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A B S T R A C T

The separation of multiphase liquid mixtures plays an important role in industrial production and environmental
protection. The organic liquids (OLs) usually show approximate wettability on most of common materials owing
to smaller surface tension. Therefore, the separation of OL mixtures is more difficult than the separation of oil/
water mixtures. The current research on separation of OL mixtures is mainly through the covalent modification
to precisely control the surface energy of materials, which is extremely complicated. Herein, a novel underliquid
superlyophobic concept was presented for the separation of immiscible OL mixtures, which only depended on a
relatively stable liquid-repellent interface. Furthermore, the minimum system’s free energy principle was used to
explain this wetting behavior. Compared with the previous reports, the work does not involve in various low
surface energy substances, thus it is facile, eco-friendly and easily scale-up. Thus, the study provides a general
strategy to separate the OL mixtures for the product purification and environmental protection.

1. Introduction

Materials with selective wettability have been widely used in the
efficient separation of liquid mixtures, including the separation of oil/
water mixtures and organic liquids (OLs) mixtures [1]. These complex
liquid mixtures often need to be separated so that they can be purified,
discharged harmlessly and resource recycling [2]. In the past decade, a
large number of materials with superhydrophobicity or super-
hydrophilic/underwater superoleophobicity have been successfully
prepared to separate oil/water mixtures, such as mesh-based materials
[3–8], 3D porous foams [9–12], sand [13], and biomass materials
[14,15] et al. However, a simple oil/water separation system cannot
satisfy the requirements of complex liquid mixtures in practical in-
dustrial processes, especially in the chemical, medical and food in-
dustry. The separation of organic mixtures is crucial that not only
prevents the secondary pollution, but also enhances the recycling of the
organic liquids. Unfortunately, the separation of OLs mixtures is more
difficult than the separation of oil and water because they show
homogeneous wettability. In theory, to achieve the separation of OLs
mixtures, the membrane must enjoy inverse wettability (lyophobicity
and lyophilicity) for the mixture of two organic liquids. In other words,

the membranes should show lyophobicity for one liquid and lyophili-
city for another in the OLs mixtures. Recently, many materials can be
used for the separation of OLs mixtures [16,17]. For example, Wang
and cooperator successfully separated the immiscible OLs mixtures by
modifying the surfaces with different silanes [17]. Liu et al. prepared
the nanoneedle-covered copper mesh that was modificated with per-
fluorodecyltriethoxysilane (PFTS) for nonaqueous multiphase liquid
separation [18]. The above mentioned materials are mostly through
covalent modification to accurately regulate the materials’ surface en-
ergy between the intrinsic wetting thresholds of two immiscible OLs,
which can endow materials with superlyophobicity and super-
lyophilicity to achieve the OLs separation. Nevertheless, this approach
suffers from inherent limitations such as complex operation, high cost
and environmental unfriendly, which severely restrict its applicability.
Besides, the low surface tension differences between OLs are also a
great challenge for these material designs. Hence, how to prepare a
material with low-cost, process simple and environmentally friendly for
the separation of the OLs mixtures became a new trend.

Due to the surface tension of the OLs is much smaller than water, it
shows the lyophilicity on the surface of most materials. Generally
speaking, the wettability of the membrane was mainly determined by
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the surface roughness and the chemical composition of the surface
[19,20]. According to Cassie's theory [21], the water-air-solid interface
can be formed due to air molecules trapped on the surface of micro/
nano rough structures. Based on the repulsion of air to water, water
droplet can stay on the asperities surface [22]. The compound interface
decreases the contact area of water and solid, which contributes greatly
to the increase in hydrophobicity [23–25]. Inspired by the above
reason, a novel underliquid superlyophobic strategy is presented for
immiscible OLs mixtures separation by means of the pre-wetted with
high surface tension.

The coconut shell is a typical green lignocellulosic biomass material,
which contains a large number of biodegradable and non-toxic sub-
stances, such as glucan, xylan and so on. [26]. More importantly, the
coconut shell contains a variety of chemical or functional groups such
as acetamido, carboxyl and hydroxyl, etc., which endows the coconut
shell superamphiphilicity. Moreover, the coconut shell is an agri-
cultural waste produced in the process of production, and its treatment
is an environmental problem. Therefore, it is promising that the co-
conut shell can be used as a material with underliquid super-
lyophobicity for immiscible OLs mixtures separation, which not only
can relieve the pressure on the environment, but also become a good
way to separate the mixtures of OLs. In this study, a coconut shell
coated stainless steel mesh (CSCMs) with hierarchical rough structure
was fabricated through a facile and easily scale-up spraying process.
Lyophobic and lyophilic surfaces are highly dependent not only on
surface energy but also on surface roughness. Thus, the hierarchical
roughness improved both lyophilicity and lyophobicity significantly.
The underliquid superlyophobic property can be easily implemented by
introducing a high surface tension liquid (liquid1) into the rough
structure of the as-prepared CSCMs, forming a liquid-repellent interface
to reject the immiscible low surface tension liquid (liquid2). Well-
matched solid and liquid surface energies as well as the roughness,
ensure the stability of the liquid-repellent interface. In doing so, the as-
prepared membrane could block permeation of liquid2, but let liquid1
pass through it, thus realizing successive separation of OLs mixtures.
Compared with the previous report, the underliquid superlyophobic
material does not depend on any low surface energy material to achieve
superlyophobicity for one liquid and superlyophilicity for another. That
is, this new separation strategy is facile, low cost and easily obtained,
which does not need to precisely control the surface energy of the
membranes to realize the separation of OLs mixtures. The approach was
expected to become a competitive candidate for complex organic che-
mical product separation, resource recycling, and environmental pro-
tection.

2. Experimental

2.1. Materials

Waste coconut shell was obtained from a local fruit supplier in
Lanzhou, China. The chemical compositions of the waste coconut shell
were tested by the high performance liquid chromatograph (HPLC)
system. The result showed that the hydrophilic substances in waste
coconut shell were mainly glucan, xylan and klason-lignin, and their
mass fractions were 29.30%, 25.92% and 24.36%, respectively. The
stainless steel mesh (300 mesh size) was purchased from Anping Huirui
wire mesh manufacturer, which was ultrasonicated in acetone and
ethanol sequentially before use. Kerosene, diesel, hexane, heptane,
petroleum ether, toluene, cyclohexane, formamide (FA), ethylene
glycol (EG) and propylene glycol (PG) were purchased from Guangdong
Guanghua Sci-Tech Co. Ltd. The surface tension is summarized in Table
S1. All the organic solvents were analytical grade.

2.2. Pretreatment of the coconut shell

Firstly, the dirty waste coconut shells were cleaned by ultrasonic

with deionized water, and then dried in the oven at 90 °C for 2 h. After
that, the waste coconut shells were shattered by using high-speed
multifunction grinder to obtain the crude coconut shell. The uniform
powder is then collected through a 400-mesh standard screen.

2.3. Preparation of coconut shell-coated mesh

The aluminum phosphate (AP) binder was prepared by mixing Al
(OH)3 with orthophosphoric acid in a molar ratio of 1:3 under stirring
at 100 °C for 3 h. 0.5 g coconut shell powder was dispersed in 15mL of
absolute ethanol to obtain mixture solution, and then 1 g AP binder was
dissolved in 5mL distilled water. Subsequently, the AP solution was
added in the aforementioned coconut shell solution, which was stirred
vigorously to obtain homogeneous solution. After that, the homo-
geneous solution was sprayed on stainless steel mesh substrate with
0.2 MPa compressed air gas. The distance between the spray gun and
the substrate was about 15 cm. Finally, the CSCMs were heated treated
at 120 °C for 2 h. to curing the CSCMs.

2.4. Separation of the immiscible OLs mixtures

The CSCMs was fixed between two Teflon fixtures, both of which
were attached with glass tubes. In this study, seven types of oils and
organic solvents were served as liquild2, including kerosene, diesel,
hexane, petroleum ether, heptane, cyclohexane, toluene. And the for-
mamide, ethylene glycol and propylene glycol were served as liquild1.
The liquild2 was colored with Oil red O and mixed with liquild1 that
was colored with methylene blue. Before separation, The CSCMs was
completely pre-wetted by a small quantity of liquid1. Then, immiscible
OLs mixtures (volume ratio= 1:1) were poured onto the upper glass
tube. The driving force was its own gravity during the separation pro-
cess.

3. Characterization

Composition analysis (contents of glucan, xylan and Klasonlignin)
was performed according to the NREL procedure [27]. The SH1011
column (Shodex) was installed into the high performance liquid chro-
matograph (HPLC) system (Waters 2698, USA) to determine the sugar
concentrations at 50 °C. The flow rate of 5mM H2SO4 used as the mo-
bile phase was 0.5mL/min. The morphological structures of the origin
and as-prepared mesh surfaces were characterized by field emission
scanning electron microscopy (FE-SEM, Zeiss). Specific surface and
pore size distribution analyzer (AUTOSORB-1-MP, USA) was operated
to characterize the CSCMs. Energy-dispersive spectrometry (EDS)
spectra were collected on the Zeiss Ultra Plus equipped with an EDS
detector (Oxford, Aztec-X-80). The values of liquid contact angles (CAs)
and sliding angles (SAs) were measured with a SL200KB apparatus at
ambient temperature by injecting 5 μL of liquid droplets on the coated
meshes. The average CAs values were obtained by measuring the same
sample in at least five different positions. Fourier transform infrared
(FT-IR) spectroscopy was performed with a Bio-Rad FTS-165 instru-
ment.

4. Results and discussion

The surface morphology of the original stainless steel mesh and the
CSCMs were investigated by FE-SEM. As showed in Fig. 1a, the original
mesh has an average pore diameter of about 50 μm (300 mesh size) and
has a smooth surface (inset of Fig. 1a), which is used as substrate. After
coated with coconut shell, it can be seen obviously that the origin
stainless steel mesh surface was completely covered, which became
rough with many irregularly distributed microparticles (Fig. 1b). The
further magnified FE-SEM image in Fig. 1c shows that the surface of
coconut shell was not smooth, there were a number of micro/nanoscale
particles and debris of different sizes distribute randomly over a single
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coconut shell surface. The hierarchical micro/nanoscale rough structure
is crucial for forming stable underliquid (super)lyophobicity. Moreover,
the pore size distribution of CSCMs was obtained by nitrogen sorption
measurements [28] (Fig. S1). It can be seen that both mesopores
(20–50 nm) and macropores (> 50 nm) are simultaneously existed in
CSCMs. In addition, the surface chemical composition of origin stainless
steel mesh and the CSCMs was measured by the EDS. Fig. 1d demon-
strated that the C, Cr, Fe and Ni four elements in the spectra of the
origin stainless steel mesh. After coated with the coconut shell, those
above mentioned peak disappeared and replaced by others new spectra.
There were new peaks appearing including O, Al and P elements in
Fig. 1e. Combined with the element content of stainless steel mesh
coated by coconut shell before and after (inset of Fig. 1d and e), the
coconut shell was successfully loaded to the stainless steel mesh. This is
due to coconut shell was a kind of biomass material, which contained
abundant glucan, xylan and klason-lignin that were mainly made up of
C and O elements. To further identify the element distribution of the
CSCMs, element mapping were listed in Fig. S2. It can be seen that two
mainly elements (C and O) were clearly observed on the surface of the
CSCMs. The appearance of P and Al elements was due to the addition of
AP binder. Moreover, the functional groups of coconut shell were
characterized by the FT-IR spectra. As exhibited in Fig. 1f, a strong wide
peak appeared at 3500–3400 cm−1, suggesting the existence of hy-
droxyl groups in the CSCMs. The absorption peak at 2927 cm−1 arises
from –CH3 groups [29]. The peaks ranging from 1680 cm−1 to
1610 cm−1 corresponded to the stretching of the C]C bonds in the
aromatic rings. The absorption peaks at 1300–1000 cm−1 could be
accounted to angular deformation in the plane of the CeH bonds of
aromatic rings and the peaks at 1200–1000 cm−1 matched the axial C-
O bond in phenols [30]. The hierarchical micro/nanoscale rough
structure and the chemical composition with polar group of the as-
prepared CSCMs are indispensable for the underliquid (super)lyopho-
bicity.

The wettability of the CSCMs was assessed comprehensively by
measurement of the CAs and SAs. As exhibited in Fig. 2a, when FA and
kerosene droplets contacted with the CSCMs, they were immediately
spread out and permeated though the CSCMs with the CAs nearly 0°,
which indicated that the CSCMs were superamphiphilic to two OLs in
air. On the contrary, when the CSCMs was immersed into FA, oil droplet
(kerosene) was like a small sphere, and the oil CAs was 155.7° (Fig. 2b),
indicating the CSCMs.

presented an outstanding underliquid superlyophobic performance
(Fig. 2c). For a series of oil CAs under FA and EG, as shown in Fig. 2f

and g, the CAs of a series of oils droplet on the CSCMs were all larger
than 150° and the SAs on the CSCMs were found to bthate less than 10°.
Analogously, these liquid droplets CAs values are colse to 150° under
PG in Fig. 2h, being very approaching to superlyophobic, which were
due to the surface tension differences between PG and liquid1 were
quite small. In addition, the dynamic liquid2-adhesion measurement
was implemented to further testify the property of low adhesion under
FA (Fig. S3). The SAs did not show for its high adhesion under PG.
There is a noteworthy difference in CAs and SAs values of liquid2 under
different liquid1, which the CAs and SAs are decrease and increase
successively under FA, EG and PG, respectively. The Young's equation
can be extended from the solid surface in air to a liquid2 droplet on a
solid surface in the liquid1 to interpret the above phenomena. Thus, the
formula (1) can be got from Young's equation to calculate the CAs of the
liquid2 in liquid1–liquid2–solid three-phase system [31]:

=

−

−

− −cosθ
γ cosθ γ cosθ

γL L
L a L L a L

L L
1 2

2 2 1 1

2 1 (1)

where
−

γL a1 ,
−

γL a2 and
−

γL L2 1are the liquid1–air interface tension, liqui-
d2–air interface tension and liquid2-liquid1 interface tension, respec-
tively. θL1, θL2 and −θL L2 1 are the intrinsic CAs of liquid1 in air, liquid2 in
air and liquid2 under liquid1, respectively. As can be seen from Eq. (1),
the −cosθL L1 2 is always negative because the as-prepared CSCMs enjoys
superlyophilic for liquid1 and liquid2 in air and the surface tension of
liquid2 is much lower than that of liquid1. Combined with the Cassie
theory and the high rough surface of the as-prepared CSCMs, the un-
derliquid (super)lyophobicity can be well understood for liquid2 under
liquid1. Furthermore, from Eq. (1), the CAs decrease with the decrease
of the difference of surface tension between liquid2 under liquid1,
which coincide with the experimental results (Fig. 2f–h). For the change
of SAs, it depends on the adhesion of the liquid2 on the solid surface
under liquid1. As exhibited in Fig. 2d, a droplet sits on the surface of
solid with a low adhesion. In this case, the liquid2-solid contact model is
a discrete “point contact”, that is to say, the triple-phase contact line
(TCL) is discontinuous. Therefore, in the process of moving forward and
backward, there is little or no difference in energy between different
states, so the droplets roll easily on the surface. When the CAs decrease
with the decrease of the difference of surface tension between liquid1
and liquid2, the liquid2 penetrates into the microroughness of solid. As a
result, the contact model changes from discontinuity “point contact” to
continuous “line contact” (Fig. 2e). Hence, the TCL has to overcome
certain energy barriers before rolling, and this explains why the surface
can have super-high adhesion [32,33]. In brief, the underliquid (super)

Fig. 1. FE-SEM images of (a) the original stainless steel mesh and (b and c) the CSCMs in different magnifications, respectively. The EDS results of (d) the original
stainless steel mesh and (e) the CSCMs. (f) FT-IR spectrum of the CSCMs.
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lyophobicity of the as-prepared CSCMs indicated that it has a good
application prospects in the separation of immiscible OL mixtures.

To determine whether a solid will be wetted preferentially by a li-
quid1 or liquid2, the total interfacial energy of the individual wetting
configurations was compared by the theoretical model (Fig. 3a). Con-
figuration 1 and 2 refer to the state where the soild is completely wetted
by liquid1 and liquid2, respectively. By comparing the energy states of
configurations 1 and 2, one can determine the required solid/liquid
combinations to form a stable film of liquid1. E1 and E2 represent the
total interfacial energies per unit area of the wetting configurations 1
and 2 respectively. In addition, γs1, γs2, γ1 and γ2 represent the surface
energies of the solid-liquid1 interface, solid-liquid2 interface, liquid1-
vapor interface, and liquid2-vapor interface, respectively. R represents
the roughness factor of the solid, which is defined as the ratio between

the actual and projected areas of the surface [34]. To find the condi-
tions such that configuration 1 is always at a lower energy state than
configuration 2, we have Δ = − <E EE 01 2 , which can be further ex-
pressed as,

= − + − <γ γ γ γΔE R( ) 0s s1 2 1 2 (2)

using the Young equation, we have

= − + − <E R γ cosθ γ cosθ γ γΔ ( ) 02 2 1 1 1 2 (3)

where θ1, and θ2 are the surface energy of the equilibrium contact
angles of liquid1 and liquid2 on a flat solid surface, respectively. Sa-
tisfying above equation will ensure a stable liquid1-repellent film for-
mation. If the >EΔ 0, the liquid1 film will be replaced by the liquid2.
To verify the theoretical model, a number of different solid/liquid1/

Fig. 2. (a and b) The wetting behavior of the CSCMs toward (c) Schematic illustration of liquid–solid contact mode in the liquid1–liquid2–solid three-phase system (d)
low adhesion state (e) high adhesion state. (f–h) The CAs and SAs of various liquid1 droplets under different liquid2 medium on the CSCMs.

Fig. 3. (a) Theoretical model for main-
taining a stable liquid film. (b–d) Separation
process of FA/kerosene mixtures, EG/kero-
sene mixtures and PG/kerosene mixtures,
respectively. (The FA, EG and PG are dyed
with methylene blue and kerosene is dyed
with Oil Red O in order to enhance the vi-
sual effect). (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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liquid2 combinations were explored and compared these results with
the governing relationships. As presented in Table 1, these relationships
agree favorably with all of the experimental conditions. It can be tes-
tified that the CSCMs preferentially captures the high surface tension
liquid forming a relatively stable liquid1-repellent interface, which re-
pels the liquid2 with a lower surface tension. Therefore, the CSCMs can
make the liquids with high surface tension to pass through and hinder
liquids with low surface tension, which does not need to choose dif-
ferent low surface energy silanes to accurately control the membranes’
surface energy according to different OLs mixtures. Fig. 3b-d showed
the separation process of the immiscible OLs mixtures on the CSCMs.
We choose OLs mixtures of FA/kerosene (Fig. 3b), EG/kerosene
(Fig. 3c) and PG/kerosene (Fig. 3d) to testify the separation capacity of
the CSCMs. As presented in Fig. 3b, the FA/kerosene mixture was
poured onto the pre-wetted CSCMs with FA, FA selectively permeated
through the CSCMs and kerosene was intercepted and retained in the
upper tube. After separation, there is no visible liquid mixture in the
collected liquid, which can be separated effectively. Analogously, the
other mixtures can be separated with the same method (Fig. 3c and d).

The robustness of the CSCMs is determined by the intrusion pres-
sure, below which the CSCMs can work well. The experimental intru-
sion pressure of liquids flowing through the CSCMs was calculated by
measuring the maximum height of oil that the CSCMs can support using
Eq. (4):

=P ρghΔ exp max (4)

where PΔ exp is the experimental intrusion pressure, ρ is the density of
the liquid, g is the acceleration of gravity, and hmax is the maximum
height of liquid the CSCMs can support. The intrusion pressures were
measured for a serious of liquids, as exhibited Fig. 4. From left to right,
the intrusion pressure of liquid2 that FA pre-wetted mesh can support
(Fig. 4a), EG pre-wetted mesh can support (Fig. 4b) and PG pre-wetted
mesh can support (Fig. 4c), respectively. Meanwhile the theoretical
intrusion pressure can be calculated by Eq. (5):

= −P
γ cosθ

d
Δ

2
theo

L L1 2

(5)

where PΔ theo is the theory intrusion pressure, γL L1 2 is the interfacial
tension between liquid1 and liquid2, θ is the contact angle of liquid2 on
the coated surface which was just immersed in liquid1, and d is the
average pore diameter, which is calculated from the SEM image of the
CSCMs. Although there were differences between the theoretical cal-
culations and experimental values for a serious of liquids intrusion
pressure, fluctuate within a certain margin of error, which showed great
relevance. Therefore, the maximum height of a special liquid2 is sup-
ported by the as-prepared CSCMs, which can be estimated by calcula-
tion. Moreover, it is important to note that in the actual separation,
liquid has a minimum height (hmin). If the <h hmax min, the separation
may fail due to the intrusion pressure is too small. Thus, there is a
minimum for hmax . When the >h hmax min, the sepatation is meaningful
and effective. Combine the Eqs. (4) and (5), we have

> −γ
h dρg

cosθ2
min

L L1 2 (6)

Therefore, the surface tension difference of the two-phase organic
liquid to be separated has a lower limit for the separation membrane
with a specific pore size. The surface tension difference of the two-
phase organic liquid to be separated can be further reduced by de-
creasing the aperture, but this is at the expense of decreased flux.
Furthermore, the separation performance of the CSCMs can be char-
acterized by the separation efficiency. To evaluate the separation effi-
ciency of the CSCMs, it can be obtained by following Eq. (7):

= ×
V
V

R(%) 100a

b (7)

where R(%) is separation of the coated mesh, Vb and Va are the volume
of the lower surface tension liquid before and after the separation
process, respectively. Fig. 5d exhibited the separation efficiency of the
CSCMs, showing the high separation efficiency greater than 96% for
various OLs mixtures. In addition, there are also presented the high
separation efficiency for other OLs mixtures (Fig. S4). Furthermore, the
flux is an indispensable parameter for practical operation, which values
were calculated using Eq. (8):

=
V
St

F
(8)

where F is the flux, V is the volume of liquid1 that permeates through
the CSCMs, S is the effective area of the CSCMs, and t is the required
time of a certain volume to pass through the CSCMs. As showed in
Fig. 4e, the flux of FA was obviously higher (5.45 Lm−2 s−1) than that
of EG and PG, which was due to the high viscosity of EG and PG.
Furthermore, to further examine the separation capacity of the CSCMs,
Fig. 4f showed the relationship between separation efficiency and re-
cycle numbers by taking the FA/kerosene mixture as an example. It can
be seen the separation efficiency was still greater than 96% after 50
cycle times. In each cycle before use the CSCMs was washed by passing
through of absolute ethanol. Therefore, the as-prepared CSCMs with
excellent recyclability was a promising material for the separation of
the OLs.

To better understand the OLs mixtures separation mechanism of the
as-prepared CSCMs, the wetting process is modeled on the assumption
that the pores are arranged approximately in a regular square array
(Fig. 5). When a wettable liquid contacts the membrane in air, it
spreads instantly on the membrane under the action of the capillary
force. According to the Eq. (5), due to the CSCMs shown the super-
amphiphilicity in air, θ is nearly 0°, the Δp < 0 and the CSCMs cannot
support any pressure from the weight of the liquid in air (Fig. 5a). In
contrast, when the CSCMs were pre-wetted by liquid1, the liquid1 can
form a liquid1-repellency layer in rough structures to repel liquid2. The
retention of liquid2 above the CSCMs leads to θ > 90°, thus the in-
trusion pressure >Δp 0, which means that the CSCMs can sustain
pressure to some extent (Fig. 5b). The liquid2 cannot permeate through
the CSCMs spontaneously unless an external pressure is applied.

Table 1
Comparison of the governing relationships with experimental observations for
various solid-liquid1-liquid2 combinations.

Liquid1 Liquid2 △E (mJm−2) Stable Film?

Theory Exp.

FA Kerosene −14.67 Y Y
Diesel −10.28 Y Y
Hexane −20.91 Y Y
Petroleum ether −20.86 Y Y
Heptane −18.72 Y Y
Cyclohexane −14.22 Y Y
Toluene −9.14 Y Y

EG Kerosene −22 Y Y
Diesel −17.76 Y Y
Hexane −28.33 Y Y
Petroleum ether −28.22 Y Y
Heptane −26.13 Y Y
Cyclohexane −21.63 Y Y
Toluene −16.55 Y Y

PG Kerosene −12.79 Y Y
Diesel −8.11 Y Y
Hexane −19.12 Y Y
Petroleum ether −19 Y Y
Heptane −16.92 Y Y
Cyclohexane −12.42 Y Y
Toluene −7.34 Y Y

Note: “Y” indicates that liquid1 forms a stable liquid1-repellent film, and does
not get displaced by liquid2.
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Compared with previous materials [2,16,18,35,36], the separation
method does not need to accurately control the membranes’ surface
energy according to different OL mixtures, which is facile and low cost
(Table 2). From the above discussed, it is clear that the liquid1 pre-
wetted mesh allows the liquid1 to permeate quickly, while the liquid2 is
rejected above the mesh, achieving effective separation of immiscible
OLs mixtures.

5. Conclusion

In summary, a novel underliquid superlyophobic concept was pre-
sented for the separation of immiscible OL mixtures. The underliquid
superlyophobicity was realized by introducing a high surface tension
liquid (liquid1) into the rough structure of the as-prepared CSCMs,
forming a liquid1-repellent interface to repel the immiscible low surface
tension liquid (liquid2). The pre-wetting CSCMs by liquid1 allows the
passage of high surface tension liquid and blocks the permeation of low

Fig. 4. The theoretical and experimental values of intrusion pressures for a series of mixtures under FA (a), under EG (b) and under PG (c), respectively. (d) The
separation efficiency. (e) Flux of the coated meshes for FA, EG and PG. (f) The separation efficiency versus the recycle numbers by taking the FA/diesel mixture as an
example.

Fig. 5. Schematic diagram of the wetting
mechanism of the as-prepared CSCMs. (a)
Liquid1 and liquid2 will permeate through
the CSCMs in air, because △P < 0. (b)
Liquid2 can stay above the coated mesh
CSCMs after pre-wetting by liquid1, because
△P > 0. O1 is the cross section center of
the mesh and O2 is the center of the sphe-
rical cap of the meniscus.

Table 2
Comparison of various superwettable materials for immiscible organic liquid mixtures separation.

Materials Method Superwettability low surface energy
materials

Flux (Lm−2 s−1) Separation efficiency
(%)

Refs.

Cu(OH)2 nanoneedles mesh Surface oxidation process Superlyophobicity in air Yes 33 97 18
Stainless steel meshes Electrochemical etching Lydrophobicity in air Yes – >94 35
Nanofibrous membranes Electrospinning Superlyophobicity in air Yes – 97 2
Copper oxide nanoneedle mesh Oxidation and surface

modification
Lydrophobicity in air Yes – 98 36

PVP nanofibrous membranes Electrospinning Superlyophobicity in air Yes 0.27 99 16
Coconut shell coated mesh Spraying Underliquid Superlyophobic No 5.45 >96 This work

Note: “Yes” indicates that the material is involved into the low-surface energy substance.
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surface tension liquid, which achieved successive high-efficiency se-
paration of OLs mixtures. Different from the study of previous for the
separation of OLs mixtures, the approach avoided using many low
surface energy materials, complex preparation processes, expensive
drugs, and so on, which was simple, economical and environmentally
friendly. This strategy will open new perspectives to separate multi-
phase liquid in product purification and environmental protection.
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