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Abstract: By taking advantage of typical dealloying and subsequent aging methods, a novel homoge-
neous porous brass with a micro/nano hierarchical structure was prepared without any chemical
modification. The treatment of commercial brass with hot concentrated HCl solution caused pref-
erential etching of Zn from Cu62Zn38 alloy foil, leaving a microporous skeleton with an average
tortuous channel size of 1.6 µm for liquid transfer. After storage in the atmosphere for 7 days, the
wettability of the dealloyed brass changed from superhydrophilic to superhydrophobic with a contact
angle > 156◦ and sliding angle < 7◦. The aging treatment enhanced the hydrophobicity of the brass
by the formation of Cu2O on the surface. By virtue of the opposite wettability to water and oil, the
aged brass separated surfactant-stabilized water-in-oil emulsions with separation efficiency of over
99.4% and permeate flux of about 851 L·m−2·h−1 even after recycling for 60 times. After 10 times of
tape peeling or sandpaper abrasion, the aged brass maintained its superhydrophobicity, indicating
its excellent mechanical stability. Moreover, the aged brass still retained its superhydrophobicity
after exposure to high temperatures or corrosive solutions, displaying high resistance to extreme
environments. The reason may be that the bicontinuous porous structure throughout the whole foil
endows stable mechanical properties to tolerate extreme environments. This method should have a
promising future in expanding the applications of alloys.
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1. Introduction

Confronted with the increasing oily wastewater produced from daily life and indus-
trial processes, the removal and recovery of oil stains from water have become a serious
global problem [1,2]. Traditional oil/water separation techniques typically suffer from the
disadvantages of low separation efficiency, high energy consumption, and sophisticated
operation processes. With the development of interface theory, superwetting technology is
considered an effective and inexpensive approach for the separation of oily wastewater.
The proper porous materials with opposite superwettability toward water and oil, such
as superhydrophobic/superoleophilic, superoleophilic/underoil superhydrophobic, and
superhydrophilic/underwater superoleophobic properties, have been manufactured and
utilized for effective oil/water separation [3]. However, constructing highly uniform and
compact porous structures with opposite wettability to oil and water is still an enormous
challenge.

The design and development of novel porous metal materials with superwettability
have drawn intensive attention to the separation of oily sewage. “Coating” and “etching”
are two effective strategies to fabricate porous membranes with opposite wettability. By
“coating”, a hierarchically rough film covers or grows out of porous hosts to obtain su-
perwettable membranes [4]. This strategy mainly includes physical coating [5], surface
redox [6], and chemical modification [7]. These coated membranes can efficiently purify
oily wastewater. However, physical surface coating by polymer is unstable for long-term
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operation, and surface grafting is too complex for practical application, especially for sepa-
rating water-in-oil emulsions [8]. The coating of inorganics usually has no robust adhesion
to the host and can peel off when subjected to heat or external forces, which is mainly
due to the relatively weak interfacial bonding between the inorganics and the host [9].
Therefore, more efforts are required to develop facile methods for preparing membranes
with robust structural stability.

Conversely, the “etching” strategy has the potential to avoid the above problems. By
“etching”, etching specific components and areas can yield stable micro/nanostructures
to some extent [4]. For example, the laser irradiation technique is utilized to etch spe-
cific areas for fabricating a microscale vertical pore structure [10]. Chemical etching [11],
electrochemical etching [12], and plasma etching [13] methods usually employ corrosive
media or plasma to unselectively etch the surface of materials, resulting in the formation of
hierarchical rough structures on the surface. As far as we know, only ununiform throughout
microporous aluminum sheets with intrinsic superwettability have been fabricated via
monolithic chemical etching and electrochemical etching [14,15].

Dealloying, as one of the etching methods, is the process of selective dissolution of
more active components from homogeneous alloy, which has become one of the robust
and generic approaches for constructing homogeneous porous structures with high surface
area [16]. The dealloying method has been successfully applied to produce various porous
materials in alloys, such as CuZn [17–20], CuAl [21], CuFe [22], AuSi [23], LiSn [24], etc.
These uniform bicontinuous nanopore structures exhibit unusual properties such as tunable
porous size, high permeability, and high structural stability, which render them separa-
tion materials with great potential for purifying oily wastewater. For example, Jie et al.
demonstrated a combining dealloying and heating approach to achieve a superhydrophobic
surface on brass [25]. Li et al. prepared a superhydrophobic copper substrate through
a dealloying and subsequent coating method [26]. Although the dealloying technique
without surface coating has been utilized to acquire the superhydrophobicity on alloy
surfaces [26,27], the development of the superhydrophobic membrane only by dealloying
for oil/water separation has not been reported previously.

Herein, a facile chemical dealloying and subsequent aging process was first developed
to produce a highly uniform and compact microporous brass for water-in-oil emulsion
separation (Scheme 1). The dissolution of zinc from a commercial bimetallic Cu62Zn38 alloy
brass foil by HCl solution resulted in a bicontinuous structure of well-interconnected pores
with a diameter of about 1.6 µm. The bicontinuous Cu framework can act as a channel
for liquid transport. After aging for 7 days, the brass changed from superhydrophilic to
superhydrophobic. Such a superhydrophobic brass could separate surfactant-stabilized
water-in-oil emulsions with a high efficiency of over 99.4% and flux of about 851 L·m−2·h−1.
Even after 60 separation cycles, both separation efficiency and flux remained stable, demon-
strating the excellent reusability of the porous brass. Moreover, the as-prepared porous
brass exhibited exceptional mechanical, thermal, and chemical stability. This work may
provide a new way to construct controllable structures for oil/water separation materials.
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Scheme 1. Schematic diagram of dealloying and aging of CuZn alloy foil to prepare a superhydro-
phobic porous brass for water-in-oil emulsion separation. 

2. Results and Discussion 
2.1. Construction of Bicontinuous Porous Structure by Dealloying 

The open bicontinuous porous structure was developed by selectively monolithic 
etching of brass foil (Cu62Zn38). Typically, chemical dealloying of the commercially avail-
able CuZn alloy foil was conducted in a hot concentrated HCl solution. During the deal-
loying process, the surface color of the CuZn alloy gradually changed from golden–yellow 
(Figure 1a) to reddish–brown, in accordance with Cu color (Figure 1d). The high concen-
tration and temperature of HCl solution help to form deep and large pores [28]. In the 
macroscopic view, the Zn phase had been removed from the CuZn alloy, and the indis-
solvable Cu phase was preserved. 

Zn + 2HCl → ZnCl2 + H2 ↑ (1)

 

Scheme 1. Schematic diagram of dealloying and aging of CuZn alloy foil to prepare a superhydropho-
bic porous brass for water-in-oil emulsion separation.

2. Results and Discussion
2.1. Construction of Bicontinuous Porous Structure by Dealloying

The open bicontinuous porous structure was developed by selectively monolithic etch-
ing of brass foil (Cu62Zn38). Typically, chemical dealloying of the commercially available
CuZn alloy foil was conducted in a hot concentrated HCl solution. During the dealloy-
ing process, the surface color of the CuZn alloy gradually changed from golden–yellow
(Figure 1a) to reddish–brown, in accordance with Cu color (Figure 1d). The high con-
centration and temperature of HCl solution help to form deep and large pores [28]. In
the macroscopic view, the Zn phase had been removed from the CuZn alloy, and the
indissolvable Cu phase was preserved.

Zn + 2HCl→ ZnCl2 + H2 ↑ (1)

Upon taking out from the hydrochloric acid solution, the dealloyed brass gradually
turned dark brown as the aging time increased (Figure 1g). This clearly shows that the
dealloying and aging processes can cause a dramatic change in the color of the brass.

Microstructural changes in samples in each processing stage were observed by scan-
ning electron microscope (SEM). The pristine brass foil presented a relatively flat and solid
surface (Figure 1b,c). During etching, hydrochloric acid etching proceeded from both sur-
faces of the brass foil to dissolve Zn. Meanwhile, the copper elements diffused, congregated,
and formed interconnected skeletons. At 80 ◦C, corrosion perforation of the brass sheet
occurred after 5 h. Because only a small percentage of pores perforated throughout the
brass, the flux was too small to effectively transport liquids. After 8 h, the brass completely
transformed to bicontinuous porous copper with irregular micro/nanopores. The diameter
of these pores was smaller than 4 µm observed in the structure (Figure 1e,f). Such small
micropores are difficult to obtain based on frequently used commercial brass or copper
mesh [29,30]. After aging, no obvious difference was detected in the SEM images between
the aged and dealloyed brass (Figure 1h,i). The widespread pores in size of the aged brass
resulted in the formation of micro/nanoscale hierarchical structures, which played an
essential role in the generation of superwettability.
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Figure 1. Top-view color photos and scanning electron microscope (SEM) images of samples in
different processing stages: (a–c) pristine brass; (d–f) dealloyed brass; and (g–i) aged brass.

Dealloying treatment began on two sides of the CuZn sheet to remove Zn and pro-
gressed until corrosion perforation of the brass sheet occurred after 8 h. The cross-section
morphology of the dealloyed and aged foil observed by SEM exhibited a highly intercon-
nected porous structure and hierarchical skeleton throughout the whole foil (Figure 2e,f).
These micro/nanopores can provide tortuous channels to transport liquids. It is worth
noting that the total thickness of the foil after dealloying slightly decreased by about 7%
from 100 to 93 µm due to a small amount of dissolution of copper (Figure 2a,d), whereas
the thickness and morphology of the foil after aging did not change (Figure 2h,i). To probe
the porosity of the dealloyed and aged samples [31], relative bulk density was measured
by weighing the mass of the material with a predefined volume to provide insight into the
porosity. Compared with that of pristine brass density (8.40 g/cm3), the relative density
values of the dealloyed and aged brass were around 53.23% and 52.28%, respectively. This
means that the porosity of aged brass is slightly lower than that of dealloyed brass, which
may be attributed to the partial oxidation of surface Cu.
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Figure 2. Side-view FESEM images of samples in different processing stages: (a–c) pristine brass;
(d–f) dealloyed brass; and (g–i) aged brass. The distance between yellow dotted lines represents
sample thicknesses.

To further investigate the macroporous distribution of the aged brass, the intercon-
nected pore size distribution was measured by a mercury injection test. The result showed
that the porosity of the aged brass was 59.6%, and the pore size ranged from 1.0 to 4.0 µm,
with an average of 1.6 µm (Figure 3a), verifying that the aged brass had a compact structure
and narrow pore size distribution. The porosity of the aged brass is larger than that obtained
by the above gravimetric method, which could be because a small number of pores in the
brass might collapse under the pressure required to inject mercury into the micropores [32].
To evaluate the mesoporous and microporous structures, N2 adsorption/desorption be-
haviors were analyzed for the aged brass (Figure 3b). The aged brass presented a surface
area of 2.1 m2/g and a Brunauer–Emmett–Teller pore size distribution of 2–40 nm (inset in
Figure 3b). According to the above SEM observations and pore size distribution, it can be
concluded that the aged brass holds a hierarchical architecture with micro/nanoscale pores.
All these pores were interconnected to result in unimpeded channels for liquid transport.



Molecules 2023, 28, 6509 6 of 20

Molecules 2023, 28, x FOR PEER REVIEW 5 of 19 
 

 

Figure 2. Side-view FESEM images of samples in different processing stages: (a–c) pristine brass; 
(d–f) dealloyed brass; and (g–i) aged brass. The distance between yellow dotted lines represents 
sample thicknesses. 

To further investigate the macroporous distribution of the aged brass, the intercon-
nected pore size distribution was measured by a mercury injection test. The result showed 
that the porosity of the aged brass was 59.6%, and the pore size ranged from 1.0 to 4.0 µm, 
with an average of 1.6 µm (Figure 3a), verifying that the aged brass had a compact struc-
ture and narrow pore size distribution. The porosity of the aged brass is larger than that 
obtained by the above gravimetric method, which could be because a small number of 
pores in the brass might collapse under the pressure required to inject mercury into the 
micropores [32]. To evaluate the mesoporous and microporous structures, N2 adsorp-
tion/desorption behaviors were analyzed for the aged brass (Figure 3b). The aged brass 
presented a surface area of 2.1 m2/g and a Brunauer–Emmett–Teller pore size distribution 
of 2–40 nm (inset in Figure 3b). According to the above SEM observations and pore size 
distribution, it can be concluded that the aged brass holds a hierarchical architecture with 
micro/nanoscale pores. All these pores were interconnected to result in unimpeded chan-
nels for liquid transport. 

 
Figure 3. Pore size distribution of the aged brass: (a) macroscopic pore size distribution obtained 
from mercury-intrusion porosimetry measurement; (b) N2 adsorption/desorption isotherm and cor-
responding nanopore size distribution. 

2.2. Effect of Aging on Chemical Composition 
The energy-dispersive X-ray spectrometer (EDS) analysis showed that the surface of 

the pristine brass contained nearly 28 wt% Zn and 59 wt% Cu (Figure 4a). The Zn and Cu 
elements were evenly distributed in the alloy (Figure S1a), which was very important to 
constructing a uniform and compact porous structure. After dealloying for 8 h, the zinc 
content dropped to 2%, while the relative content of Cu increased to 89% (Figure S1b). The 
element mapping images presented that the Zn in the pristine alloy had been almost com-
pletely removed, and porous Cu was retained. The oxygen content of the aged brass was 
much higher than that of the dealloyed brass but lower than that of the pristine brass, 
which was consistent with the increase in the relative density for the aged brass, indicating 
the possible formation of Cu2O on the remained skeleton (Figure 4a). However, the Cu/O 
atomic ratio of the superhydrophobic surface was lower than that of Cu2O. The reason is 
that the EDS measurement penetrates into a depth of a few micrometers into the subsur-
face and, thus, the detected % of Cu covers both the oxide layer and the copper metal. 

Figure 3. Pore size distribution of the aged brass: (a) macroscopic pore size distribution obtained
from mercury-intrusion porosimetry measurement; (b) N2 adsorption/desorption isotherm and
corresponding nanopore size distribution.

2.2. Effect of Aging on Chemical Composition

The energy-dispersive X-ray spectrometer (EDS) analysis showed that the surface of
the pristine brass contained nearly 28 wt% Zn and 59 wt% Cu (Figure 4a). The Zn and Cu
elements were evenly distributed in the alloy (Figure S1a), which was very important to
constructing a uniform and compact porous structure. After dealloying for 8 h, the zinc
content dropped to 2%, while the relative content of Cu increased to 89% (Figure S1b).
The element mapping images presented that the Zn in the pristine alloy had been almost
completely removed, and porous Cu was retained. The oxygen content of the aged brass
was much higher than that of the dealloyed brass but lower than that of the pristine brass,
which was consistent with the increase in the relative density for the aged brass, indicating
the possible formation of Cu2O on the remained skeleton (Figure 4a). However, the Cu/O
atomic ratio of the superhydrophobic surface was lower than that of Cu2O. The reason is
that the EDS measurement penetrates into a depth of a few micrometers into the subsurface
and, thus, the detected % of Cu covers both the oxide layer and the copper metal.

The chemical constituents and chemical bonds of the pristine, dealloyed, and aged
brass surface were examined by attenuated total reflection Fourier-transform infrared
spectra (ATR-FTIR) (Figure 4b). The two series of adsorption peaks at about 3633 and
1602 cm−1 are attributed to the presence of adsorbed water [33,34]. This result indicates
the existence of a hydration layer on the pristine and dealloyed surface. Upon dealloying,
the new adsorption peak for Cu2O at 628 cm−1 emerged, which implied that the dealloyed
brass was coated with Cu2O. After the aging treatment, the intensity of the peak at 628 cm−1

for Cu2O was obviously enhanced, while the absorption bands at 3600 and 1602 cm−1 for
absorbed water declined, suggesting that the hydrophobic Cu2O reduced water absorption.

The crystalline phase of pristine, dealloyed, and aged brass was determined with
powder X-ray diffractometer (XRD) patterns (Figure 4c). As expected, the peaks of the
pristine brass at 42.3◦, 49.2◦, and 72.2◦ matched well with the diffraction peaks of Cu62Zn38
(JCPDS, 50-1333), which consisted of a solid solution and intermetallic compound composed
of Zn and Cu elements, respectively. After dealloying, the characteristic peaks for Cu62Zn38
disappeared while the three diffraction peaks at around 43.4◦, 50.5◦, and 74.1◦ for the
indices (111), (200), and (220) crystal planes of pure Cu phase (JCPDS, 04-0836) evidently
intensified, suggesting the almost complete dissolution of Zn element from the pristine
CuZn alloy and the remaining of almost pure porous Cu [35,36]. After aging for 7 days,
diffraction peaks of the Cu phase remained sharp and strong, and two new peaks at 36.4◦

and 61.4◦ assigned to (111) and (220) planes of Cu2O (JCPDS, 65-3288) appeared. This
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indicated that a thin passive Cu2O layer formed on the porous Cu ligaments [37,38]. Raman
spectra were measured to further determine the composition change in the samples at
different process stages (Figure 4d). After dealloying, the characteristic peaks of the Cu2O
phase at 148, 219, and 632 cm−1 demonstrated the formation of Cu2O on the dealloyed brass.
After aging, the intensity of peak respecting Cu2O increased significantly, demonstrating
that more copper was oxidized over time to cuprous oxide.
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The X-ray photoelectron spectroscopy (XPS) analysis was utilized to further determine
the chemical states of elements on the sample surface (Figure 5). All the binding energies
in the XPS analysis were calibrated with C1s at 284.8 eV as the reference. Organic matter
might have been adsorbed on the surface from the ambient air [39]. After the dealloying
process, the peak intensities of Zn2p3 at 1021.5 eV and Zn2p1 at 1044.5 eV were dramatically
diminished (Figure 5a). This confirmed that almost all Zn was selectively leached out from
the alloy, and only a very low percentage of Zn was retained inside the matrix. Cu2p spectra
were used to determine the valence state of the Cu element. Two sharp Cu2p peaks of the
dealloyed brass at 932.4 and 952.4 eV corresponded to Cu2p3/2 and Cu2p1/2, binding
the energy of Cu2O or Cu (Figure 5b) [40,41]. The LMM Anger spectra could distinguish
them with 568 and 570 eV for Cu and Cu2O, respectively [42]. On the dealloyed and aged
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brass surfaces, the Cu LMM peak at 570 eV verified the presence of Cu2O. Aging led to an
increase in the intensity of the peak for Cu2O with time of air exposure, indicating that more
copper on the surface of the dealloyed brass gradually oxidized to Cu2O (Figure S2). The
binding energy of the Cu2O phase generally has a slightly lower binding energy than the
signal of metallic Cu [43,44]. The high-resolution spectra of Cu2p3/2 of the dealloyed and
aged brass could be fitted into two peaks at 932.2, assigned to Cu2O, and 932.6 eV, assigned
to Cu [45,46]. After aging, the intensity of the Cu peak weakened, while the intensity of the
Cu2O peak strengthened, indicating that the exterior of the structure gradually oxidized
over time (Figure 5c,d) [43]. In general, the combination of EDS, ATR-FTIR, XRD, Raman,
and XPS analysis results has proved that more Cu on the dealloyed surface oxidized to
Cu2O over time.
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of the dealloyed brass; and (d) deconvolution of Cu2p3/2 of the aged brass surface.

2.3. Effect of Aging Time on Wettability Transition

The freshly dealloyed brass surface exhibited a superhydrophilic behavior in the air
with water CA close to 0◦. However, when the dealloyed brass was exposed to ambient air,
the water CA exhibited a sharp increase during the first 5 days, which then slowed to a
gradual growth before finally reaching a steady state (Figure 6a). Prolonging the aging time
to 7 days, the water CA increased to 156◦ and SA decreased to 7◦, respectively, indicating
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that the aged surface possessed good superhydrophobicity. On the contrary, oil droplets
could swiftly wet and penetrate through the aged brass (Figure S3). Furthermore, when
the brass was continually stored for more than 6 months under ambient conditions, the
surface could maintain opposite superwettability toward oil and water (Figure 6a). Com-
pared with some previous reports, the aged brass showed better long-term storage stability
in ambient atmosphere [47–49]. Unlike in the air, the freshly dealloyed brass exhibited
superhydrophobicity in oil (kerosene) and did not change with increasing exposure time
(Figure 6b). Such long-term storage stability is crucial for the practicality of superhydropho-
bic surfaces. Moreover, the dynamic repellency toward water was evaluated by squeezing,
contacting, pressing, and lifting water to the aged brass surface. No obvious adhesion
and droplet deformation were detected as the water droplets lifted from the aged brass
surface, indicating the low adhesion of the aged surface (Figure 6c). The excellent water
repellency had a synergistic effect on the hierarchical roughness induced by dealloying and
the low surface energy introduced by the formation of the Cu2O surface. This non-sticking
characteristic of the superhydrophobic surface corresponds to the Cassie–Baxter state.
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Molecules 2023, 28, 6509 10 of 20

The wettability of the aged brass surface showed underoil superhydrophobicity after
being immersed in different oils (Figure 7a). When immersing the aged brass in oil, oil could
be trapped into the hierarchical structure to form oil shielding, thereby reducing the contact
area between the solid and water. This was due to the higher adhesion work of oil than
that of water. The aged brass presented excellent and stable underoil superhydrophobic
properties with a water contact angle (CA) greater than 167◦ and sliding angle (SA) smaller
than 3◦ in various oils, including chloroform, xylene, kerosene, and diesel, indicating the
ultralow adhesion between the water droplet and the brass surface. Furthermore, the
dynamic process of a stream of droplets bouncing on the aged brass surface was recorded
by a digital camera (Figure 7b) and contact angle meter (Figure 7c), respectively. When
a stream of water droplets in kerosene was squeezed from a syringe toward the aged
brass, water droplets spontaneously bounced off over the horizontal surface with no water
droplets left, indicating that the aged brass surface had an outstanding repellent property
for water. After that, when the water was lifted from the aged brass surface, no droplet
deformation was detected, further suggesting the low adhesion of the aged surface.
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2.4. Mechanism of Wetting Transition

Surface chemistry and surface topography are two critical factors affecting surface-
wetting properties. HCl etching resulted in the dissolution of Zn, and more internal pure Cu
atoms were exposed to the ambient air. Cu is a hydrophilic material in nature [50], and the
hydrophilicity increases with roughness. According to Wenzel’s theory, the introduction of
hierarchical roughness can amplify the wettability from hydrophilicity to more hydrophilic-
ity. So, after dealloying, the sample exhibited superhydrophilic behavior. However, when
exposed to ambient conditions, the dealloyed porous brass immediately reacted with O2
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from the air to form a solid Cu2O surface. The Cu2O was generated through the interfacial
reaction between Cu and O2 by the proposed reaction [51]:

4Cu + O2 → 2Cu2O (2)

Aging led to the gradual conversion of the upmost layer of hydrophilic Cu to hy-
drophobic Cu2O. Similarly, the hierarchical roughness amplified the hydrophobicity of
Cu2O into superhydrophobicity according to Wenzel’s theory. Along with the reaction,
the hydrophobic surface became more hydrophobic. After being exposed to ambient air
for 7 days, the superhydrophilic brass surface reached a superhydrophobic state. This
observation was only attributed to the change in surface chemical composition with time,
as there was no change in surface morphology during aging (Figure 2).

Three mechanisms have been proposed by others, such as the decomposition of carbon
dioxide into carbon with active magnetite [52], adsorption of hydrophobic organic matter
from the atmosphere [53–55], and creation of hydrophobic groups [56] to explain the
wettability transition from superhydrophilicity to hydrophobicity. In our case, there is no
energy accountable for the creation of an active magnetite to catalyze the decomposition of
carbon dioxide into carbon. Meanwhile, XPS analyses were performed on the dealloyed
brass during the aging in the air to evaluate organic adsorption on the surface. When
organic matter is adsorbed onto the surface, carbon atoms will be detected. The C1s
spectra of the organic matters can be resolved into three peaks with binding energies of
about 284.7 eV, 286.4 eV, and 288.6 eV, which are ascribed to the C-C (H), C-O-C, and
O-C=O species, respectively [57]. These three species may come respectively from the
alkyl, ether, and carboxyl/ester matter spontaneously adsorbed from the air. Among the
C-C (H), C-O-C, and O-C=O species, C-C (H) is nonpolar and serves as a hydrophobic
region, while the C-O-C and O-C=O species are polar and serve as a hydrophilic region
on the surface [54]. It can be seen that the percentage content of the hydrophobic C-
C (H) decreased from 76.4% for the dealloyed brass to 39.5% for the aged brass in the
total C1s peak area, while the percentage content of the hydrophilic C-O-C and O-C=O
species significantly increased from 23.4% to 60.5% (Figure S4). The result indicates that
the percentage content of the hydrophilic species increases with aging time. This cannot
explain why the aged surface exhibits higher hydrophobicity. Above all, the formation of
a very thin passivation layer of hydrophobic Cu2O is the reason for the transition from
superhyrophilic to superhydrophobic.

To further support the mechanism behind wettability switching, dried brass and
undried brass, after dealloying, were exposed to four types of the atmosphere, including
ambient air, petroleum ether, dichloromethane, and n-hexane. For this purpose, eight
freshly dealloyed samples were first rinsed thoroughly in distilled water, and then half
of them were dried with cold air from a hair dryer. After that, these dried and undried
samples were immediately stored in ambient air or vapors produced by three organic
compounds in closed glass bottles for 3 days. Every 24 h, the samples were taken out from
each container to measure their water CAs. Following the measurement, these samples
were immediately returned back to their containers. The results showed that the water CAs
increased as the storage time increased. After three days, the water CAs of both dried and
undried samples exceeded 131◦ (Figure 8). Therein, the water CAs of the samples exposed
to three organic compound vapors were no more than that of the corresponding sample in
the air. The reason may be that the oxygen concentration in three organic vapors was lower
than that in the air, resulting in the aged brass having a lower degree of oxidation in the
vapors than that in the air. This result supports the transition mechanism that the variation
in surface chemical composition substantially induces an increase in hydrophobicity.
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2.5. Water-in-Oil Emulsion Separation with High Efficiency

To achieve oil/water phase separation, the aged porous brass was mounted onto a
separation device with clamps and sealed with silicone gaskets (Figure 9a). Taking the
Sudan III-dyed water-in-chloroform emulsion as a typical example, the feed emulsion
was milky (inset in Figure 9b), and numerous dispersed droplets of size below 5.0 µm
were distributed in the feed (Figure 9b). The filtrate became totally transparent (inset in
Figure 9c), and there were no water droplets observed in the microscopic image (Figure 9c),
which meant that the dispersed droplets were successfully removed. The corresponding
dynamic light scattering (DLS) curve revealed that the water droplet diameters of the feed
emulsion were in a wide range of 0.2–3.0 µm (Figure 9d), while only several strong peaks of
less than 6.0 nm were observed for the filtrate (Figure 9e), further illustrating the effective
separation for water-in-chloroform emulsion.

When the water-in-chloroform emulsion was introduced to touch the aged brass
surface, oil was captured quickly while water was repelled completely. An oil film bridging
process would rapidly occur among porous skeletons so that pores in the brass were readily
filled by oil [58]. So, the oil film could block the large water droplets released by the
demulsification from directly passing through the channels in the aged brass (Video S1).
Meanwhile, the released small water droplets entered the tortuous pore channels under
gravity and coalesced with each other by physical collision, forming large droplets that
were easy to prevent [59–61]. Consequently, tortuous channels increased the permeation
resistance of the water droplets and permitted more water droplets to coalesce in the porous
brass, thus greatly enhancing the probability of demulsification.

The service life of the aged brass was studied for practical applications. The aged brass
exhibited excellent separation performance during filtration with a separation efficiency
greater than 99.4% and a permeation flux of about 851 L·m−2·h−1 for water-in-chloroform
emulsion with a height of 10 cm (Figure 10). Obviously, the separation efficiency of the aged
brass was superior to that of some reported metal membranes [62,63]. The high efficiency
can be attributed to its narrow range of tortuous channel size distribution (Figure 2h),
which increases the efficiency of the separation process [64]. After each separation, the
aged brass was reused by drying at room temperature. After recycling for 60 cycles, no
change was found in the separation efficiency and flux for water-in-chloroform emulsion.
Moreover, similar effective separations were also achieved for other surfactant-stabilized
emulsions, such as water-in-kerosene and water-in-dichloroethane emulsions. This result
clearly demonstrated that the aged brass possessed excellent separation performance for
water-in-oil emulsions.
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2.6. Mechanical, Thermal, and Chemical Stability

Superhydrophobic surfaces are required to be stable in a harsh environment, such
as mechanical friction, high temperature, or corrosive media. The tape-peeling test was
performed on the aged brass surface using Scotch tape (No. 30403, Deli Group, Ningbo,
China). In this test, the tape was pressed onto the aged brass, following which a roller of
200 g weight was rolled forward and then backward once. Only a very weak attachment
was observed on the Scotch® tape surface after 10 cycles (Figure 11a). However, the aged
brass still had a water CA of 154◦, and its underoil superhydrophobicity remained fairly
stable (Figure 11b). Moreover, the morphological structure of the surface showed no
obvious changes (inset in Figure 11b), indicating its good mechanical stability.
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Then, an abrasion test was carried out by placing the aged sample face-down on a
1000-grit SiC sandpaper under a 50 g weight and dragging for a distance of 10 cm on
the sandpaper, which was defined as one abrasion cycle. After eight abrasion cycles, the
water CA slightly reduced from 156◦ to 151◦, which could be attributed to the fact that
rough sandpaper wore out the hierarchical structure on the aged surface. However, the
exposed structure on the surface had the same phase as the substrate, and the exposed
skeleton was gradually oxidized to Cu2O by O2 from the air (inset in Figure 11d). Further
increase in grinding cycles did not show an obvious downward trend for static water
CA. About 7 days after friction, the water CA of the sample again reached its maximum
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value and then remained constant. Meanwhile, the abraded brass could maintain underoil
superhydrophobicity over 167◦ after 10 abrasion cycles.

Furthermore, the thermal stability was evaluated by heating the aged brass in the
air at 100 ◦C and 150 ◦C for 12 h. After heating at 100 ◦C, the aged brass still maintained
the water CA above 156◦ (inset in Figure 12a), and the original structure of the aged
brass remained unchanged (Figure 12a). However, when the temperature increased to
150 ◦C, the water CA decreased to about 0 ◦C. This result indicates that the aged brass
retains thermal stability at least up to 100 ◦C. Finally, the chemical stability of the aged
brass was evaluated by corrosive media. As shown in Figure 12b, the water drops of 3%
NaCl, 1 mM HCl, 1 mM NaOH, and 90 ◦C solution retained a spherical shape with CAs
greater than 154◦. Correspondingly, when the aged brass was immersed in kerosene, its
CAs of salt, acid, base, and hot water still remained above 167◦, demonstrating moderate
chemical stability and corrosion resistance. The chemical durability of the aged surface was
further tested by immersing the aged brass in weak acid (1 mM HCl solution) and alkali
(1 mM NaOH solution) solutions for 10 h, respectively. When the aged brass reached the
acid/base solution surface, a dense air protection layer could be formed on the surface of
the aged brass [65]. The corrosion medium was difficult to approach and diffuse into the
superhydrophobic material, resulting in the sample’s floating on the liquid surface steadily
(Figure S5). So, the aged brass was forced into the corrosive solutions for 10 h, recording
the water CAs after drying at room temperature. The water CA remained at about 153◦,
although there was a slight decrease observed after 10 h in both HCl and NaOH solutions
(inset in Figure 12c,d). Compared with the aged brass, there is no apparent damage
observed on the sample after the test (Figure 12c,d). This is attributed to the inherent
chemical inertness of the Cu2O protective layer, delivering moderate chemical stability for
the aged brass. However, the HCl solution would have a reaction with hydrophobic Cu2O
as follows:

2HCl + Cu2O→ CuCl2 + H2O (3)
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brass after immersing into (c) 1 mM HCl solution; and (d) 1 mM NaOH solution for 10 h with
corresponding water CA images in the inset.
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After the Cu2O film was dissolved in an acidic solution, the fresh copper atoms were
exposed and immediately reacted with oxygen dissolved in water, forming Cu2O on the
aged brass surface. So, another reason why the surface of the aged brass could maintain
superhydrophobicity might be that the dissolution rate of Cu2O was slower than the
formation rate due to the low HCl concentration. This observation is basically consistent
with the results reported in the previous literature [66,67]. Above all, the aged brass shows
the potential practical application for oily sewage separation under harsh conditions.

3. Materials and Methods
3.1. Materials and Chemicals

Commercial brass foil (Cu62Zn38) with a thickness of 100 µm was purchased from
Jona Hardware Company (Taizhou, China). Hydrochloric acid (HCl, 37%), petroleum ether,
dichloromethane, n-hexane, and kerosene were bought from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Diesel was purchased from a local fueling station. Ethanol,
xylene, and chloroform were obtained from Zhengzhou Junyi Chemical Reagent Co.,
Ltd. Sudan III (Zhengzhou, China) as dyed reagent was supplied by Shanghai Zhongqin
Chemical Reagent Co., Ltd. (Shanghai, China). Span 80 was purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China). All of the above agents were of analytical grade
and used without further purification.

3.2. Superhydrophobic Porous Brass Fabricated by Dealloying and Aging

Briefly, porous brass was fabricated by dealloying and subsequent aging of pristine
brass foil. Firstly, a commercially purchased brass foil (Cu62Zn38) was cut into slices with
desired dimensions (denoted as pristine brass). The obtained brass was ultrasonically
cleaned, in turn, by ethanol and distilled water to remove surface contamination. Then,
dealloying was conducted by immersing the cleaned brass foil into a 37% HCl solution
for 8 h at 80 ◦C to remove the Zn element. After dealloying, the reddish–brown sample
was washed with water and ethanol (denoted as dealloyed brass). After being exposed
to ambient air for 7 days, the aged brass could be used directly as separating material
(denoted as aged brass).

3.3. Aging in Ambient Air and Organic Vapors

To study the mechanism behind the wettability transition, dried and undried dealloyed
samples were exposed to four types of atmosphere, including ambient air, petroleum ether,
dichloromethane, and n-hexane. For this purpose, eight freshly dealloyed samples were
first rinsed thoroughly in distilled water, and then half of them were dried with cold air
from a hair dryer. After that, these dried and undried samples were immediately stored
in ambient air or vapors produced by 60 mL of organic compounds in closed glass bottles
for 3 days. Every 24 h, these samples were taken out from each container to measure their
water CAs. Following the measurement, these samples were immediately returned back to
their containers.

3.4. Preparation and Separation of Water-in-Oil Emulsions

Different surfactant-stabilized water-in-oil emulsions were prepared by emulsifying
1.0 g of water and 0.4 g of Span 80 in 100 mL of oils, including chloroform, kerosene, and
1,2-dichloroethane under intensive stirring for 8 h. For emulsion separation, the aged
brass was tightly fixed in the separation device with clamps and sealed with silicone
gaskets. The as-prepared emulsion was poured into the device to carry out separation only
driven by gravity. The oil phase would easily permeate through the brass, whereas water
droplets could be effectively blocked. The water rejection efficiency of the aged brass was
quantitatively calculated according to the following equation:

R(%) = (1− Cf
Cp

)× 100% (4)
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where Cf and Cp are the contents of water in the feed and filtrate, respectively. The permeate
flux is determined by dividing the permeate volume by the product of the effective area and
the penetration time under gravity with the height of feed emulsions of 10 cm according to
the following equation:

F =
V
St

(5)

where V represents the permeate volume (L); S represents the effective area of the brass
(m2), and t represents the penetration time (h), respectively.

3.5. Instruments and Characterization

All optical photographs were taken by a digital camera (Nikon D5000, Tokyo, Japan).
The surface microstructure and element content of brass specimens were observed by
a field emission scanning electron microscope (FESEM, Hitachi SU8000, Tokyo, Japan)
equipped with an energy-dispersive X-ray spectrometer (EDS, AMETEK, Berwyn, PA, USA)
attachment. The porosity and pore size distribution of the as-prepared brass were measured
and analyzed by an automatic mercury porosimeter (Autopore V 9620, Micromeritics,
Norcross, GA, USA). The specific surface area and average pore diameter distribution were
analyzed by nitrogen adsorption/desorption isotherms using an automated adsorption
apparatus (Autosorb-iQ-MP-C, Quantachrome, Boynton Beach, FL, USA). Attenuated total
reflection Fourier-transform infrared spectra (ATR-FTIR) of the samples were recorded
on a Brucker Tensor-37 spectrometer (Brucker Tensor, Billerica, MA, USA) equipped with
a MIRacle ATR accessory (Pike Technologies, Fitchburg, WI, USA). The crystallinity and
phase of the specimens were determined by X-ray diffractometer (XRD, Rikagu SmartLab
system, Tokyo, Japan) using a Cu Kα radiation source. The chemical composition of
the surface was identified by using a Laser Microscopic Confocal Raman Spectrometer
(Senterra, Bruker, Billerica, MA, USA) at a laser wavelength of 532 nm. The surface
chemical composition and oxidation state of the as-prepared samples were analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Waltham, MA,
USA), equipped with a monochromatic X-ray source (Al Ka, 1486.6 eV). The XPS spectra
were fitted to a Shirley–Linear background with XPS peak 4.1 software. The average
contact angle (CA) and sliding angle (SA) were calculated by measuring three different
positions of the same sample with a 5 uL droplet by an Attension Theta system (PD-200,
Biolin Scientific, Västra Frölunda, Sweden). The dispersion of the feed emulsions and the
corresponding filtrates was obtained by taking optical images using an optical microscope
(Leica DM4000, Wetzlar, Germany). The droplet diameter distribution in the emulsions and
filtrates was calculated by dynamic light scattering (DLS) with Zetasizer Nano ZS (Malvern
3600, Malvern, UK). The water content in the filtrate was accurately determined by Karl
Fischer Titrator (MKS-500).

4. Conclusions

A uniform microporous structure with an average pore size of 1.6 µm was produced
by a simple chemical dealloying process of CuZn alloy foil. After dealloying, the sample
exhibited superhydrophilic behavior but gradually became superhydrophobic over time,
with the maximum water CA being achieved after 7 days. This is because the surface of the
dealloyed brass was oxidized to Cu2O by O2 from the air to induce wettability conversion.
Such a superhydrophobic surface showed excellent long-term storage durability for storing
the sample in an ambient atmosphere. By combining superhydrophobicity with small pore
channels, the novel porous brass could be employed to separate water-in-oil emulsions
with high efficiency and repeatability. Thanks to the hierarchical structures on the surface
having the same phase as the substrate, the superhydrophobic porous brass demonstrated
good mechanical, thermal, and chemical stability. This simple fabrication technique may
provide a new avenue for the design and fabrication of porous materials used in oil/water
separation.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules28186509/s1, Figure S1: EDS spectra analysis and
mapping images: (a) pristine brass and (b) dealloyed brass; Figure S2: CuLMM Auger transitions
of pristine brass, dealloyed brass, and aged brass; Figure S3: The kerosene CA of the aged brass
surface in air; Figure S4: High-resolution C1s spectra of (a) the dealloyed brass and (b) the aged brass;
Figure S5: The aged brass floated on the liquid surface of 1 mM HCl solution: Video S1: Separation
process of surfactant-stabilized water-in-chloroform emulsion.

Author Contributions: Conceptualization, G.H. and Y.H.; methodology, Y.Z. and C.C.; data curation,
C.C.; writing—original draft, Y.Z.; writing—review and editing, Q.Y.; supervision, G.H. and Y.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Science and Technology Development Program of Henan
province (No. 222102320057, 232102321043).

Institutional Review Board Statement: This study does not involve humans and animals, and we
have chosen to exclude this statement.

Informed Consent Statement: This study does not involve humans, and we have chosen to exclude
this statement.

Data Availability Statement: Our research data will be available on demand.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References
1. Wang, H.; Hu, X.; Ke, Z.; Du, C.Z.; Zheng, L.; Wang, C.; Yuan, Z. Review: Porous metal filters and membranes for oil-water

separation. Nanoscale Res. Lett. 2018, 13, 284. [CrossRef] [PubMed]
2. Lee, H.J.; Choi, W.S. 2D and 3D bulk materials for environmental remediation: Air filtration and oil/water separation. Materials

2020, 13, 5714. [CrossRef] [PubMed]
3. Lian, Z.; Xu, J.; Wang, Z.; Yu, Z.; Weng, Z.; Yu, H. Nanosecond laser-induced underwater superoleophobic and underoil

superhydrophobic mesh for oil/water separation. Langmuir 2018, 34, 2981–2988. [CrossRef] [PubMed]
4. Zhu, S.; Deng, W.; Su, Y. Recent advances in preparation of metallic superhydrophobic surface by chemical etching and its

applications. Chin. J. Chem. Eng. 2023, 61, 221–236. [CrossRef]
5. Yin, X.; Wu, J.; Zhao, H.; Zhou, L.; He, T.; Fan, Y.; He, Y. A microgel-structured cellulose nanofibril coating with robust antifouling

performance for highly efficient oil/water and immiscible organic solvent separation. Colloids Surf. A 2022, 647, 128875. [CrossRef]
6. Xue, B.; Lin, H.; Chai, G.; Wang, C.; Yang, H.; Lu, H. Micro-arc oxidation enhances the wear resistance and corrosion resistance of

oil-water separating mesh. J. Mater. Sci. 2022, 57, 18370–18384. [CrossRef]
7. Said, A.; Al Abdulgader, H.; Alsaeed, D.; Drmosh, Q.A.; Baroud, T.N.; Saleh, T.A. Hydrophobic tungsten oxide-based mesh

modified with hexadecanoic branches for efficient oil/water separation. J. Water Process Eng. 2022, 49, 102931. [CrossRef]
8. Zhang, X.; Liu, C.; Yang, J.; Huang, X.J.; Xu, Z.K. Wettability switchable membranes for separating both oil-in-water and

water-in-oil emulsions. J. Membr. Sci. 2021, 624, 118976. [CrossRef]
9. Luo, Z.Y.; Chen, K.X.; Wang, J.H.; Mo, D.C.; Lyu, S.S. Hierarchical nanoparticle-induced superhydrophilic and under-water

superoleophobic Cu foam with ultrahigh water permeability for effective oil/water separation. J. Mater. Chem. A 2016, 4,
10566–10574. [CrossRef]

10. Bakhtiari, N.; Azizian, S.; Mohazzab, B.F.; Jaleh, B. One-step fabrication of brass filter with reversible wettability by nanosecond
fiber laser ablation for highly efficient oil/water separation. Sep. Purif. Technol. 2021, 259, 118139. [CrossRef]

11. Tong, Q.; Fan, Z.; Wang, B.; Liu, Q.; Bo, Y.; Qian, L. Preparation and application of superhydrophobic copper mesh by chemical
etching and in-situ growth. Front. Chem. 2021, 9, 737550. [CrossRef] [PubMed]

12. Chen, M.; Huang, L.; Liu, Z.; Liu, J.; Xing, Y.; Liu, X.; Wang, X. Development of superhydrophilic Al foil with micropore arrays
via mask electrochemical machining and chemical immersion for efficient oil/water separation. J. Disper. Sci. Technol. 2020, 41,
1335–1345. [CrossRef]

13. Chen, F.; Song, J.; Liu, Z.; Liu, J.; Zheng, H.; Huang, S.; Liu, X. Atmospheric pressure plasma functionalized polymer mesh: An
environmentally friendly and efficient tool for oil/water separation. ACS Sustain. Chem. Eng. 2016, 4, 6828–6837. [CrossRef]

14. Liu, J.; Aday, X.; Wang, X.; Li, Z.; Liu, J. On demand oil/water separation enabled by microporous ultra-thin aluminum foil with
asymmetric wettability. Colloids Surf. A 2022, 648, 129334. [CrossRef]

15. Álvarez-Gil, L.; Ramirez, J.; Fernandez-Morales, P. Ultra-hydrophobic aluminum foam development for potential application in
continuous water-oil separation processes. Surf. Interfaces 2021, 26, 101362. [CrossRef]

16. An, Y.; Tian, Y.; Wei, C.; Tao, Y.; Xi, B.; Xiong, S.; Qian, Y. Dealloying: An effective method for scalable fabrication of 0D, 1D, 2D,
3D materials and its application in energy storage. Nano Today 2021, 37, 101094. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28186509/s1
https://www.mdpi.com/article/10.3390/molecules28186509/s1
https://doi.org/10.1186/s11671-018-2693-0
https://www.ncbi.nlm.nih.gov/pubmed/30209724
https://doi.org/10.3390/ma13245714
https://www.ncbi.nlm.nih.gov/pubmed/33333822
https://doi.org/10.1021/acs.langmuir.7b03986
https://www.ncbi.nlm.nih.gov/pubmed/29397752
https://doi.org/10.1016/j.cjche.2023.02.018
https://doi.org/10.1016/j.colsurfa.2022.128875
https://doi.org/10.1007/s10853-022-07707-6
https://doi.org/10.1016/j.jwpe.2022.102931
https://doi.org/10.1016/j.memsci.2020.118976
https://doi.org/10.1039/C6TA04487E
https://doi.org/10.1016/j.seppur.2020.118139
https://doi.org/10.3389/fchem.2021.737550
https://www.ncbi.nlm.nih.gov/pubmed/34888292
https://doi.org/10.1080/01932691.2019.1623694
https://doi.org/10.1021/acssuschemeng.6b01770
https://doi.org/10.1016/j.colsurfa.2022.129334
https://doi.org/10.1016/j.surfin.2021.101362
https://doi.org/10.1016/j.nantod.2021.101094


Molecules 2023, 28, 6509 19 of 20

17. Ibrahim, S.; Dworzak, A.; Crespo, D.; Renner, F.U.; Dosche, C.; Oezaslan, M. Nanoporous copper ribbons prepared by chemical
dealloying of a melt-spun ZnCu alloy. J. Phys. Chem. C 2021, 126, 212–226. [CrossRef]

18. Wu, X.; He, G.; Ding, Y. Dealloyed nanoporous materials for rechargeable lithium batteries. Electrochem. Energy R. 2020, 3, 541–580.
[CrossRef]

19. Sajitha, M.; Abraham, B.; Nelliyil, R.B.; Yoosaf, K. Chemically etched nanoporous copper and galvanically displaced silver
nanoflowers for SERS sensing. ACS Appl. Nano Mater. 2021, 4, 10038–10046. [CrossRef]

20. Zhao, H.; Lei, D.; He, Y.B.; Yuan, Y.; Yun, Q.; Ni, B.; Lu, J. Compact 3D copper with uniform porous structure derived by
electrochemical dealloying as dendrite-free lithium metal anode current collector. Adv. Energy Mater. 2018, 8, 1800266. [CrossRef]

21. Liu, D.; Yang, Z.; Wang, P.; Li, F.; Wang, D.; He, D. Preparation of 3D nanoporous copper-supported cuprous oxide for high-
performance lithium ion battery anodes. Nanoscale 2013, 5, 1917–1921. [CrossRef]

22. Zou, L.; Chen, F.; Wang, H.; Shen, Q.; Lavernia, E.J.; Zhang, L. Influence of porosity on mechanical behavior of porous Cu
fabricated via de-alloying of Cu-Fe alloy. Met. Mater. Int. 2019, 25, 83–93. [CrossRef]

23. Reinhardt, H.; Bücker, K.; Yang, F.; Nürnberger, P.; Hampp, N.A. Highly dynamic alloying and dealloying in the model system
gold-silicon (AuSi). J. Phys. Chem. C 2015, 119, 5462–5466. [CrossRef]

24. Han, S.Y.; Lewis, J.A.; Shetty, P.P.; Tippens, J.; Yeh, D.; Marchese, T.S.; McDowell, M.T. Porous metals from chemical dealloying for
solid-state battery anodes. Chem. Mater. 2020, 32, 2461–2469. [CrossRef]

25. Jie, H.; Xu, Q.; Wei, L.; Min, Y. Etching and heating treatment combined approach for superhydrophobic surface on brass
substrates and the consequent corrosion resistance. Corros. Sci. 2016, 102, 251–258. [CrossRef]

26. Li, H.; Sun, Y.; Wang, Z.; Wang, S. Constructing superhydrophobic surface on copper substrate with dealloying-forming and
solution-immersion method. Materials 2022, 15, 4816. [CrossRef] [PubMed]

27. Smith, J.L.; Tran, N.; Song, T.; Liang, D.; Qian, M. Robust bulk micro-nano hierarchical copper structures possessing exceptional
bactericidal efficacy. Biomaterials 2022, 280, 121271. [CrossRef] [PubMed]

28. Lin, B.; Kong, L.; Hodgson, P.D.; Dumée, L.F. Impact of the de-alloying kinetics and alloy microstructure on the final morphology
of de-alloyed meso-porous metal films. Nanomaterials 2014, 4, 856–878. [CrossRef] [PubMed]

29. Luan, C.C.; Zhang, Y.P.; Cui, C.X.; Chen, D.L.; Chen, Y.; Chen, M.J. Controllable water penetration through a smart brass mesh
modified by mercaptobenzoic acid and naphthalenethiol. Coatings 2022, 12, 1729. [CrossRef]

30. Kong, L.; Guo, Z. Fabrication of a durable brass mesh capable of rapid transformation between two modes of liquid transportation.
Appl. Surf. Sci. 2023, 621, 156880. [CrossRef]

31. Yang, S.; Si, Y.; Fu, Q.; Hong, F.; Yu, J.; Al-Deyab, S.S.; Ding, B. Superwetting hierarchical porous silica nanofibrous membranes for
oil/water microemulsion separation. Nanoscale 2014, 6, 12445–12449. [CrossRef] [PubMed]

32. Shi, Y.; Hu, Y.; Shen, J.; Guo, S. Optimized microporous structure of ePTFE membranes by controlling the particle size of PTFE
fine powders for achieving high oil-water separation performances. J. Membr. Sci. 2021, 629, 119294. [CrossRef]

33. Chen, D.; Kang, Z.; Li, W.; Su, F. Simultaneously spray-assisted assembling reversible superwetting coatings for oil-water
separation. Chin. J. Chem. Eng. 2021, 32, 144–150. [CrossRef]

34. Chattopadhyay, P.K.; Singha, N.R. MOF and derived materials as aerogels: Structure, property, and performance relations. Coord.
Chem. Rev. 2021, 446, 214125. [CrossRef]

35. Lu, W.; Sun, Y.; Dai, H.; Ni, P.; Jiang, S.; Wang, Y.; Li, Z. Direct growth of pod-like Cu2O nanowire arrays on copper foam: Highly
sensitive and efficient nonenzymatic glucose and H2O2 biosensor. Sens. Actuators B Chem. 2016, 231, 860–866. [CrossRef]

36. Hamam, A.; Dehchar, C.; Maiza, M.; Chikouche, I.; Merabti, H. Facile synthesis and electrochemical study of CuO thin films for
hydrogen peroxide reduction in alkaline medium. Int. J. Electrochem. Sci. 2020, 15, 3534–3542. [CrossRef]

37. Babouri, L.; Belmokre, K.; Kabir, A.; Abdelouas, A.; Khettabi, R.; El Mendili, Y. Microstructure and crystallographic properties of
Cu77Zn21 alloy under the effect of heat treatment. Mater. High Temp. 2019, 36, 165–172. [CrossRef]

38. Azadi, H.; Aghdam, H.D.; Malekfar, R.; Bellah, S.M. Effects of energy and hydrogen peroxide concentration on structural and
optical properties of CuO nanosheets prepared by pulsed laser ablation. Results Phys. 2019, 15, 102610. [CrossRef]

39. Yang, Z.; Liu, X.; Tian, Y. Insights into the wettability transition of nanosecond laser ablated surface under ambient air exposure. J.
Colloid Interf. Sci. 2019, 533, 268–277. [CrossRef] [PubMed]

40. Fantauzzi, M.; Elsener, B.; Cocco, F.; Passiu, C.; Rossi, A. Model protective films on Cu-Zn alloys simulating the inner surfaces of
historical brass wind instruments by EIS and XPS. Front. Chem. 2020, 8, 272. [CrossRef]

41. Li, L.; Zhong, K.; Dang, Y.; Li, J.; Ruan, M.; Fang, Z. Chemical dealloying pore structure control of porous copper current collector
for dendrite-free lithium anode. J. Porous Mat. 2021, 28, 1813–1822. [CrossRef]

42. Pan, L.; Zou, J.J.; Zhang, T.; Wang, S.; Li, Z.; Wang, L.; Zhang, X. Cu2O film via hydrothermal redox approach: Morphology and
photocatalytic performance. J. Phys. Chem. C 2014, 118, 16335–16343. [CrossRef]

43. Kung, C.H.; Zahiri, B.; Sow, P.K.; Mérida, W. On-demand oil-water separation via low-voltage wettability switching of core-shell
structures on copper substrates. Appl. Surf. Sci. 2018, 444, 15–27. [CrossRef]

44. Zahiri, B.; Sow, P.K.; Kung, C.H.; Mérida, W. Active control over the wettability from superhydrophobic to superhydrophilic by
electrochemically altering the oxidation state in a low voltage range. Adv. Mater. Interface 2017, 4, 1700121. [CrossRef]

45. Biesinger, M.C. Advanced analysis of copper X-ray photoelectron spectra. Surf. Interface Anal. 2017, 49, 1325–1334. [CrossRef]
46. Sasmal, A.K.; Dutta, S.; Pal, T. A ternary Cu2O-Cu-CuO nanocomposite: A catalyst with intriguing activity. Dalton Trans. 2016, 45,

3139–3150. [CrossRef]

https://doi.org/10.1021/acs.jpcc.1c08258
https://doi.org/10.1007/s41918-020-00070-7
https://doi.org/10.1021/acsanm.1c01089
https://doi.org/10.1002/aenm.201800266
https://doi.org/10.1039/c2nr33383j
https://doi.org/10.1007/s12540-018-0168-6
https://doi.org/10.1021/jp512008n
https://doi.org/10.1021/acs.chemmater.9b04992
https://doi.org/10.1016/j.corsci.2015.10.013
https://doi.org/10.3390/ma15144816
https://www.ncbi.nlm.nih.gov/pubmed/35888283
https://doi.org/10.1016/j.biomaterials.2021.121271
https://www.ncbi.nlm.nih.gov/pubmed/34864450
https://doi.org/10.3390/nano4040856
https://www.ncbi.nlm.nih.gov/pubmed/28344253
https://doi.org/10.3390/coatings12111729
https://doi.org/10.1016/j.apsusc.2023.156880
https://doi.org/10.1039/C4NR04668D
https://www.ncbi.nlm.nih.gov/pubmed/25260122
https://doi.org/10.1016/j.memsci.2021.119294
https://doi.org/10.1016/j.cjche.2020.07.033
https://doi.org/10.1016/j.ccr.2021.214125
https://doi.org/10.1016/j.snb.2016.03.058
https://doi.org/10.20964/2020.04.15
https://doi.org/10.1080/09603409.2018.1499243
https://doi.org/10.1016/j.rinp.2019.102610
https://doi.org/10.1016/j.jcis.2018.08.082
https://www.ncbi.nlm.nih.gov/pubmed/30170278
https://doi.org/10.3389/fchem.2020.00272
https://doi.org/10.1007/s10934-021-01130-z
https://doi.org/10.1021/jp408056k
https://doi.org/10.1016/j.apsusc.2018.02.238
https://doi.org/10.1002/admi.201700121
https://doi.org/10.1002/sia.6239
https://doi.org/10.1039/C5DT03859F


Molecules 2023, 28, 6509 20 of 20

47. Wang, Y.; Zhong, Q.; Wu, L.; Liu, P.; Guan, H.; Hu, Y.; Wang, W. Design and fabrication of superhydrophobic layered double
hydroxide and oxides composite coating on brass mesh with excellent anticorrosion, delay icing and oil-water separation ability.
J. Coat. Technol. Res. 2023, 20, 275–289. [CrossRef]

48. Niu, L.; Kang, Z. A facile approach for the fabrication of 3D flower-like Cu2S nanostructures on brass mesh with temperature-
induced wetting transition for efficient oil-water separation. Appl. Surf. Sci. 2017, 422, 456–468. [CrossRef]

49. Pi, P.; Hou, K.; Zhou, C.; Li, G.; Wen, X.; Xu, S.; Wang, S. Superhydrophobic Cu2S@Cu2O film on copper surface fabricated by a
facile chemical bath deposition method and its application in oil-water separation. Appl. Surf. Sci. 2017, 396, 566–573. [CrossRef]

50. Wakerley, D.; Lamaison, S.; Ozanam, F.; Menguy, N.; Mercier, D.; Marcus, P.; Mougel, V. Bio-inspired hydrophobicity promotes
CO2 reduction on a Cu surface. Nat. Mater. 2019, 18, 1222–1227. [CrossRef]

51. Ta, D.V.; Dunn, A.; Wasley, T.J.; Kay, R.W.; Stringer, J.; Smith, P.J.; Shephard, J.D. Nanosecond laser textured superhydrophobic
metallic surfaces and their chemical sensing applications. Appl. Surf. Sci. 2015, 357, 248–254. [CrossRef]

52. Kietzig, A.M.; Hatzikiriakos, S.G.; Englezos, P. Patterned superhydrophobic metallic surfaces. Langmuir 2009, 25, 4821–4827.
[CrossRef] [PubMed]

53. Wang, Q.; Liu, C.; Wang, H.; Yin, K.; Yu, Z.; Wang, T.; Liu, X. Laser-heat surface treatment of superwetting copper foam for
efficient oil-water separation. Nanomaterials 2023, 13, 736. [CrossRef] [PubMed]

54. Li, X.; Jiang, Y.; Jiang, Z.; Li, Y.; Wen, C.; Lian, J. Reversible wettability transition between superhydrophilicity and super-
hydrophobicity through alternate heating-reheating cycle on laser-ablated brass surface. Appl. Surf. Sci. 2019, 492, 349–361.
[CrossRef]

55. Long, J.; Zhong, M.; Fan, P.; Gong, D.; Zhang, H. Wettability conversion of ultrafast laser structured copper surface. J. Laser Appl.
2015, 27. [CrossRef]

56. Müller, D.W.; Holtsch, A.; Lößlein, S.; Pauly, C.; Spengler, C.; Grandthyll, S.; Müller, F. In-depth investigation of copper surface
chemistry modification by ultrashort pulsed direct laser interference patterning. Langmuir 2020, 36, 13415–13425. [CrossRef]
[PubMed]

57. Khorsand, S.; Raeissi, K.; Ashrafizadeh, F.; Arenas, M.A. Super-hydrophobic nickel–cobalt alloy coating with micro-nano
flower-like structure. Chem. Eng. J. 2015, 273, 638–646. [CrossRef]

58. Cao, C.; Cheng, J. Fabrication of robust surfaces with special wettability on porous copper substrates for various oil/water
separations. Chem. Eng. J. 2018, 347, 585–594. [CrossRef]

59. Yang, J.; Wang, H.; Tao, Z.; Liu, X.; Wang, Z.; Yue, R.; Cui, Z. 3D superhydrophobic sponge with a novel compression strategy for
effective water-in-oil emulsion separation and its separation mechanism. Chem. Eng. J. 2019, 359, 149–158. [CrossRef]

60. Wang, R.; Zhu, X.; Zhu, L.; Li, H.; Xue, J.; Yu, S.; Xue, Q. Multifunctional superwetting positively charged foams for continuous
oil/water emulsion separation and removal of hazardous pollutants from water. Sep. Purif. Technol. 2022, 289, 120683. [CrossRef]

61. Yang, Y.; Li, Y.; Cao, L.; Wang, Y.; Li, L.; Li, W. Electrospun PVDF-SiO2 nanofibrous membranes with enhanced surface roughness
for oil-water coalescence separation. Sep. Purif. Technol. 2021, 269, 118726. [CrossRef]

62. Singh, H.; Saxena, P.; Puri, Y.M. The manufacturing and applications of the porous metal membranes: A critical review. CIRP J.
Manuf. Sci. Technol. 2021, 33, 339–368. [CrossRef]

63. Ali, N.; Bilal, M.; Khan, A.; Ali, F.; Khan, H.; Khan, H.A.; Iqbal, H.M. Understanding the hierarchical assemblies and oil/water
separation applications of metal-organic frameworks. J. Mol. Liq. 2020, 318, 114273. [CrossRef]

64. Zhang, Y.; Chen, Y.; Hou, L.; Guo, F.; Liu, J.; Qiu, S.; Zhao, Y. Pine-branch-like TiO2 nanofibrous membrane for high efficiency
strong corrosive emulsion separation. J. Mater. Chem. A 2017, 5, 16134–16138. [CrossRef]

65. Yu, X.; Shi, X.; Xue, F.; Bai, W.; Li, Y.; Liu, Y.; Feng, L. SiO2 nanoparticle-containing superhydrophobic materials with enhanced
durability via facile and scalable spray method. Colloids Surf. A 2021, 626, 127014. [CrossRef]

66. Singh, V.; Sheng, Y.J.; Tsao, H.K. Facile fabrication of superhydrophobic copper mesh for oil/water separation and theoretical
principle for separation design. J. Taiwan Inst. Chem. E 2018, 87, 150–157. [CrossRef]

67. Xiao, Y.J.; Zhang, Y.J.; Liang, Z.J.; Yue, T.M.; Guo, Z.N.; Liu, J.W.; Chen, X.L. Fabrication of a superhydrophobic mesh via
magnetically aided electrode electric discharge machining. Colloids Surf. A 2021, 612, 125963. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11998-022-00667-1
https://doi.org/10.1016/j.apsusc.2017.06.045
https://doi.org/10.1016/j.apsusc.2016.10.198
https://doi.org/10.1038/s41563-019-0445-x
https://doi.org/10.1016/j.apsusc.2015.09.027
https://doi.org/10.1021/la8037582
https://www.ncbi.nlm.nih.gov/pubmed/19267439
https://doi.org/10.3390/nano13040736
https://www.ncbi.nlm.nih.gov/pubmed/36839104
https://doi.org/10.1016/j.apsusc.2019.06.145
https://doi.org/10.2351/1.4906477
https://doi.org/10.1021/acs.langmuir.0c01625
https://www.ncbi.nlm.nih.gov/pubmed/33141584
https://doi.org/10.1016/j.cej.2015.03.076
https://doi.org/10.1016/j.cej.2018.04.146
https://doi.org/10.1016/j.cej.2018.11.125
https://doi.org/10.1016/j.seppur.2022.120683
https://doi.org/10.1016/j.seppur.2021.118726
https://doi.org/10.1016/j.cirpj.2021.03.014
https://doi.org/10.1016/j.molliq.2020.114273
https://doi.org/10.1039/C7TA00833C
https://doi.org/10.1016/j.colsurfa.2021.127014
https://doi.org/10.1016/j.jtice.2018.03.025
https://doi.org/10.1016/j.colsurfa.2020.125963

	Introduction 
	Results and Discussion 
	Construction of Bicontinuous Porous Structure by Dealloying 
	Effect of Aging on Chemical Composition 
	Effect of Aging Time on Wettability Transition 
	Mechanism of Wetting Transition 
	Water-in-Oil Emulsion Separation with High Efficiency 
	Mechanical, Thermal, and Chemical Stability 

	Materials and Methods 
	Materials and Chemicals 
	Superhydrophobic Porous Brass Fabricated by Dealloying and Aging 
	Aging in Ambient Air and Organic Vapors 
	Preparation and Separation of Water-in-Oil Emulsions 
	Instruments and Characterization 

	Conclusions 
	References

