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ABSTRACT: Edible oil is essential for people’s daily life but also results
in a large amount of oily wastewater simultaneously. Oil−water
separation is a practical route that can not only purify wastewater but
also recycle valuable edible oil. In this study, the superhydrophobic
copper mesh (SCM) was prepared by chemical etching, and a novel oil−
water centrifugal device was designed for high-efficiency separation of
edible oil wastewater. The kernel is a self-prepared SCM, which has a
water contact angle (WCA) of 155.1 ± 1.8° and an oil contact angle
(OCA) of 0°. Besides, the separation performance of the SCM for edible
oil−water mixtures was studied in this study. The results showed that the
SCM exhibited excellent oil/water separation performance, with a
separation efficiency of up to 96.7% for sunflower seed oil−water
wastewater, 93.3% for corn oil−water wastewater, and 98.3% for peanut
oil−water wastewater, respectively. Moreover, the separation efficiency
was still over 90% after 18 cycles. A model was established to analyze the oil−water separation mechanism via centrifugation. The
oil−water centrifugal separation device has great potential for scale-up applications.

1. INTRODUCTION
Edible oil is an important part of the human diet, providing
energy, lipid-soluble vitamins, and fatty acids. During the
production of edible oil from economic crops, such as peanuts,
soybeans, and sunflower seeds, a large amount of oily
wastewater is produced. If the oily wastewater is directly
discharged, it would cause great harm to the environment due
to its high chemical oxygen demand (COD) and high
biological oxygen demand (BOD). It is necessary to treat
such oily wastewater to comply with environmental standards.1

Additionally, if the oily wastewater is separated and the waste
oil is utilized effectively as a raw material for biomass energy
production, not only does this protect the environment but
also achieves the maximum resource utilization of oily
wastewater.2

The main treatment methods for oily wastewater include
physiochemical treatment3 and biological treatment.4 Physi-
ochemical treatment has the advantages of simple operation
and short treatment time but also has disadvantages such as
high cost and high energy consumption. Typical physiochem-
ical treatment methods include adsorption,5,6 coagulation-
flocculation,7,8 and electrocoagulation.9,10 Zhang et al.11

treated acidic oily wastewater by the flocculation method
and achieved a 91% oil removal rate when the dosage of
flocculant P(MMA−MAA−CS)-2 was higher than 200 mg
L−1. However, this high flocculant dosage would make the
process high cost. Sharma et al.12 treated canola oil refinery

effluent by electrocoagulation with a COD removal rate of
93.45% at a current density of 7.61 mA cm−2 and 40 min
operation. However, the electrocoagulation method requires a
high power consumption. Biological treatment decomposes
complex organic matter in oily wastewater into simple
substances. Although this treatment is highly adaptable and
low cost, it also has the disadvantage of a long processing time.
Typical biological treatments include the activated sludge
method13 and the biofilm method.14,15 For example, Gonzalez
et al.16 treated olive mill wastewater by a microbiological
method, achieving 90% polyphenol reduction after 7 days, a
much longer duration than physiochemical treatment.

Recently, superhydrophobic materials prepared by etch-
ing,17,18 electrochemical deposition,19,20 spraying,21,22 and
hydrothermal methods23,24 have found good industrial
applications due to their special functions such as self-cleaning
and scale inhibition.25 Oil−water separation is a typical
application example of superhydrophobic materials.26 Because
of the polarity difference between oil and water, the
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superhydrophobic material surface attracts oil and repels water,
thereby achieving oil−water separation. Oil−water separation
by superhydrophobic materials has the advantage of high
separation efficiency. Zhang et al.27 used a superhydrophobic
aluminum mesh prepared by laser etching to separate a
dichloromethane-water mixture with a separation efficiency of
99%. Qiao et al.28 prepared a superhydrophobic copper mesh
by chemical etching and achieved the separation of a carbon
tetrachloride-water mixture with a separation efficiency of 97%.
However, the above separation methods were driven by gravity
to separate oils with densities higher than that of water, with
the superhydrophobic mesh installed at the bottom of the
separation device. The probability of contact with the
superhydrophobic mesh would be reduced for oils that are
less dense than water (such as edible vegetable oils with a
density of less than 1 g cm−3); therefore, the high separation
efficiency of the oil−water mixture cannot be achieved in a
limited time. Lee et al.29 used a superhydrophobic stainless
steel mesh to separate a gasoline-water mixture and the
separation efficiency was only 80%. In addition, studies have
shown that superhydrophobic surfaces have been widely used
in versatile applications, but the poor mechanical stability of
low surface energy polymers severely limits their practical
application. The inorganic hydrophobic materials have become
an ideal material for the practical application of super-
hydrophobic surfaces.30−35

Comprehensive consideration, superhydrophobic copper
mesh (SCM) was prepared by chemical etching due to low
equipment cost, simple process, and high controllability, and a
novel oil−water separation device was designed to achieve the
high separation efficiency of edible oil−water mixtures driven
by centrifugation in this study. This study provides a basis for
process parameter optimization and equipment design for oil−
water separation.

2. EXPERIMENTAL SECTION
2.1. Materials. Copper mesh was purchased from Anping

Kangmeilong Metal Mesh Co., Ltd. 1-Dodecanethiol was
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Sodium hydroxide, ammonium persulfate, anhydrous
ethanol, and hydrochloric acid were purchased from Chengdu
Chron Chemical Co., Ltd. All reagents were of analytical grade
and were used without further processing. Deionized water was
used in all of the experiments.
2.2. Preparation of SCM. The SCM was prepared by

chemical etching. First, the copper mesh was sequentially
cleaned with anhydrous ethanol, deionized water, and a
solution of hydrochloric acid (0.1 M) with an ultrasonic
cleaner (SM-5200DTD) to remove organic matter and native
oxide on the copper mesh surface. The cleaned copper mesh
(CCM) was then etched by a mixed aqueous solution of
ammonium persulfate (0.13 M) and sodium hydroxide (2.5
M) at 60 °C for 20 min. After that, the etched copper mesh
(ECM) was washed with deionized water and dried at 60 °C
for 30 min. Finally, the ECM was modified by an ethanolic
solution of 1-dodecanethiol (0.03 M) for 1 h at room
temperature. The SCM was prepared after being washed with
deionized water and dried at 60 °C for 30 min.
2.3. Characterization. The surface morphology of the

copper mesh was observed by scanning electron microscopy
(SEM; Apreo S, Thermo Scientific, USA). The phase
composition of the copper mesh was analyzed by X-ray
diffractometry (XRD; D2 PHASER, Bruker, USA). The surface

chemical composition of the copper mesh was determined by
energy-dispersive X-ray spectroscopy (EDS; 410-M, Bruker,
USA), Fourier transform infrared spectrometry (FTIR; Nicolet
6700, Thermo Scientific Company, USA), and X-ray photo-
electron spectroscopy (XPS; Axis UltraDLD, KRATOS, UK).
The water contact angle (WCA) and oil contact angle (OCA)
were measured using a contact angle meter (JC2000D,
Shanghai Zhongchen Digital Technic Apparatus Co., Ltd.,
China).
2.4. Oil−Water Separation Experiment. The novel self-

made oil−water separation device driven by centrifugation is
shown in Figure 1. The separation device mainly comprised an

oil/water separator, stirring device, and oil collection funnel.
The diameter and height of the separator were 75 and 160
mm, respectively. There was a 60 × 50 mm window on the
side wall, 40 mm from the bottom, with the SCM attached to
this window. The stirring device provided a blade-pitch-type
impeller with a diameter of 50 mm.

In each experiment, an oil−water mixture (30 mL of oil and
170 mL of water) was added to the oil−water separator. Then,
the stirring device was turned on at a certain stirring speed, and
the timing began. Under centrifugation, the oil was thrown out
into the oil collection funnel through the SCM and then
flowed into the measuring cylinder through the oil outlet at the
bottom of the oil collection funnel. The volume of liquid (VL)
in the graduated cylinder was measured at different times.

3. RESULTS AND DISCUSSION
3.1. Chemical Characterization. Figure 2a shows the

XRD patterns of CCM (black line), ECM (red line), and SCM
(blue line). The XRD of the CCM showed the three diffraction
peaks at 43.3°, 50.4°, and 74.1°, which corresponded to the
(111), (200), and (220) crystalline phases of the Cu
(PDF#04-0836). The ECM XRD pattern contained two new
diffraction peaks at 35.5° and 38.7°, which corresponded to the
(002) and (111) crystalline phases of CuO, respectively
(PDF#45-0937). This indicated that CuO formed on the
surface of ECM following its oxidation by the mixed aqueous
solution of 0.13 M ammonium persulfate and 2.5 M sodium
hydroxide at 60 °C. The diffraction peaks on the surface of the
SCM were consistent with ECM, which indicated that CuO
was also present on the SCM surface.

Figure 1. Self-made oil−water separation device.
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Figure 2. (a) XRD patterns of CCM, ECM, and SCM; (b) FTIR spectra of 1-dodecanethiol, SCM, and ECM; (c) EDS spectra of CCM, ECM, and
SCM.

Figure 3. XPS spectra of SCM: (a) Cu 2p, (b) Cu LMM, (c) O 1s, (d) S 2p, and (e) C 1s.
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The FTIR spectra of 1-dodecanethiol (blue line), SCM (red
line), and ECM (black line) are shown in Figure 2b. Both
ECM and SCM contained absorption peaks at 498 and 605
cm−1; these were attributed to the stretching vibration peaks of
Cu−O,36 which was consistent with the XRD results. The
FTIR spectra of both 1-dodecanethiol and SCM showed
absorption peaks at 1466 cm−1, corresponding to the −S−C−
stretching vibration,37 as well as 2848 and 2918 cm−1 for the
C−H stretching vibrations of −CH2− and −CH3, respec-
tively.37,38 These FTIR spectra indicated that 1-dodecanethiol
was bound to the SCM surface.

To further analyze the elemental content, EDS spectroscopy
and elemental analysis of the surface of CCM (c1), ECM (c2),
and SCM (c3) were performed (Figure 2c). The O content of
the ECM and SCM was significantly greater than that of the
CCM. In combination with the XRD pattern shown in Figure
2a, this confirmed the presence of CuO on the surface of both
the ECM and SCM. Compared with the CCM and ECM, the S
and C content of the SCM increased significantly. This
confirmed the successful modification with 1-dodecanethiol.

To determine the composition and bonding state of the
SCM surface, high-resolution XPS of Cu 2p, S 2p, and C 1s
was performed (Figure 3). As shown by Cu 2p spectra in
Figure 3a, the peaks at 929.7 and 949.7 eV corresponded to Cu

2p3/2 and Cu 2p1/2, respectively; the satellite peaks appeared at
about 943.2 and 960.1 eV.39 This result is indicative of the
presence of CuO on the SCM surface, which is consistent with
XRD results. Furthermore, the Auger electron spectroscopy for
Cu LMM was carried out in Figure 3b, where the Cu LMM
demonstrates the predominant role of metallic Cu0 species and
a small amount of reduced Cu+ on the surface of sample.40 The
O 1s spectra (Figure 3c) can be deconvoluted into two peaks.
Based on the literature data,41 the peaks at 529.1 and 531.2 eV
can be attributed to the lattice oxygen of CuO (Olatt(Cu2+))
and lattice oxygen of Cu2O (Olatt (Cu+)). As for S 2p (Figure
3d), the spin−orbit peaks were correlated with the S 2p3/2 and
Cu−S states, while the other obvious peaks at 165.7 eV could
be ascribed to thiol (−SH) species. Specifically, the peak at
159.7 eV corresponded to the presence of S in free 1-

Figure 4. SEM images and WCAs of (a) CCM, (b) ECM, and (c)
SCM.

Figure 5. Separation of a peanut oil−water mixture by the self-made
oil−water separation device at (a) experiment preparation; (b)
pouring oil−water mixture in separation device; separation oil−water
mixture at (c) 2, (d) 5, (e) 15 min, and (f) finish.

Figure 6. Schematic diagram of a water drop hanging sideways on the
SCM aperture diameter (d).

Table 1. Experimental Conditions for Oil−Water Separation

experimental conditions units value

experimental temperature (T) K 293.15
density of water (ρw) kg m−3 998.2
surface tension of water (γw) mN m−1 72.6
contact angle of water (θWCA) ° 155.1
diameter of the separator (D) mm 75
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dodecethiol, while the peak at 161.1 eV indicated the
formation of Cu−S species due to chemical bonding between
S and Cu to form Cu(SC12H25)2.

42 Furthermore, the C 1s XPS
spectra in Figure 3e were deconvoluted into two peaks at 282.6

eV (C−C) and 286.9 eV (C−S), which can be ascribed to
carbon atoms present in aliphatic chain and carbon bonded to
sulfur originating from 1-dodecanethiol.43 The XPS results
demonstrated that 1-dodecanethiol effectively modifies the
SCM through partial chemical bonding and simultaneously
oxidizes the SCM during the etching process, which is in
agreement with FTIR and EDS results.
3.2. Surface Morphology and Wettability of Copper

Mesh. Figure 4 shows the SEM and WCA images of the CCM,
ECM, and SCM. The CCM had a smooth surface with a WCA
of 92.4 ± 0.8° (Figure 4a). After etching by a mixed aqueous
solution of 0.13 M ammonium persulfate and 2.5 M sodium
hydroxide, the ECM surface became rough and many
micronano sheet structures appeared. The ECM showed
hydrophilicity with a WCA of 63.0 ± 0.7° (Figure 4b). The
surface of the copper mesh modified with 1-dodecanethiol
displayed numerous convex nanoclusters. The SCM surface
exhibited superhydrophobic and superoleophilic character-
istics, with a WCA of 155.1 ± 1.8° and an OCA of 0° (Figure
4c), due to the rough nanostructures and hydrophobic groups.
3.3. Oil−Water Separation. 3.3.1. Mechanism of Oil−

Water Separation. The oil−water separation performance of
the SCM is evaluated by a separation experiment using a
peanut oil−water mixture. Figure 5 shows the separation
process of the peanut oil−water mixture (initial peanut oil
volume and water volume were 30 and 170 mL, respectively)
with a stirring speed of 700 rpm and a mesh aperture diameter
of 180 μm. Figure 5a shows the oil−water separation device.
When the peanut oil−water mixture was added to the oil−
water separator, as shown in Figure 5b, the peanut oil passed
through the SCM under centrifugation and flowed into the
measuring cylinder through the oil collecting funnel. The water
was intercepted in the separator, as shown in Figure 5c−e.
Figure 5f shows the peanut oil collected in the measuring
cylinder after separation.

To investigate the separation mechanism of the oil−water
centrifugal separation device, the mechanism analysis was as
follows.

Under the centrifugation, the liquid on the wall of the
separator was affected by outward additional pressure, as
shown in eq 1.

=p
D

41

2 2

(1)

where Δp1 is the additional pressure (Pa) upon centrifugation,
ρ is the liquid density (kg m−3), ω is the stirring speed (rpm),
and D is the diameter (m) of the separator.

According to the capillarity model, when the liquid
contacted the SCM, the intrusion pressure Δp2 was generated
by surface tension, as shown ineq 2:44

=p
d

4 cos
2 (2)

where Δp2 is the intrusion pressure (Pa) caused by surface
tension, γ is the surface tension (N m−1), θ is the contact angle
(deg) between the liquid droplet and the SCM, and d is the
SCM aperture diameter (m).

According to eq 2, the direction of Δp2 is related to θ. For
oil, θOCA < 90° (θOCA is the contact angle between oil and the
SCM), Δp2 and Δp1 are in the same direction so the oil can
spontaneously penetrate the SCM. For water, θWCA > 90°
(θWCA is the contact angle between water and SCM), so Δp2

Figure 7. Effect of the SCM aperture diameter on the separation of a
peanut oil−water mixture at a stirring speed of 700 rpm.

Figure 8. Effect of the stirring speed on the separation of a peanut
oil−water mixture with an SCM aperture diameter of 180 μm.

Figure 9. Separation efficiency of various edible oil−water mixtures
with a stirring speed of 700 rpm and an SCM aperture diameter of
180 μm.
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and Δp1 are in opposite directions (Figure 6). Thus, to
separate the oil−water mixture, the water must be intercepted
by the SCM. The relationship between Δp1 and Δp2 of water
should satisfy eq 3:

D

d4

4 cosw
2 2

w WCA

(3)

where ρw is the water density (kg m−3), ω is the stirring speed
(rpm), D is the diameter (m) of the separator, γw is the surface
tension (N m−1) of water, θWCA is the contact angle (deg)
between the water and the SCM, and d is the SCM aperture
diameter (m).

According to the experimental conditions shown in Table 1,
when the stirring speed was 700 rpm, the theoretical maximum
SCM aperture diameter for intercepting water was calculated
by eq 3 as dmax,th = 1320 μm.
3.3.2. Effect of the SCM Aperture Diameter. The effect of

the SCM aperture diameter on the separation of a peanut oil−
water mixture (30 mL oil, 170 mL water) at a stirring speed of
700 rpm is shown in Figure 7. When the separation time was
10 min, the volume of the separated phase with an SCM
aperture diameter of 600, 300, 180, and 125 μm was 37.0, 35.0,
25.0, and 18.0 mL, respectively, and at the end of separation,
the volume of the separated phase was 41.5, 38.5, 30.0, and
29.0 mL, respectively. When the SCM aperture diameter was
>180 μm, the separation phase was mixed with water, as shown
in the photographs of the separation phase in Figure 7. These
results showed that the experimental maximum SCM aperture
diameter for intercepting the water was 180 μm at a stirring
speed of 700 rpm, which was less than the theoretical
maximum SCM aperture diameter (1320 mm). This could
have been because water was brought out when the oil
penetrated the SCM due to the water-in-oil fluid in the
mixture.
3.3.3. Effect of Stirring Speed. The effect of stirring speed

on the separation of a peanut oil−water mixture (30 mL of oil,
170 mL of water) with an SCM aperture diameter of 180 μm is
shown in Figure 8. When the separation time was 10 min, the
volume of the separation phase at a stirring speed of 300, 500,
700, and 900 rpm was 5.5, 12.5, 25.0, and 31.0 mL,
respectively, while at the end of separation, the volume of
the separation phase was 13.0, 21.5, 30.0, and 42.0 mL,
respectively. When the stirring speed was greater than 700
rpm, as can be seen from the photographs of the separation
phase in Figure 8, the separation phase was mixed with water.
The results showed that, when the stirring speed was less than
700 rpm, the oil−water separation was effective due to the

additional water pressure under the centrifugation being less
than the intrusion pressure. However, the oil output was low
because of the insufficient centrifugal speed.
3.3.4. Separation Efficiency of Edible Oil−Water Mixture.

Based on the discussion in Sections 3.3.2 and 3.3.3, the
separation efficiency for different edible oil−water mixtures
with a stirring speed of 700 rpm and SCM aperture diameter of
180 μm was studied. The separation efficiency of oil−water
mixture η was defined as eq 4:

= ×V
V

100%L

0 (4)

where η is the oil−water separation efficiency, V0 is the initial
volume (mL) of the oil in the oil−water mixture, and VL is the
volume (mL) of liquid in the graduated cylinder at different
times.

Figure 9 shows the separation efficiency of various edible
oil−water mixtures (30 mL of oil, 170 mL of water) with a
stirring speed of 700 rpm and a mesh aperture diameter of 180
μm. When the separation time was 30 min, the separation was
complete. At this time, the separation efficiency for the
sunflower seed oil−water mixture, corn oil−water mixture, and
peanut oil−water mixture was 96.7, 93.3, and 98.3%,
respectively, and there was little water in the graduated
cylinder. These results showed that the separation of edible
oil−water mixtures by the SCM-based oil−water centrifugal
separation device was efficient and rapid. There were minor
differences in the separation efficiency of the three edible oil−
water mixtures due to the different densities, surface tensions,
viscosities, and other physical properties of the oils.30

To study the stability of the SCM, the effect of cycle number
on the separation efficiency of the three edible oil−water
mixtures was investigated (Figure 10). The separation
efficiency of the (a) sunflower seed oil−water mixture, (b)
corn oil−water mixture, and (c) peanut oil−water mixture was
greater than 90% after 18 separation cycles. This result
indicated that SCM had stable superhydrophobicity and
superoleophilicity.

4. CONCLUSIONS
A novel oil−water centrifugal separation device was designed
by using a self-prepared SCM with a WCA of 155.1 ± 1.8° and
an OCA of 0°. First, the SCM was characterized in detail.
Then, its performance was tested using three edible oil−water
mixtures. With a stirring speed of 700 rpm and an SCM
aperture diameter of 180 μm, the separation efficiency of the
sunflower seed oil−water mixture, corn oil−water mixture, and

Figure 10. Separation efficiencies of various edible oil−water mixtures with different numbers of separation cycles for (a) sunflower seed oil, (b)
corn oil, and (c) peanut oil.
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peanut oil−water mixture by the separation device at 30 min
was 96.7, 93.3, and 98.3%, respectively. Furthermore, the
separation efficiency was still over 90% after 18 separation
cycles for these three edible oil−water mixtures. It proved that
the self-prepared SCM had excellent stability. Finally, a model
was established to analyze the separation mechanism. The
SCM-based oil−water centrifugal separation device holds
promising application prospects for the solution of oily
wastewater pollution.
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