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A B S T R A C T

With the increase of oily wastewater, the improvement of separation efficiency for oil-water emulsion under
external pressure is an urgent task to resolve. As an important indicator for the separation result, the separation
efficiency is affected by the wetting transition and external pressure. In this contribution, we built a model of
hierarchical mesh structure and analyzed the effect of the space of mesh microstructure and the solid fraction of
mesh nanostructure on energy barrier and critical pressure, which was further confirmed by experiment. The
influences of external pressure on separation efficiency were also investigated experimentally, verifying the
reasonability of critical pressure. This work provides guidance for designing and choosing the mesh structure
applied in the separation of oil-water mixture under external pressure to get an excellent process efficiency and
separation efficiency.

1. Introduction

Because of the increasing water pollution induced by the oil spills
and chemical leakage, oil-water separation with high separation effi-
ciency is given great attention. Conventional separation techniques,
such as gravity separation, flotation and skimming flotation can sepa-
rate the free oil-water mixtures. However, they are not applicable for
the oil-water emulsions [1] due to the small size of droplets. Super-
wetting materials as candidates for oil-water separation have been
given great attention for their potential application on fundamental
research and industrial production [2–4]. Since a stainless steel mesh
coated with a Teflon film is firstly reported the potential for oil-water
separation [5], a number of superwetting materials [6–11] and their
modified porous structures [5,12–16] are developed to form various
micro/nanostructure for effective oil-water emulsion separation. The
microstructures of these materials play an important role in the oil
absorption [17] and water repellent [18,19]. Meanwhile, the nanos-
tructures can improve the structure wettability [20–22] and enhance
the ability of resisting wetting transition [23–25] and oil absorption

[26,27]. Taking advantage of these properties, the separation efficiency
can be improved by using the superwetting materials with well-de-
signed micro/nanostructure.

In general, the excellent separation in experiments is driven by
gravity and done in quasi static [28,29]. The membranes need endure
various impact forces when the mixture fluxes to the membranes in
practical process. Furthermore, an external pressure is usually applied
to the membranes to improve the oil flux and enhance the process ef-
ficiency [30,31]. In this case, the impact force and external pressure
have the risk of exceeding water critical pressure [32] (the surface
tension of water hinders the movement of three phase contact line), and
the water is forced to penetrate trough the membranes, decreasing the
separation efficiency quickly. Therefore, the critical pressure is an im-
portant parameter for oil-water separation. A lot of groups have tested
the maximum pressure that the membrane can endure [33–38]. For
example, Jiang et al. [33] took advantage of the superhydrophilic and
underwater superoleophobic hydrogel coatings on porous metal sub-
strates and gave the average intrusion pressures for all the oil above
1.0 kPa. Jin et al. [34] used phase-inversion process to get porous poly
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(vinylidene fluoride) (PVDF) membranes with the separation efficiency
as high as 99.95% at gravity driving and the endurable pressure of the
membranes reached to 17 kPa. Tuteja et al. [35,36] and Chen et al. [30]
applied gravity and external pressure to oil-water emulsions in the
experiment. However, the explicit relationship between the external
pressure and the separation efficiency was seldom involved, especially
when external pressure gradually broke through the critical pressure.
Since the droplet wettability and the critical pressure are all related to
the network structure, a well-designed mesh structure is helpful for the
improvement of separation efficiency under external pressure.

In this work, we designed a hierarchically structured mesh and in-
vestigated the relation of structure parameter of mesh and critical
pressure by building a droplet model dipped on a microstructured mesh
with nanoparticles modified on its surface. The impact of micro-
structure size and solid fraction of nanoparticle on energy barrier and
critical pressure was analyzed, which was further proved by designing a
precise experiment. Finally, the relationship of external pressure and
separation efficiency of oil-water emulsion was established by experi-
mentally, verifying the reasonability of critical pressure. This can offer
some suggestions in dealing with the oily wastewater in order to
achieve excellent process efficiency and separation efficiency.

2. Experimental

2.1. Preparation of hydrophobic TiO2 coating

A mixture of 0.10 g TiO2 particles (25 nm in diameter, Aladdin Inc.) and
10mL alcohol was ultrasonically treated for 30min to get well-distributed
suspension solution. Then 0.20mL Trimethoxy (octadecyl) silane (TMOS)
was added into the suspension mixture for 12-h reaction at room tem-
perature to obtain a hydrophobic TiO2 particle suspension [39].

2.2. Modification of copper mesh

Commercial copper meshes (Jiuji Wire Mesh Products Co. Ltd) with
four different sizes (microstructure space of 0.090, 0.10, 0.13 and
0.16mm) were put into a hydrogen nitrate solution (10 V/V%) to re-
move the oxide on their surfaces. Then the copper meshes were ultra-
sonically washed by acetone, alcohol and water for 10min, respec-
tively, and dried in stove. After the copper mesh was sheared into a
circle with the diameter of 30mm, it was immersed in the hydrophobic
TiO2 suspension solution for 2min. Five samples were obtained by re-
peating the modification process for 2, 6, 10, 14 and 18 times, re-
spectively. All samples were dried in a 100 °C oven for one hour.

2.3. Characterization of copper meshes

The morphology and structure of copper meshes before and after
modification with TiO2 were investigated by a field emission scanning

electron microscope (FESEM, Hitachi S4800), X-ray diffractometer (XRD,
Bruker AXS D8) and Raman spectrometer (Thermo Fisher DXR with a He-
Ne laser, λ=632.8 nm). The contact angle measurement was performed by
using a contact angle goniometer (OCA20, GER) at room temperature.

2.4. Measurement of the critical pressure

Before we did the experiment, we cut the square copper mesh into a
circle that is in line with the inner diameter of the Teflon pipe (A). Then
the copper mesh was placed on the edge of the Teflon pipe (B) with
thread on its sidewall (Fig. 1a). Another Teflon pipe (A) with thread on
its sidewall could engage with the Teflon tube (B) and sealed at the top
of the thread of the Teflon tube (A) by a rubber washer (Fig. 1b). Put
the sealed connecting tube into the water, and apply a pressure to the
other end of the Teflon tube A. No air bubbles are generated at the seal,
indicating that the measurement system has good tightness. Then this
joint pipe was clamped on iron support stand and a clean beaker was
put under the pipe (Fig. 1c) before putting them into a vacuum drying
oven (Fig. 1d). Close the oven and open the vacuuming button. When
the droplets dripped from the pipe, the number on the meter of the oven
was the value of the critical pressure PΔ max.

3. Result and discussion

3.1. Energy analysis

3.1.1. Energy barrier
The influence of micro/nanoscale structure on wetting states and wet-

ting transition was analyzed in our previous works [20,23]. For a droplet
dipped on a mesh surface with micro/nanostructure (Fig. 2a), the equation
of apparent contact angle (θ) of the droplet is derived (see Part S1 in sup-
porting information). From Fig. S1, we can propose that the θcan be im-
proved by decreasing the areal fraction of the solid-liquid interface on the
nanostructure of modified mesh (f2) or increasing the space of micro-
structure (l) (Fig. 2b). When some external disturbance, such as vibration
[40], impact [41], evaporation [42], are imposed on the droplet, the wet-
ting state of the droplet will change, penetrating the mesh microstructure. In
the practical process of oil-water separation, the oil-water mixture does not
simply drop on the mesh surface with micro/nanostructures slowly. There is
a process of dumping when the separation is being done. Therefore, it is
very meaningful to analyze the energy barrier GΔ which is needed to be
overcome when the micro/nanostructure of mesh is being penetrated.

Here we build a model to analyze the change of GΔ specifically
(Fig. 2b). The GΔ that the droplet needs to overcome consists of two parts
when the droplet penetrates the micro/nanostructure of mesh. For the first
one, when the included angle between meniscus tangent and micro/na-
nostructure surface approaches to the advanced contact angle (θadv), the
area of liquid-air interface will increase and the three phase contact line will
move down. In this case, the energy barrier of this part is the increment of

Fig. 1. (a) Local enlarged view and (b) panorama of threaded seal connection for the oil-water separation device. (c) Configuration of oil-water separation device for
critical pressure measurement. (d) Measurement of critical pressure in the vacuum drying oven.
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the liquid-vapor interface area. The second one is the energy that the three
phase contact line moves from the top side to the down side. The sum of the
two parts is

= − × × × + ×G S
l

γ l αr θ γ AΔ ( 4 cos Δ )LV adv LV2 (1)

with = −+( )A lΔ 1π
θ

2
2

1
1 sin . Here S is the area of mesh structure, r is the

radius of microstructure, γLV is the surface tensions of liquid-vapor interface,
and αis the included angle of the three phase contact line and the vertical
center line of the mesh microstructure.

Furthermore, θadv can be expressed by a Cassie-Baxter (CB) equation
[43]:

= + −θ f θ fcos cos 1adv 2 adv0 2 (2)

in which θadv0is the intrinsic advanced contact angle on smooth surface.
Then we introduce a nondimensionalized energy barrier
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3.1.2. Energy barrier analysis
In the process of three phase contact line moving down, ∗GΔ can be

influenced by the morphology size (l, r, f2) and θadv0. When l/r keeps con-
stant, as shown in Fig. 3(a), with the increase ofθadv0, smaller f2 presents less
influence on ∗GΔ . This is related to the decreased influence of f2 on θadv
with θadv0 increasing. Meanwhile, the ∗GΔ decreases with the increase of the
microstructure characteristic length l/r at a given f2 andθadv0 (Fig. 3b), but
the θ increases in the same case (Fig. S1). This can be explained that the
area of the copper mesh is fixed, the pitch l becomes larger, and the area
where the droplet needs to infiltrate becomes smaller. Meanwhile, ac-
cording to Eqs. (2) and (3), the larger the micro-structure spacing l is, the
smaller the required energy barrier ΔG* is. This means that an excellent
superhydrophobic substrate is necessary in the experiment of oil-water

separation. Consider the established l/r for a given mesh structure, we
would improve the hydrophobicity of substrate.

3.2. Critical pressure analysis

3.2.1. Critical pressure
When the meniscus penetrates through the microstructure, the

movement of the three phase contact line is blocked by the liquid
surface tension. Therefore, a pressure PΔ [44,45] needs to be overcome
with the formulation of

=
− ×

− ×
P

γ θ
l r α

Δ
cos 4

2 sin
.LV adv

(4)

Eq. (4) is deduced by considering the cross sectional area A of the
hole (the difference between a rectangular area and two semicircular
areas), which is

= ⎛
⎝

⎞
⎠

−A l l r α
2 2

sin .
2

(5)

We use the water-in-oil fluid mixtures (cyclohexane-water emulsions
and trichloromethane-water emulsions) in this paper. The oil is a large
environment and γLVis the surface tension of the oil-vapor interface.

3.2.2. Critical pressure prediction
In the process of meniscus going down, the pressure which is needed

to be overcome is different because of the curved surface of micro-
structure. The meniscus can penetrate through the microstructure, only
if the meniscus overcomes the critical pressure PΔ max. When l, r, γLVand
θadvkeep constant (Fig. 4), the PΔ that the meniscus needs to overcome
reaches to the maximum value when = ∘α 90 .

In order to clearly analyze the effect of l, θadv0and f2 on PΔ max, we
consider a mesh with hierarchically structured surface. At a given
l=0.050 (Fig. 5a), with the increasing of θadv0, the trend of PΔ max

Fig. 2. (a) 3D diagram of a droplet dipped on a mesh surface with micro/nanostructure. (b) Schematic diagram of the liquid wetting of the microstructure surface of
mesh with nanoparticles on it.

Fig. 3. (a) Relation between θadv0 and the energy barrier ∗GΔ , (b) relation between l/r and the energy barrier ∗GΔ .
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variation is similar to ∗GΔ . ∗GΔ indicates the energy of three-phase
contact lines moving through the copper mesh. This means that ∗GΔ can
be adjusted through the l/r and changes approximately linearly with
decreasing l/r (Fig. 3b). It can be seen from Fig. 5b that PΔ max is an
inverse proportional function of l, for a sufficiently small l, PΔ max will
increase to tens of kilopascals even hundreds of kilopascals [30,34].

Furthermore, the PΔ max can be obtained by experimental

measurement. First, the copper meshes with different spaces
(0.090mm, 0.10mm, 0.13mm and 0.15mm) were modified by TiO2

nanoparticles for different times. After TiO2 modification, the surfaces
of copper meshes are rougher (Fig. 6). In order to ensure the uniformity
of the TiO2 coating, we generally deal with several pieces of copper
mesh simultaneously. The thickness from 10 points in different area of
the sample surface presents an error about 0.5 μm, indicating the
homogeneity of the coatings. The XRD patterns of copper meshes before
and after TiO2 modification prove that the TiO2 nanoparticles are at-
tached on the copper mesh surface (Fig. S2a). The Raman characteristic
peaks related to TMOS indicate the successful modification of TMOS on
the TiO2 anchored on the mesh surface (Fig. S2b). The copper meshes
which have the same modification time possess the same θadv. With the
increase of modification time, the θadvof five different samples (modify
2, 6, 10, 14 and 18 times) are 149.2°, 153.8°, 158.1°, 163.7° and 168.3°,
respectively (Fig. 7). By experimental measurement of the PΔ max, the
relation between PΔ maxand θadvis displayed in Fig. 7. The experiment
results agree well with the theoretical ones calculated by Eq. (4).

3.2.3. Relationship between critical pressure and separation efficiency
The TiO2 coating modified with TMOS is not only hydrophobic, but

also oleophilic [39,46]. In our experiment, the well-modified copper
mesh was fastened in Teflon pipe. The oil-water emulsion with the
molar concentration ratio (Mwater:Moil) of 3:7 (the volume of liquid is
30mL) was prepared by mixing water and trichloromethane (or cy-
clohexane) using a stir bar (at 2000 RPM) for 30min. The tri-
chloromethane has larger density than water while cyclohexane has

Fig. 4. Movement of three phase contact line, the critical pressure PΔ max is
reached at = ∘α 90 .

Fig. 5. (a) Effect of θadv0 on the critical pressure PΔ max for alterable f2, (b) effect of l on the critical pressure PΔ max for alterable f2.

Fig. 6. SEM images of (a) copper mesh modified by TiO2 coating (b, c are the enlarged views of one copper wire), (d) copper mesh without any processing (e, f are the
enlarged views of one copper wire). The space of mesh microstructure is 0.090mm.
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lower density than water (water is dyed by methylene blue). As pre-
sented in Fig. 8, the oil-water emulsion was separated very well, whe-
ther the oil is trichloromethane (Fig. 8a and b) or cyclohexane (Fig. 8c).
Besides, the high separation efficiency (the weight ratio of retained
water to original water in the oil-water emulsion [47]) about 99% at
the quasi state can be obtained when treating the n-Butanol-water
emulsion by using the TiO2 modified copper mesh for 30 recycles (Fig.
S3a). Changing the oil-water systems, the separation efficiency over
99% are all obtained after 30 recycles (Fig. S3b).

In order to improve the process efficiency, external pressure will be
applied. In our experiment, five different external pressures are adopted

for the emulsion separations (trichloromethane-water mixture). The
separation experiment similar to the PΔ max one is presented in Fig. 9,
which finishes when the emulsion stops going down. For the copper

Fig. 7. Comparison between the theoretical PΔ max(line) with the experiment
ones (spot) with various θadv for four different copper meshes. The points from
left to right correspond to the data of copper meshes modified for 0, 2, 6, 10, 14
and 18 times, respectively.

Fig. 8. Oil-water separation process by using the TiO2 modified copper mesh (microstructure space of 0.10mm): (a) separation process of trichloromethane-water
emulsion, (b) photos of trichloromethane-water emulsion before and after separation, (c) photos of cyclohexane -water emulsion before and after separation.

Fig. 9. Separation process of oil-water emulsion under external pressure.
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meshes with different space structures (structure space of 0.10mm,
0.13mm and 0.16mm) and same modification times, we calculate the

PΔ max are 4.5 kPa (ΔP0.10), 3.37 kPa (ΔP0.13) and 2.7 kPa (ΔP0.16), re-
spectively, by using Eq. (4). When the external pressure is applied, the
separation efficiency decreases with the increase of external pressure
(Fig. 10a). Specially, the separation efficiency is 94.7% by using the
0.10-mm copper mesh at a 4.0 kPa external pressure, which sharply
decreases to about 28% when a 5.0 kPa external pressure is used. This
indicates that an efficient critical pressure PΔ max is existent. When the
applied exceeds the PΔ max, the copper mesh loses efficacy. Similar
phenomena of obvious decreased separation efficiency are also ob-
served in the cases of 0.13mm and 0.16mm copper meshes when ex-
orbitant external pressures are employed. Analogously, the separation
efficiency can be improved by controlling the modification time of
copper mesh (l=0.1mm). The θadv of copper mesh increases from
149.2° to 168.3° when the modification time increases from 2 to18,
which induces the change of PΔ max from 4.16 kPa (ΔP149.2) to 4.75 kPa
(ΔP168.3) (Fig. 10b). Therefore, by reasonably selecting and controlling
the mesh structure and external pressure, satisfactory high separation
efficiency above 94% is realizable. Additionally, the relationship of
external pressure and separation efficiency by using other three mesh
structures are also provided and shown in Fig. S4. Our results indicate
that just by simply modifying the commercial copper mesh and con-
trolling the mesh structure and θadv , we can obtain the PΔ max to better
carry out oil-water separation experiment under external pressure to
get an excellent process efficiency and separation efficiency.

4. Conclusion

In this paper, the effects of the microstructure space and nanos-
tructure solid fraction of mesh on the energy barrier and critical pres-
sure in the separation process of oil-water emulsion are investigated by
building a model of hierarchical mesh structure. The decreasing of
microstructure space can increase the apparent contact angle [20,23]
but reduce the energy barrier. The change trend of the critical pressure
obtained from theoretically is well proved by experiment results. The
relationship between separation efficiency and the external pressureis
also analyzed by the separation experiments, verifying the reasonability
of critical pressure. Our results indicate that just by simply modifying
the commercial copper mesh and controlling the mesh structure and
apparent contact angle, we can adjust the critical pressure. This can
give advices to industrial oily waste water treatments to optimize ex-
periment process under external pressure and improve separation effi-
ciency and process efficiency.
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