therefore
an example of strong assembly. It is the difference in these energies
that is used to effect oil/water separation using mesh membranes.
The self-structuring of fluids at the interface can be devised to affect
macroscopic separation of the fluids, provided the external forces are
insufficient to overcome the capillary force on one phase, but not the
other. For separating oil–water mixtures under gravity, a membrane
that is superhydrophilic and superoleophobic (when submerged) will
allow water to pass but provide a capillary barrier to the passage of
oil, provided the hydrostatic head is insufficient to overcome the effect
of the Laplace pressure that arises from the weak assembly of the
oil molecules. A membrane of the other type (superhydrophobic and
superoleophilic) will allow oil to pass and prevent the passage of water.

1.3. Theory of superhydrophobicity and superhydrophilicity

The wettability of a surface is usually quantified by the contact angle
of a droplet of liquid on the surface. The droplet can either be in air or in
another immiscible fluid. For smooth, homogenous, ideal surfaces the
contact angle of a droplet on a surface immersed in another liquid is
described by the balance of the interfacial energies in Young's equation;

γs;l ¼ γs;d þ γd;lCosθsmooth ð1Þ

where s, is the solid and d is a liquid droplet immersed in a liquid l.
Surfaces are often described as hydrophilic or hydrophobic based on

their contact angle with water in air on a smooth surface. There is no
widely accepted definition, but a common one is that a hydrophobic
surface has a contact angle of N90° and consequently a hydrophilic
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http://dx.doi.org/10.1016/j.cis.2016.05.008
surface has a contact angle b 90°. When the surfaces are rough more
extreme wetting can be observed. Superhydrophilic surfaces arise
when an innately hydrophilic surface is produced in a roughened form
(such as from sintered particles) such that the contact angle is reduced
to zero. The effect of roughness on the contact angle for a homogenous
surface is described by the Wenzel equation, [12]

r ¼ Cosθrough
Cosθsmooth

ð2Þ

where r, is the roughness parameter (r N 1), which is the ratio of the
projected surface area of the rough surface to a perfectly flat surface.
The contact angle of surfaces with oil is less often reported, as oils
have low surface tension and therefore wet most flat surfaces. That is,
surfaces are typically oleophilic. Therefore a superhydrophilic surface
will typically also be a superoleophilic surface. However, when a super-
hydrophilic surface is first immersed in water it can be both super-
hydrophilic and (under water) superoleophobic as the water may fill
the texture of the surface. This is discussed further below.

Superhydrophobic surfaces can be produced from rough surfaces
that are inherently hydrophobic. For a homogenous surface theWenzel
equation (Eq. (2)) also applies, but as θsmooth N 90°, θrough N θsmooth.
Additionally, gas can be trapped between the solid and the liquid phases
forming a heterogeneous composite interface, in which case the contact
angle is given by a modified version of the Cassie equation, [13]

CosθCassie ¼ f 1 Cosθsmooth þ 1½ �−1 ð3Þ

where f1 is the fractional area of the surface (or three phase line) in
contactwith the liquid. For surfaces inwhich θsmooth N 90°, high effective
contact angles result and as f1 becomes smaller the contact angle
approaches 180°. Superhydrophobic surfaces are usually also super-
oleophilic. Note that as oils do not give surfaces in which θsmooth N 90°
this approach will not work for producing superoleophobic surfaces.
However, this can be achieved using surfaces engineered to have a re-
entrant structure [14,15].

In membrane separation processes it is important to recognize that
air is not present at the interface, that is, both of the fluid phases are
liquids, and the desired properties are obtainedwhen thewetting liquid
penetrates the surface roughness, as air does in the Cassie state
described above. This causes the non-wetting liquid to present with a
very high (super) contact angle, as described by Eq. (4) where fNW is
the fractional area of the surface (or three phase line) in contact with
the non-wetting liquid and θNW ,smooth is the contact angle of the non-
wetting fluid in the presence of the wetting fluid on a solid substrate.

CosθNW ;Cassie ¼ f NW CosθNW;smooth þ 1
� �

−1 ð4Þ

This heterogeneous wetting state is favored by very rough surfaces.
The condition under which this occurs is given by [16];

CosθW;smoothN
1− f W
r− f W

ð5Þ

where fW is the fractional area of the solid surface in contact with
the wetting fluid. Thus a critical angle is defined such that when
sθW ,smoothbθC, the wetting film will impregnate the textured or rough
surface such that the non-wetting fluid has a very large contact angle.
This is the preferred circumstance for mesh membranes, whether
the wetting phase is the aqueous or oil phase as it results in a very
high contact angle for the non-wetting phase. For an in-depth discus-
sion of wetting the interested reader is referred to the excellent mono-
graph [16].

Membranes for oil/water separation are readily produced by
treating a weave or a mesh to produce rough surfaces with the desired
wetting properties. Thesemeshmembranes can effectively separate im-
miscible oil/water mixtures and oil-in-water or water-in-oil emulsions,
ith mesh membranes by capillarity, Adv Colloid Interface Sci (2016),
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solely driven by gravity, with high permeation rates and separation
efficiency. Most importantly, such mesh membranes exhibit good
durability, stability and reusability. This, when combined with low
cost and scalability, make them promising candidates for practical oil/
water separations. In this manuscript, different mesh membranes with
superhydrophobicity and superoleophilicity or superhydrophilicity
and superoleophobicity induced by either surface modification or
micro- and nanostructuring will be reviewed.

1.4. Capillary basis for separation

Meshmembranes use capillarity as the basis for selective permeabil-
ity of oil and water. To achieve separation it is critical that one phase is
allowed to pass readily through the membrane and the other phase is
arrested. The wetting phase is readily able to traverse the membrane
whereas, if the pores in a mesh membrane are sufficiently small com-
pared to the droplet size, capillary pressure resists the passage of
the non-wetting phase, see Fig. 1. When the Laplace pressure of the
non-wetting phase is sufficient to counteract external pressure (which
is the hydrostatic pressure for gravity filtration) the non-wetting
phase will not pass through the mesh. The Laplace pressure is larger
when the curvature of the interface is greater. In an ideal two-
dimensional mesh made up of overlapping cylinders of radius R with
an inter-cylinder separation space of 2D, this would be achieved when
the applied pressure is less than the Laplace pressure of the non-
wetting phase. As an approximationwe assume that theminimal radius
of curvature is where the pore is tightest for all contact angles. The pres-
sure above which the non-wetting phase will pass through the mem-
brane, called the breakthrough pressure, is then given by PB,

PB � b
−γ12CosθNW;i

D
ð6Þ

where γ12 is the interfacial tension between the wetting phase and the
non-wetting phase, θNW, i is the contact angle of the non-wetting phase
on the solid surface when both are immersed in the wetting phase.

In some cases, such as electrospun materials deposited onto a mesh,
meshes will consist of layers of fibers forming a three-dimensional
structure. It is essential that the layers in a three-dimensional mesh
material for oil/water separation are spaced such that the re-entrant
architecture of the mesh is maintained. This is an essential feature for
any superoleophobic surface [17]. Even so the sagging of the interface
can lead to breakthrough of the non-wetting phase. For a three dimen-
sional meshmade up of overlapping cylinders of radius R with an inter-
cylinder separation distance of 2D, the change in curvature of the non-
wetting phase needs to be considered as it may cause the non-wetting
phase to make contact with the next layer of the mesh, which will
promote breakthrough. The breakthrough pressure that must not be
Fig. 1. (a) Schematic of a 2D superhydrophilic and superoleophobic mesh (gray) showing th
(b) Breakthrough pressure for a 2D mesh with pore radius of 5 μm as a function of the conta
(For interpretation of the references to color in this figure legend, the reader is referred to the
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exceeded is given below [18] (for a derivation see the appendix of
Tuteja et al. [19]).

PBb
2Rγ12

D2

1−CosθNW;i

1þ 2R SinθNW;i=D
ð7Þ

This above expression provides clear criteria for the design of mesh
membranes for oil–water separations. To increase the hydrostatic
pressures required to cause breakthrough of the non-wetting phase, a
large contact angle of the non-wetting phase and high interfacial ten-
sion between the liquid phases are required. In practice, the hydrostatic
pressure does not increase the filtration rate as it is determined by the
number of unblocked pores and the sedimentation rate of the wetting
phase [18], so systems can be designed to produce low hydrostatic pres-
sures without penalizing the flux.

Cross flow filtration cells have been developed for microfiltration
applications employing membranes, primarily as a means of limiting
the development of thick filter cakes or blocking of pores that reduce
the flux of filtrate through themembrane. Industrially, cross-flow filtra-
tion is employed as a continuous operation [20], which has the added
advantage of limiting the increase in concentration of the rejected
phase in the solution being filtered. Cross flow cells are also ideally suit-
ed to meshmembrane applications but for different reasons. In the case
ofmeshmembranes for the separation of twofluids, the development of
a filter cake is generally not an important consideration. However cross
flow filtration cells mounted horizontally meet both the need to limit
the hydrostatic head to prevent breakthrough and minimize the con-
centration of the non-wetting phase in the solution being filtered, in
order to maximize the filtration rate of mesh membranes [21]. Pore
blocking is a consideration for oil–water separation using mesh mem-
branes but this is primarily a function of the concentration of droplets
of the non-wetting phase as the extreme wettability of the membranes
inhibits conventional fouling when only liquids are present. Singh et al.
have discussed a range of models for describing the flux through
a membrane used to separate oily emulsions using cross-flow [22].
Important operational parameters are the cross flow rate, the trans-
membrane pressure and the Reynolds number [21]. For mesh mem-
brane applications the combined trans-membrane pressure and the
hydrostatic pressure have to be less than the breakthrough pressure.

Provided the necessary extreme and stable wetting properties can
be engineered on a membrane of appropriate geometry, the material
used for the membrane is not important for the separation process.
Rather, other considerations such as cost, anti-fouling properties, chem-
ical stability, ease of fabrication, temperature stability, pore size and the
ability to prepare the membrane on a large scale will govern the choice
of membrane material. When considering the method of fabrication it
should be recognized that for a given architecture of fibers of radius R,
and fiber separation distance of 2D, in any practical application a single
e rejection of an oil droplet (pink) due to capillary forces through the pores of radius D.
ct angle of the non-wetting oil on the mesh immersed in water calculated using Eq. (6).
web version of this article.)

ith mesh membranes by capillarity, Adv Colloid Interface Sci (2016),
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layer mesh (two-dimensional architecture) such as a stainless steel
mesh should outperform a fiber mat (three dimensional architecture)
as sagging of the interface can lead to breakthrough in the latter case.

2. Materials for coating mesh membranes for oil–water separation

2.1. Polymers

The wettability of solid surfaces is dominated by the morphology
and chemical composition of the surfaces [23]. Currently, the most
effective way to create a surface with extreme wettability is by coating
hierarchical structureswithmicro- and nano-roughness with chemicals
that lead to a low surface-energy [24]. Fluorinated and silanated poly-
mers are thus attractive for fabricating separation membranes. To
date, a series of polymer based mesh membranes with extreme wetta-
bility have been produced using, PTFE [25], polyacrylamide (PAM)
[26], poly(sodium methacrylate) (PNaMA) [27], polydimethylsiloxane
(PDMS) [28], poly(sulfobetaine methacrylate) (PSBMA)/polydopamine
(PDA) [29] and fluorodecyl polyhedral oligometric silsesquioxiane +
x-poly(ethylene glycol) diacrylate (POSS + x-PEGDA) [18].
Fluorodecyl POSS + x-PEGDA coated mesh membranes fabricated
by dip coating and drying under nitrogen showed stable super-
hydrophilicity and superoleophobicity in air and water [18]. As illus-
trated in Fig. 2, after coating with a layer of fluorodecyl POSS the
x-PEGDA surface is completely covered with crystalline domains of
fluorodecyl POSS, indicating substantial surface segregation of the
fluorodecyl POSS molecules, which are expected to migrate over
the surface upon exposure to a wetting phase and thereby produce
an extremely low energy surface [17]. Because of the extreme surface
wettability, this membrane can separate a range of different oil and
water mixtures in a single-unit operation with high separation effi-
ciency, over 99.9%, by using the difference in capillary forces acting
on the two phases [18].

PAMhydrogel basedmeshmembranes prepared via a light-initiated
polymerization process exhibited stable superhydrophilicity andunder-
water superoleophobicity with a contact angle (CA) of 153 ± 1.8°
and low oil adhesion of less than 5 μN [26]. Here, apart from the
superoleophobicity in air, the underwater superoleophobicity is
achieved by imbibition of the water phase into the micro- or nano-
hierarchical structure of the polymer membrane coating. When the oil
Fig. 2. (a, b) Droplets ofwater (left, dyed blue) and rapeseed oil (right, dyed red) on coated stain
with a 20 wt.% fluorodecyl POSS + x-PEGDA blend. Scale bars: 5 mm. Insets, morphologies of
images of surfaces coated with x-PEGDA (c), a 10 wt.% fluorodecyl POSS + x-PEGDA blend (d
115° (c), 0°–25° (d) and 0°–21° (e). Scale bar: 2 μm. (For interpretation of the references to co
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droplets make contact with the polymer based coatings, water remains
trapped in the rough micro and nanostructures, forming an oil/water/
solid composite interface that greatly decreases the contact area
between the oil droplet and the solid surface [30,31]. Thus the oil-
adhesion of the surface is extremely low, mimicking the approach that
the pitcher plant uses to trap insects that has been adopted for produc-
ing antifouling surfaces [32]. This membrane shows a separation effi-
ciency over 99% and good resistance to oil fouling [26].

2.2. Boron nitride nanotubes

Boron nitride nanotubes (BNNTs) possess remarkable mechanical
properties, high thermal conductivity, outstanding electrical insulation,
excellent chemical stability, as well as superb resistance to oxidation
[33]. Additionally, BNNT films are poorly wet by water due to adsorbed
hydrocarbon contamination and nanometer scale roughness [34,35].
This water repellency can be further enhanced by partial perpendicular
alignment of the BNNTs to the substrate, resulting in superhydro-
phobicity with a water contact angle (CA) over 150° and reduced CA
hysteresis [36]. These properties make BNNTs attractive candidates for
use as superhydrophobic surfaces in harsh chemical and thermal condi-
tions. As shown in Fig. 3, Chen's group fabricated a BNNT coated mem-
brane using a vapor–liquid-solid growth followed by high temperature
annealing process [37]. This simple, scalable and inexpensive process
produced highly dense and pure BNNTs with diameters in the range of
100 to 400 nm that were partially aligned perpendicularly to the stain-
less steel mesh substrate, producing a superhydrophobic (CA N 150°)
and superoleophilic (CA b 1°) surface, almost without hysteresis, as
shown in Fig. 4 [37]. Due to this special surface wettability, BNNT
based mesh membranes can be practically used as a highly efficient
filtration membrane for the separation of oil and water. Importantly,
the BNNTs are strongly adhered to the stainless steel mesh substrates
[35], offering the necessary stability and durability for practical
applications.

2.3. Metal oxides and hydroxides

Metal oxides andhydroxides are normally hydrophilic, but if the sur-
face is rough or textured and coated with a low energy material it be-
comes superhydrophobic [9,38–45]. Recently, a series of metal oxide
less steel mesh 100 (a) and coated polyester fabric (b). Both surfaces have been dip-coated
the respective dip-coated mesh and fabric surfaces. Scale bars: 500 μm. (c–e) AFM phase
) and a 20 wt.% fluorodecyl POSS + x-PEGDA blend (e). The phase angle ranges are 0°–
lor in this figure legend, the reader is referred to the web version of this article.)

ith mesh membranes by capillarity, Adv Colloid Interface Sci (2016),
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Fig. 3. FESEM images of the (a) uncoated and (b) boron nitride nanotube (BNNT) coated stainless steel meshes, (c) the BNNTs on themesh surface, (d) the corresponding BNNTs removed
from the surface. (e) XRD pattern and (f) TEM image of the BNNTs. The insets in (d) and (f) are the EDS spectrum and high-resolution TEM image of the BNNTs, respectively.
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and hydroxide materials such as Cu2O [40], TiO2 [39,45], ZnO [38,44],
NiOOH [41] and Cu(OH)2 [9,42,43], have been successfully fabricated
onto mesh membranes. An example is the superhydrophilic and
Fig. 4. (a) Photograph of water droplets (dyed withmethylene blue) on the surface of a Boron N
oil droplet completely spread on the coatedmesh surface; (c) shapes of water droplets (6 μ L) o
coatedmesh (CAof 156°); (e) photograph of the hexadecane droplet on the coatedmesh surface
the reader is referred to the web version of this article.)
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underwater superoleophobic Cu(OH)2 coated mesh membrane pre-
pared by Jin's group via surface oxidation of a copper mesh in alkaline
aqueous solution [9]. After 30 min of oxidation, Cu(OH)2 nanowires
itride Nanotube coatedmesh (inset: a side view of a water droplet); (b) photograph of an
n and adhering to an uncoatedmesh (CA of 115°); (d) shapes of water droplets (6 μ L) on a
with a CAof nearly zero. (For interpretation of the references to color in this figure legend,

ith mesh membranes by capillarity, Adv Colloid Interface Sci (2016),
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with lengths in the range of 10–15 μm and diameters in the range of
200–500 nm were formed, which grow perpendicular to the mesh
walls and intertwine with each other, as shown in Fig. 5 [9]. These sur-
faces exhibit an underwater superoleophobicity for oils (CA N 150°)
and an ultralow adhesion force (below 1 μN) [9]. This surface wett-
ability and ultralow oil adhesion can be attributed to the micro/
nanohierarchical rough structure arising from the long and densely
arrayed Cu(OH)2 nanowires on the copper mesh and the hydrophilic
nature of Cu(OH)2, such thatwhen immersed inwater, water is trapped
in the hierarchical structure to form an oil/water/solid interface in the
presence of oil [9]. This membrane can effectively separate immiscible
oil/water mixtures even some oil-in-water emulsions with extremely
high separation efficiency (residual oil in the filtrate after only one
passwas lower than 30 ppm) and flux over 1 × 105 Lm−2 h−1. Most im-
portantly, the membrane exhibited excellent anti-oil fouling properties
and superior stability, even in strong alkaline conditions (pH ≥ 14)
under long term use [9].

Lin's group developed a novel double layer TiO2-based mesh mem-
brane and realized the separation of oil fromwater and the degradation
of soluble pollutants in one device [39]. Both layers of TiO2 coated
meshes were prepared by a simple hydrothermal method. The upper
layer consisted of only TiO2 coated mesh, but the lower layer of TiO2

was modified with octadecylphosphonic acid to impart it with super-
hydrophobicity and superoleophilicity [39]. The membrane exhibited
not only good selectivity but also excellent photocatalytic abilities.
Such a membrane can be successfully used for the separation of insolu-
ble oil fromwater due to its extremewettability, aswell as the degrada-
tion of soluble pollutants in water under UV light because of the
photocatalytic abilities of TiO2 [39].
2.4. Graphene oxide

The inherent hydrophilic nature of oxygen-containing functional
groups, such as carboxyl and hydroxyl groups, on the basal plane
and at the edges of graphene oxide (GO) makes it an ideal candidate
for the fabrication of various underwater superoleophobic mesh
Fig. 5. Characterization of nanowire-haired membrane on a copper mesh after a reaction tim
photographs of a water droplet on the membrane showing nearly zero contact angle (uppe
contact angle of 155° (lower). (b) SEM image of nanowire-haired membrane (scale bar: 50
spectrum of the nanowire haired membrane. Below is the corresponding diffraction peaks o
nanowire-haired membrane showing the nanowires growing out from the membrane (scal
membrane was treated by ultrasonification to peel off nanowires from the membrane (scale b
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membranes that can be used for oil and water separation [46,47].
Hydrophilic GO can be readily coated on a stainless steel mesh through
a simple dip-coating process or a drop-coating followed by O2 plasma
treatment (as shown in Fig. 6) [46]. The mesh membranes coated with
GO effectively trap water and exhibit underwater superoleophobicity.
Due to this extreme wettability, various oils can be simply and effi-
ciently separated from water under gravity with a high efficiency and
flux [46]. Importantly, the water trapped in the rough nanostructures
provides a strong repulsive force for oils, not only resulting in greater
oil contact angles, but also lowering the oil-adhesion force [46]. There-
fore, such low adhesion can effectively prevent GO coated meshes
from fouling during the oil–water separation processes.

2.5. Diamond-like carbon

Due to the excellent physical and chemical properties, such as good
mechanical stability, extreme hardness, high corrosion resistance, and
biocompatibility, as well as the tunability of the surface wettability
and adhesion, diamond-like carbon (DLC) can also be used as a super-
hydrophobic coating on a mesh membrane surface for oil and water
separation [48,49]. Cortese's group developed a novel superhydro-
phobic and superoleophilic DLC coated cotton textile by one-step
growth of a DLC film using plasma-enhanced chemical vapor deposition
(Fig. 7) [49]. The morphology and wettability of the DLC coating can
be adjusted by varying the plasma pre-treatment time of the cotton.
The highest water CA of about 170° was obtained after 60 min pre-
treatment, as shown in Fig. 7 [49]. The reusable DLC coated cotton tex-
tiles were effective at separating oil and water mixtures under gravity
with high separation efficiency and demonstrated selective oil absorp-
tion capacity [49].

2.6. Metals

The surface wettability of pure metals can be altered by surface
modification and increasing the roughness [50]. Pure Ag and Cu nano-
particle based mesh membranes have been fabricated for oil and
e of 30 min. (a) Photograph of a large-scale nanowire haired membrane. The insets are
r) and an underwater oil droplet (3 μL, 1,2-dichloroethane) on the membrane showing
μm). The inset is a low-magnification SEM image with scale bar of 200 μm). (c) XRD

f the Cu(OH)2 standard card. (d) and (e) Top-view and cross-section SEM images of the
e bar: 5 μm). (f) TEM image of nanowires. For TEM characterization, a nanowire haired
ar: 1 μm).
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Fig. 6. SEM images of an uncoated stainless steel mesh (a) and graphene oxide coatedmeshes (b–d)with an average pore diameter of about 38 mm. The inset in (a) shows themagnified
view of the smooth surface of an uncoated mesh.
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water separation [50–52]. Ag coatedmeshes were prepared by a simple
immersion of coppermeshes into an aqueous solution of AgNO3 at room
temperature (Fig. 8) [50]. The obtained Ag-coated mesh surface exhib-
ited extreme wetting with a contact angle of 164 ± 1.4° and a sliding
angle of 4 ± 0.8° for water, and a contact angle of 0° for kerosene [50].
Here, carbon contaminants from ambient air are spontaneously
adsorbed onto the silver surface resulting in superhydrophobicity and
superoleophilicity [50]. This Ag nanoparticle based mesh membrane
separated oil from water with efficiencies in excess of 92% in repeated
cycles [50]. Furthermore, the membrane possessed excellent resistance
to corrosion and was stable at temperatures ranging from −20 to
250 °C. Superhydrophobic and superoleophilic Cu nanoparticle based
mesh membranes can be prepared by electrodeposition with a subse-
quent modification process [51,52]. These Cu nanoparticle based
Fig. 7.Wetting behavior of water on Diamond Like Carbon (DLC)-coated cotton. (a) An optical
modified by a 60min plasma pre-treatment. (b) Schematic of the elastic deformation of the pro
andDLC-coated gauze showing superhydrophobic properties on ameshwith very large pore siz
fabrics demonstrating robust superhydrophobic properties.
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membranes effectively and rapidly separate oil and water. Moreover,
these mesh membranes exhibit strong stability as the Cu nanoparticles
can bear external pressure, high temperature, and long-term immersion
in nonpolar solvents [51].
2.7. Zeolites

Zeolite films have uniform pore size, good thermal and mechan-
ical stability and excellent chemical resistance to acids and salt
solutions [53]. Recently, zeolite coated meshes with underwater
superoleophobicity have been successfully fabricated by hydrother-
mal synthesis, as shown in Fig. 9 [53,54]. Various oils can be sepa-
rated from water with these zeolite based mesh membranes under
image of static water droplets (3 mL) at a CA of 170° on the respective DLC-coated textiles
truding cotton fibers due to bundles formed at the water–air interface. (c) Plasma-treated
e. (d) Optical image demonstrating that a jet ofwater is deflected by theDLC coated cotton
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Fig. 8. FE-SEM images of meshes at different magnification: Top) The as-received copper mesh surface. Bottom) The mesh membrane coated with Ag.
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gravity with a high flux of 9 × 104 Lm−2 h−1 and high efficiency
(less than 6 ppm oil) [53]. In addition, the separation flux is tun-
able by changing the pore size which depends on the
Fig. 9. SEM images of the underlying mesh and zeolite coated mesh membrane. (a) Large scale
inset is a magnified image of the mesh after the seeding process. (b) A large scale image of the
sectional view.
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crystallization time of the zeolite crystals [53]. More importantly,
zeolite based mesh membranes are recyclable by calcination
owing to the high thermal stability of zeolite crystals. Further,
view of the bare stainless steel mesh with an average pore diameter of about 42 mm, the
ZCMF-12 coated mesh membrane. (c) Magnified view of a single pore, and its (d) cross-
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they are chemically stable in different corrosive conditions [53].
These properties make zeolite based mesh membranes very attrac-
tive in harsh environments.

3. Choice of membrane material

The excellent separation performance of meshmembranes achieved
in the laboratory is now being applied to a large scale in practical appli-
cations. An example is Ferrocep® membranes that utilize a stainless
steel mesh coated with titania particles which are used for the removal
of oil, grease and fat in a range of applications. We expect that mesh
membranes will be applied to many other applications provided mem-
brane production can be scaled up at a suitable cost and that membrane
dimensions are reduced to handle the emulsions with small droplet
sizes that are more difficult to separate [20]. Additionally, consideration
must be given to the effectiveness of mesh membranes in the presence
of contaminants and foulants, (such as asphaltenes and waxes that are
present in crude oil), in many applications. Insufficient laboratory stud-
ies focusing on testing and producing mesh membranes resistant to
contaminants have been performed to determine the significance of
this challenge, though work has shown that polymer coated, metal
oxide and graphene oxide mesh membranes exhibit very low adhesion
for oil droplets, suggesting thismay not be a significant obstacle to prac-
tical application.Meshmembranes are unable to reject droplets that are
smaller than the pore diameter of the coated meshed. In general mesh
membranes employed in laboratory studies have large pore diameters
of 100 μmormore. In practical applications droplets of 50 μmor greater
are generally very unstable and coalesce, whereas droplets smaller than
10 μm are highly stable and therefore pose a greater separation chal-
lenge [20,22]. Thusmany practical applicationswill requiremeshmem-
branes with smaller pore diameters in order to effectively separate
small droplets. Laboratory studies have paid little attention to the chal-
lenge of separating small droplets.

The choice of material for any particular separation process will
be governed by a large number of factors including chemical stability,
temperature requirements and mechanical strength. We expect that
graphene Oxide, BNNT and Diamond like Carbon coated membranes
will be difficult to produce on a large scale. Polymer coated membranes
generally meetmost requirements but are not suitable for high temper-
ature environments.Whilstmetals andmetal oxides canwithstand high
temperatures they are not suited to some chemical environments.
Zeolites are robust and canwithstand high temperatures and harsh con-
ditions but the process of coatingmeshes with zeolites may prove to be
challenging on an industrial scale.

4. Conclusions

Awide-range ofmaterials have been employed for the production of
meshmembranes for the separation of oil andwater. The basic require-
ment is that the system must exhibit extreme wettability, whereby a
membrane with superhydrophobicity and superoleophilicity or under-
water superhydrophilicity and superoleophobicity is fabricated by
creating a layer of hierarchical structures on the nano- and micro-
scale, on mesh materials. This is followed by modification with
low surface-energy chemicals to produce a membrane with super-
hydrophobicity and superoleophilicity or the introduction of water
into the hydrophilic hierarchical structure to produce a membrane
that exhibits underwater superhydrophilicity and superoleophobicity.
These membranes can effectively separate immiscible oil/water mix-
tures solely driven by gravity, with high separation speed and efficiency.
More importantly, such mesh membranes exhibit good durability,
stability and reusability. Different membrane materials offer a choice
of secondary properties such as mechanical strength, heat resistance,
chemical stability and electrical resistance. The choice of membrane
material will ultimately be determined by considerations of the chemi-
cal environment in which the membrane will operate, the cost of
Please cite this article as: Yu Y, et al, Selective separation of oil and water w
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production, the scalability of the preparation process and particular spe-
cialized requirements.
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