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–superhydrophobic integrated
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efficient oil–water separation†

Zhaohe Huang, * Zhenzhong Wang, Shiqiang Wang, Xiaowen Shan, Shumeng Yin
and Bin Tao

In petroleum, petrochemicals, metallurgy, and chemical industries, a significant volume of oily wastewater is

unavoidably generated throughout the production processes. This not only harms the environment but also

brings about diverse adverse effects on social and economic progress. In this study, copper mesh

separation membranes exhibiting superhydrophobicity and superhydrophilicity/underwater

superoleophobicity were fabricated through in situ oxidation, chemical vapor deposition, and other

physical and chemical modification techniques. Moreover, copper meshes possessing contrasting

wetting properties were incorporated into a system combining superhydrophilicity and

superhydrophobicity enabling the continuous and efficient separation of mixed oil–water liquids. The

separation efficiency of both the superhydrophobic and superhydrophilic membranes surpassed 99.0%

and remained above 97.0% after 15 days of continuous use, showcasing the remarkable effectiveness

and durability of the integrated system design. This research presents a straightforward and cost-

effective design approach for the large-scale treatment of oily wastewater in industrial settings, which is

expected to have extensive applications in practical production.
1 Introduction

Treatment of oily wastewater is urgently needed in various
industrial sectors including petroleum rening, metallurgy, and
chemical industries.1–4 In recent years, the uncontrolled release
of substantial volumes of oily wastewater and frequent offshore
oil spills have caused considerable economic losses and posed
a severe risk to aquatic environments and human health.5–7

Among various oil–water separation techniques, membrane-
based separation technology is generally regarded as one of
the most promising methods, which has gained signicant
attention in recent years due to its affordability, small space
requirement, and scalability.8–13

The self-cleaning property of lotus leaves, as described by the
ancient Chinese phrase “Out of the mud but not stained”, is
a common feature found in superhydrophobic surfaces. The
superhydrophobic property of lotus leaves arises from the
synergistic effects of low surface energy wax and micro/nano
hierarchical structures present on the leaf surface.14–16 Conse-
quently, modifying porous substrates with low surface energy
materials and designing rough structures have emerged as
SINOPEC Research Institute of Safety
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commonly employed techniques in membrane-based oil–water
separation. The achieved superhydrophobic/superoleophilic
surfaces could enable efficient separation of oil–water
mixtures.17–21 In 2004, Jiang et al.22 rst reported the use of
superhydrophobic/superoleophilic porous stainless steel mesh
membranes for oil–water separation. Moreover, separation
membrane materials exhibiting superhydrophilic/underwater
superoleophobic properties have been widely investigated for
the treatment of oily wastewater.23 Feng et al.24 prepared
a superhydrophilic/underwater superoleophobic separation
membrane material based on photopolymerization. The sepa-
ration membrane material consisting of micrometer-sized
porous metal substrate and nanoscale hydrogel coating was
capable of selective water–oil separation. Jin et al.25 prepared
a poly(acrylic acid)-graed poly(vinylidene uoride) separation
membrane material, which demonstrated extremely low adhe-
sion to oil in water, making it suitable for separating crude oil
and water mixtures. Additionally, the membrane exhibited
excellent resistance to crude oil fouling, ensuring stable sepa-
ration performance with a separation efficiency of 97.1% during
long-term operation. Although many reports have focused on
using porous separation membranes with special wetting
properties for oil–water separation, they mainly centered on
single membrane separation system.

In single separation systems, the separated liquid accumu-
lates over time and causes a signicant decline in separation
efficiency when the liquid volume exceeds a certain threshold.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In addition, utilizing a single separation system for continuous
oil–water separation necessitates constant discharge of the
separated liquid, ultimately leading to a considerable rise in
energy consumption. This drawback makes it unsuitable for
industrial applications. Hence, the single membrane separation
systems previously reported are unsuitable for treating real oily
wastewater.

Low-cost, widely available, mechanically robust, and
corrosion-resistant commercial copper mesh was chose as base
separation medium in this work. In order to tackle the afore-
mentioned challenges, the copper mesh was modied via facile
in situ oxidation and chemical vapor deposition techniques,
exhibiting superhydrophobic/superoleophilic and
superhydrophilic/underwater superoleophobic properties,
respectively. Subsequently, these two membranes were inte-
grated and assembled into a reverse T-shaped device to achieve
continuous and efficient oil–water separation. In comparison to
conventional single separation membrane systems, the dual-
membrane integrated system developed in this study not only
ensures high separation efficiency but also enables continuous
and sustainable oil–water separation, providing a new approach
for cost-effective and large-scale treatment of oily wastewater.
2 Experimental
2.1 Materials

Copper mesh (CM, 400 mesh) and trimethoxy(1H,1H,2H,2H-
heptadecauorodecyl)silane (>98.0%) (HF-TMS) were supplied
by Shanghai Yier Metal Mesh Products Co., Ltd and TCI
(Shanghai) Development Co., Ltd, respectively. Vegetable oil
was obtained from local supermarket. HCl (36–38%, AR), NaOH
($96%, AR), K2S2O8 ($99.7%, AR), acetone ($99.5%, AR), n-
hexane ($97%, AR) and ethanol ($99.7%, AR) were purchased
from Xilong Scientic Co., Ltd.
2.2 Experimental method

2.2.1 Surface treatment of the raw copper mesh. The
copper mesh was rst cut into circles with a diameter of 47 mm
(1.22 g). The mesh samples underwent three rounds of ultra-
sonic cleaning using 20 mL acetone, 20 mL ethanol, and 20 mL
distilled water, respectively. Subsequently, the mesh was dried
at 80 °C in a vacuum oven overnight for further use. The mass of
the cleaned copper mesh was 1.15 g.

2.2.2 Preparation of the oxidized copper mesh. 2 mol L−1

NaOH and 0.2mol L−1 K2S2O8 solutions were prepared rst with
vigorous stirring. Then they were mixed in a volume ratio of 1 : 1
to prepare the oxidizing solution. The cleaned copper mesh was
immersed in 0.1 mol L−1 HCl 100 mL solution for 30 minutes to
eliminate surface oxides. Subsequently, the copper mesh was
immersed in the aforementioned oxidizing solution (200 mL)
for 2 h at 40 °C. The reaction equation is shown below.

Cu + 2NaOH + K2S2O8 / Cu(OH)2 + K2SO4 + Na2SO4 (1)

Aerwards, the copper mesh underwent alternating rinsing
with 200 mL deionized water and 200 mL ethanol, followed by
© 2024 The Author(s). Published by the Royal Society of Chemistry
drying at 80 °C vacuum oven for subsequent utilization. The
mass of the oxidized copper mesh was 0.95 g.

2.2.3 Preparation of the uorinated copper mesh. First, 50
mL heptadecauorodecyl trimethoxysilane was added to
a 500 mL culture dish. Subsequently, the dried oxidized copper
mesh was placed in the culture dish covered with aluminum
foil. Then, it was transferred to a forced-air oven and main-
tained at 80 °C for 2 h. Aer that, the copper mesh was alter-
natively rinsed with deionized water and ethanol. Finally, the
uorinated copper mesh was obtained aer drying.

2.2.4 Wettability characterization. The wettability of the
mesh sample was assessed by measuring the contact angle of
either water or oil droplets (5 mL) on its surface using the contact
angle instrument. The average value and standard deviation
were obtained from parallel measurements at ve different
locations.

2.2.5 Oil–water separation experiment. An inverted T-
shaped device was constructed by assembling oxidized copper
mesh and uorinated copper mesh on the opposite side. A
mixture of water and n-hexane is used to represent an oil–water
mixture, where the volumes of water and n-hexane was 1 : 1. The
oil–water mixture was continuously injected into the inlet of the
device using a peristaltic pump at a 0.5 L min−1

ow rate. The
liquids passing through the membranes on the oxidized copper
mesh side and uorinated copper mesh side were collected
separately. To investigate the stability of the prepared materials,
the separation experiments were conducted for 30 minutes and
repeated for three times every day. The water content in the
ltrate from the water-permeable membrane was determined
using a Karl Fischer coulometer, while the oil content in the
ltrate from the oil-permeable membrane was quantied using
an infrared oil meter. Each measurement was repeated at least
three times.

The separation efficiency of the oil/water mixture was
calculated by equation as follows:

hoil ¼
�
1� c1

coil

�
� 100%

where hoil are the separation efficiency of oxidized copper mesh,
coil and c1 are the mass of oil before and aer separation.

hH2O
¼

�
1� c2

cH2O

�
� 100%

where hH2O are the separation efficiency of uorinated copper
mesh, cH2O and c2 are the mass of water before and aer
separation.
2.3 Characterization

The surface morphology of copper mesh was captured using
eld emission scanning electron microscopy (FESEM, Hitachi,
S-4800, Japan). Fourier transform infrared spectroscopy (FT-IR,
Nicolet, Nicolet 4700, USA) was used to analyze the functional
groups of membrane surfaces, while X-ray photoelectron spec-
troscopy (XPS, Thermo-VG Scientic, Escalab 250, USA) and X-
ray diffraction (XRD, PANalytical, Netherland) were employed
to characterize the chemical compositions of meshes surfaces.
RSC Adv., 2024, 14, 6064–6071 | 6065
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The water contact angles of the prepared mesh samples were
measured by a goniometer (Dataphysics, Germany), and the oil
contents of the studied systems was recorded using an IR
petroleum determination instrument (OIL-9, Jingcheng Yiqi,
China). The water contents of the studied systems were deter-
mined with a Karl Fischer coulometer (WKT-A8, Viscometer,
China).
3 Results and discussion
3.1 The overall research strategy in this work

The research strategy employed in this work is depicted in
Fig. 1. The surface of original copper mesh is both hydrophilic
(153° ± 3°) and oleophilic (0°), thus the porous copper mesh
allowed the passage of both oil and water without selectivity.
Aer oxidized by NaOH and K2S2O8, the copper mesh demon-
strated in-air superhydrophilicity and underwater super-
oleophobicity. Pre-wetting the surface of the oxidized copper
mesh with water enabled the rapid ltration of water while
prevented the passage of oil. On the contrary, the uorinated
copper mesh, achieved by modifying the oxidized copper mesh
with the low surface energy material HF-TMS, exhibited super-
hydrophobicity and superoleophilicity. As a result, oil could
permeate through the mesh freely, meanwhile the passage of
water was prohibited. Although a single oxidized copper mesh
Fig. 1 Schematic illustration for the fabrication of meshes with opposite

6066 | RSC Adv., 2024, 14, 6064–6071
or uorinated copper mesh could efficiently remove oil or water
from oil–water mixtures, practical usage implied that the
accumulated intercepted liquid over time and the tendency of
rejection decline with the increased liquid volume would
signicantly compromised separation efficiency.26,27 In this
context, this work proposed the assemble of an inverted T-
shaped integrated system that combined a superhydrophilic
oxidized copper mesh with a superhydrophobic uorinated
copper mesh. Consequently, efficient, scalable, and sustainable
separation of oil–water mixtures could be achieved, surpassing
the limitations of conventional single membrane separation
system. In comparison to traditional single membrane separa-
tion systems, the inverted T-shaped integrated device over-
comes the challenges posed by intercepted liquid hindrance
and excessive liquid pressure during separation. Furthermore,
this device exhibits high feasibility for large-scale applications.
3.2 Characterization of the prepared meshes

The morphologies of the untreated copper mesh, oxidized
copper mesh and uorinated copper mesh were characterized
by SEM as shown in Fig. 2. Clearly, the untreated copper mesh
featured a relatively at surface without complex microstruc-
tures and had a pore diameter of approximately 38 mm. In
contrast, oxidized copper mesh exhibited a rough surface
covered with evenly distributed nanoneedles with a smaller
wettability and oil–water separation via an integrated T-shaped system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the original copper mesh, the oxidized copper mesh, and fluorinated copper mesh at different magnifications. The original
copper mesh (a–c) has a relatively smooth surface, while the oxidized copper mesh (d–f) and fluorinated copper mesh (g–i) are both covered by
three-dimensional nanoneedle like structures, with pore sizes reduced from 38 microns to 10 microns.
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pore diameter of about 10 mm. The uorinated copper mesh
exhibited a surface microstructure similar to that of the
oxidized copper mesh, with uniformly distributed nanoneedles
covering the surface. This observation indicated that the further
modication using the low surface energy molecules (HF-TMS)
did not obviously affect the microstructure of the oxidized
copper mesh. In addition to the oxidation temperature of 40 °C,
oxidation temperatures set at 20 °C and 60 °C were also inves-
tigated, with an oxidation duration of 2 hours for each condi-
tion. SEM images of the oxidized copper mesh revealed that at
20 °C, the nanoneedles formed on the copper mesh were sparse,
failing to cover most of the original mesh pores (Fig. S1a†).
However, at 60 °C, the nanoneedles evolved into nanoower-
like microstructures, which also failed to cover the original
mesh pores (Fig. S1b†).

XRD analysis shown in Fig. 3a indicated that the untreated
copper mesh primarily consisted of Cu, whereas the oxidized
copper mesh displayed diffraction peaks of Cu(OH)2 (JCPDS 03-
0315).28 In the oxidation process of copper mesh, Cu initially
underwent a reaction with the oxidizing solution, resulting in
the formation of Cu2+ ions. Subsequently, these ions formed s
© 2024 The Author(s). Published by the Royal Society of Chemistry
bonds with OH− to generate extended chain structures. The
adjacent chains further aggregated via OH− and Cu2+ interac-
tions, leading to the formation of a three-dimensional
nanoneedle-shaped Cu(OH)2 crystal in a two-dimensional
arrangement (Fig. 3b).29 The XRD pattern of the uorinated
copper mesh resembled that of the oxidized copper mesh,
suggesting that the phase composition remained unchanged
aer modication with HF-TMS. This observation aligned well
with the SEM results.

FTIR and XPS characterizations were employed to analyze
the chemical compositions of the copper mesh samples. As
shown in Fig. 3c, two characteristic peaks were observed on the
spectra of uorinated copper mesh and HF-TMS. The charac-
teristic peak at 1216 cm−1 was attributed to the vibration of –CF
bonds, while the peak at 1154 cm−1 was ascribed to the vibra-
tion of –CF2 bonds,30 demonstrating the successful surface
modication of the uorinated copper mesh with HF-TMS.

Furthermore, XPS spectra shown in Fig. 3d provided addi-
tional evidence regarding the surface chemical compositions of
the untreated copper mesh, the oxidized copper mesh and the
uorinated copper mesh. Only the XPS spectrum of the
RSC Adv., 2024, 14, 6064–6071 | 6067

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08909f


Fig. 3 The chemical composition characterization of the original copper mesh, the oxidized copper mesh and the fluorinated copper mesh. (a)
The XRD characterization of the original copper mesh, oxidized copper mesh, and fluorinated copper mesh shows that the main phase of the
three is Cu, with the presence of Cu(OH)2 in the oxidized copper mesh and fluorinated copper mesh; (b) chemical structure diagram of Cu(OH)2;
(c) it was demonstrated that the successful modification of HF-TMS on the copper fluoridemesh by the FTIR spectra of the original coppermesh,
the oxidized copper mesh and the fluorinated coppermesh; (d) the XPS spectra show that F 1s only appear on the copper fluoridemesh; The XPS
C 1s peaks of the original copper mesh, the oxidized copper mesh and the fluorinated copper mesh (e–g) also demonstrate the successful
preparation of copper fluoride mesh.
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uorinated copper mesh exhibited a characteristic peak of F 1s
at a binding energy of 688.1 eV,31 conrming the successful
modication with HF-TMS. The C 1s peak observed at binding
energies of 284.8 eV, 286.3 eV, and 288.9 eV corresponded to the
characteristic peaks of C–C, C–Hx/C–O, and C]O, respec-
tively.32 Although these characteristic peaks were found in all
spectra (Fig. 3e–g), notable distinctions were observed between
the spectrum of the uorinated copper mesh and those of the
untreated copper mesh and the oxidized copper mesh. The
characteristic peak at binding energy of 290.7 eV was attributed
to –CF2,33,34 which further conrmed successful modication of
the copper mesh surface with HF-TMS.
3.3 Oil–water mixtures separation experiment

The wettability of the modied meshes and the separation
performance of the T-shaped integrated oil–water separation
system were investigated. Fig. 4a depicted the contact angles of
water droplets and gasoline droplets on the uorinated copper
mesh. The uorinated copper mesh demonstrated
superhydrophobic/superoleophilic characteristics, displaying
a contact angle of 153° ± 3° for water and approximately 0° for
gasoline. The contact angles changes of the studied materials
over time were investigated shown in Fig. S2.† The contact angle
data reveal that the uorinated copper mesh exhibits super-
hydrophobic and superoleophilic wettability characteristics,
which remain essentially unchanged over time. These proper-
ties were attributed to the low surface energy coupled with the
multilevel rough surface structure of the uorinated copper
mesh. Owing to the synergistic effect of these two factors, the
uorinated copper mesh exhibited superhydrophobic
6068 | RSC Adv., 2024, 14, 6064–6071
properties towards water with high surface tension and super-
oleophilic properties towards gasoline with low surface tension.
The superhydrophobic durability of the uorinated copper
mesh was investigated by measuring the contact angle of water
droplets on its surface at various separation times ranging from
0 to 15 days. Fig. 4b shows that the water contact angle on the
uorinated copper mesh remained above 145°, conrming its
desired superhydrophobicity even aer prolonged usage, which
demonstrated the excellent reusability and stability of the
surface structure and chemical composition of the uorinated
copper mesh.

The inverted T-device was used to continuously separate the
oil–water mixture and the ltrate was collected on the side of
the uorinated copper mesh. The ux and separation efficiency
were evaluated. As shown in Fig. 4c, the ux on the side of the
uorinated copper mesh remained at about 6–7 × 105 L m−2

h−1 throughout the 15 days operating period. Additionally, the
separation efficiency consistently exceeded 97.5%, highlighting
the outstanding oil–water separation performance of the uo-
rinated copper mesh. Similarly, the wettability and separation
performance of the oxidized copper mesh were measured. As
depicted in Fig. 4d, the water contact angle on the surface of
oxidized copper mesh surface was ∼0°, indicating its excellent
superhydrophilicity aer Cu(OH)2 nanowires modication.
Meanwhile, the underwater contact angle of gasoline on the
oxidized copper mesh surface was 151°± 2°, demonstrating the
underwater superoleophobic property of the copper mesh. In
addition, the contact angle of the oxidized copper mesh also
stable with time shown in Fig. S2.† The excellent underwater
superoleophobicity was contributed to the hydrophilic surface
originated from Cu(OH)2 nanowires as well as the hierarchical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Surfacewettability characterization and oil–water separation performance of the fluorinated coppermesh and the oxidized coppermesh.
(a) The contact angles of water droplet and gasoline droplet on the fluorinated copper mesh; (b) the water contact angles on the fluorinated
copper mesh ranging from 0 to 15 days; (c) the flux and separation efficiency on the side of the fluorinated copper mesh ranging from 0 to 15
days; (d) the water contact angle and the underwater oil contact angle on the oxidized coppermesh; (e) the underwater oil contact angles on the
fluorinated copper mesh ranging from 0 to 15 days; (f) the flux and separation efficiency on the side of the oxidized copper mesh ranging from
0 to 15 days.

Fig. 5 The separation performances of the dual-membrane inte-
grated system towards vegetable oil/water mixture.
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micro/nano rough structure, which further improved its oleo-
phobicity.35 As the oxidized copper mesh exhibited super-
hydrophilicity, it formed a hydration layer on its surface
underwater to repel oil attachment and adhesion. Moreover, the
underwater oil contact angles of the oxidized copper mesh
remained approximately 150° regardless the prolonged sepa-
ration time (Fig. 4e), indicating that the nanoneedle structure
on the surface of the oxidized copper mesh maintained high
integrity during repeated separation processes, thereby
ensuring high underwater superoleophobicity. From Fig. 4f, the
ux on the side of the oxidized copper mesh remained at a high
level throughout the 15 days operation period, ranging from 7×
105 L m−2 h−1 to 8 × 105 L m−2 h−1. In addition, the separation
efficiency of the oxidized copper mesh for oil–water mixtures
was above 97.0%. The SEM and XRD analyses on the oxidized
and uorinated copper meshes aer application were per-
formed shown in the Fig. S3 and S4† respectively. The results
conrmed that the structures remained unchanged. This
demonstrated the stability of the membranes prepared in our
study, indicating their robustness and durability under opera-
tional conditions. Such ndings underscored the practical
applicability of our developed membranes for long-term oil–
water separation tasks, providing a strong foundation for their
use in environmental management and industrial processes.

The separation performance of copper meshes oxidized at
20 °C and 60 °C were also assessed, along with their corre-
sponding uorinated meshes, to understand the impact of
oxidation temperature on their efficiency (Fig. S5†). At 20 °C, the
formation of sparse nanoneedles on the copper mesh leaded to
a reduced coverage of the original mesh pores, diminishing
separation efficiency due to the incomplete contact between the
nanoneedles and the oil or water. Conversely, at 60 °C, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoneedles transformed into nanoower-like microstructures
that similarly failed to fully cover the original mesh pores,
resulting in inadequate interaction with the oil or water during
the separation process. The experimental outcomes showed
that for both oil-removing and water-removing membranes, ux
initially decreased and then increased as the oxidation
temperature rises, whereas separation selectivity demonstrated
a pattern of initial increase followed by a decrease. These
ndings were in line with SEM analyses indicating that the pore
size rst reduced and then enlarged with an increase in oxida-
tion temperature, and the coverage area of micro/nano-
structures initially expanded before contracting as the oxida-
tion temperature increases. This suggested that the optimiza-
tion of oxidation temperature was crucial for maximizing the
efficacy of the separation membranes, with the observed trends
RSC Adv., 2024, 14, 6064–6071 | 6069
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offering insights into the complex interplay between surface
structure and separation performance.

In addition, the inverted T-device was also used to continu-
ously separate the vegetable oil and water mixtures (the volumes
of vegetable oil and water was 1 : 1). As shown in Fig. 5, the oil-
removing membrane, namely the oxidized copper mesh, ach-
ieved an average ux of 4.3 × 105 L m−2 h−1, while the water-
removing membrane, the uorinated copper mesh, exhibited
an average ux of 3.8 × 105 L m−2 h−1. These values are slightly
lower than the separation ux for a hexane/water mixture,
primarily due to the higher viscosity of vegetable oil compared
to hexane. Regardless of whether it was the oxidized or uori-
nated copper mesh, the separation selectivity was above 98%,
demonstrating the system's effectiveness in separating vege-
table oil/water mixture, thus maintaining high performance in
oil–water separation.
3.4 Separation mechanism of the modied meshes

The underlying mechanism behind the separation of oil–water
mixtures using both the uorinated copper mesh and oxidized
copper mesh was investigated. The wetting behavior of a droplet
on a solid surface depends on the surface tension of the liquid
and the surface energy of the solid. In Fig. S6,† a simplied
schematic illustrating droplet transport through an individual
pore on the copper mesh was presented. By utilizing the Laplace
equation, the motion of the droplet within the pore was
analyzed. The parameter R represents the radius of a single
copper wire, r represents the curvature radius of the liquid–gas
interface, O1O2 denotes the distance between the centers of two
adjacent copper wires, and 2D represents the shortest distance
between the surfaces of two adjacent copper wires. The addi-
tional pressure exerted on the liquid–gas interface is directed
towards the center of the arc-shaped circle and can be mathe-
matically expressed as:

DP ¼ 2glg

r
¼ 2glg sinðq� p=2Þ

d

The superhydrophobic/superoleophilic mesh exhibits
different behavior towards oil and water droplets due to varia-
tions in their surface tensions. Oil droplets, having lower
surface tension, create a contact angle q < 90° on the copper
mesh surface, resulting in a downward Laplace pressure that
enables spontaneous passage through the mesh. Conversely,
water droplets, with higher surface tension, form a contact
angle q > 90° on the copper mesh surface, leading to an upward
Laplace pressure that prevents them from passing through the
mesh. The opposite Laplace pressures acting on these droplets
serve as the primary mechanism for achieving efficient oil–
water separation.
4 Conclusions

In this study, superhydrophilic/underwater superoleophobic
and superoleophilic/superhydrophobic porous separation
membranes based on metal copper meshes were prepared by in
6070 | RSC Adv., 2024, 14, 6064–6071
situ solution oxidation and gas-phase deposition methods,
respectively. Continuous and efficient oil–water separation can
be achieved by integrating two meshes with reverse wettability
into a T-shaped device. Both the oil and water removal meshes
exhibited high ux. The oxidized copper mesh achieved a ux of
7–8 × 105 L m−2 h−1, while the uorinated copper mesh ach-
ieved a ux of 6–7 × 105 L m−2 h−1. The efficiency of both oil
and water removal remained above 97.0% aer 15 days of
continuous separation, demonstrating the excellent oil–water
separation performance of the integrated T-shaped device. The
opposite Laplace pressures acting on oil and water droplets on
the copper mesh surface are the fundamental reasons for oil–
water separation. The designed dual-membrane integrated
system achieves continuous and sustainable separation while
maintaining high separation efficiency, offering a new low-cost
and scalable approach for treating oily wastewater compared to
traditional single-membrane systems.

In real-world applications like industrial effluent treatments
from the textile and metal rening industries, achieving effi-
cient oil–water separation is signicantly challenging due to the
presence of heavy metal contaminants. These contaminants can
adversely react with copper mesh, forming toxic compounds
because of redox potential differences, which compromises
separation efficiency. To address this, our future focus will be
on developing and optimizing pre-treatment processes that can
effectively remove or neutralize these contaminants before
separation, ensuring the robustness and efficacy of the copper-
based separation technology in various industrial scenarios.
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