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Single-stage oil/water separation membranes usually suffer from weak chemical stability, susceptible
mechanical damage and relatively low permeating flux, and the sophisticated preparation processes also
limit their massive utilization. In this work, Cu(OH)2 nanoneedles coated copper mesh (CM) is prepared
by simple and eco-friendly anodic oxidation at a current density of 4 mA/cm2 for 6 min, which is the most
efficient route reported so far. The mesh exhibits outstanding superhydrophilicity and underwater super-
oleophobicity towards various oils with contact angles up to 164.9�, achieving superior oil/water separa-
tion efficiency of above 99.5% and ultrahigh permeating flux of 191 160 L�m�2h�1 solely driven by gravity.
Impressively, the Cu(OH)2/CM demonstrates excellent chemical stability and anti-fouling performance
when exposed to acidic and strongly alkaline solutions, saturated NaCl solution and various organic sol-
vents. High durability to withstand mechanical challenges, e.g. high-power sonication and sand abrasion,
is experimentally confirmed owing to strong cohesional strength of Cu(OH)2 nanoneedles on CM surface.
Importantly, the Cu(OH)2/CM exhibits favorable long-term recyclability with stable microstructure mor-
phologies even after 50 cycles. These distinct advantages endow the Cu(OH)2/CM to be an ideal candidate
to efficiently separate oil pollutants from water. The oil/water separation mechanisms are proposed
based on the concept of intrusion pressure.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The frequent crude oil spillage and increasing discharge of
industrial oily effluent have posed great threaten to the environ-
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mental and ecological safety, rendering the oil/water separation
become a worldwide subject [1,2]. Traditional approaches, includ-
ing air flotation, oil absorption, centrifugation, flocculation and
coagulation, usually suffer from low separation efficiency and
selectivity, high operation cost and energy consumption [3–5].
Therefore, it is urgently demanded to exploit advanced technolo-
gies for rapid and effective oily wastewater remediation from both
scientific and practical aspects [6–8].

Recently, functional membranes with special surface wettabil-
ity towards water and oil have attracted considerable attention
owing to the advantages of flexible usability and high single-
stage separation efficiency [9–11]. However, the superhydrophobic
and superoleophilic membranes are vulnerable to be fouled and
even plugged by the adhered oil, resulting in a significant reduction
of separation efficiency [6,12]. Moreover, as most of oils have lower
density than water, the sandwiched water phase between the oil
and membrane surface could retard the infiltration of oil phase,
resulting in rapid decline in the permeating flux [13,14].

The particular oil-repellent and anti-fouling phenomenon of
fish scales in oil contaminated ocean has triggered increasing
research interest [15–17]. Inspired by this, constructing superhy-
drophilic and underwater superoleophobic interface is assumed
to provide an alternative route to overcome the aforementioned
issues [16,18,19]. As water is readily trapped into the rough
microstructures of superhydrophilic membranes, a thin water
layer can be formed to promote the continuous water filtration
and provide a strong repulsive force towards oils. Accordingly,
the oil penetration through the membrane pores and the fouling
of the membrane during usage are effectively depressed. Thus,
high oil/water separation efficiency can be achieved [20,21]. The
water flux is a critical index to evaluate the permeability of the
separation membranes [22]. The permission flux is described by
the classical fluid theory of Hagen-Poiseuille (Eq. (1)) [23]:

J ¼ epr2pDp
8lL ð1Þ

In which J is the permeating flux of the liquid, e is the porosity, rp is
the effective pore radius, l is the viscosity of the liquid and L is the
thickness of the membrane.

So far, intrinsic hydrophilic materials, such as metal oxides and
hydroxides [24,25], graphene oxide [26], zeolites [27], cellulose
[28] and hydrogels [29] have already been decorated on various
substrates in pursuit of desirable superhydrophilicity and under-
water superoleophobicity. However, bottleneck of low permeating
flux still remains for the organic materials (e.g. sponges, foams and
filtration fabrics), because of their initial defects of relatively small
pore size [30,31]. Further improving the porosity of organic poly-
mer composite membranes are also restricted by their highly com-
pact structures and functional additives, which underpin their
mechanical strength and selective wettability [32].

In theory, metal meshes with 3D interconnected networks and
high porous structures allow a higher permeating flux for sufficient
oil/water separation [33]. Moreover, the favorable mechanical
robustness and easy reuse without squeezing also ensure the metal
meshes more potential for long-term usage. Various strategies,
including hydrothermal [33], chemical etching [22], chemical
vapor deposition [34] and electrochemical method [19], have been
successfully applied to create hydrophilic structures on metal
mesh. For example, Lai et al. [22] prepared Cu(OH)2-coated copper
mesh (CM) by immersion in HS(CH2)11OH for 12 h. The observed
superhydrophilicity and underwater superoleophobicity as well
as the resultant high oil/water separation efficiency (>99.8%) can
be attributed to the cooperative effect of the nanostructures and
hydrophilic hydroxyl groups. You et al. [19] developed coral-like
Zn-ZnO nanostructures on CM at a voltage of 8 V for 2 h. Superhy-
drophilic and high underwater oil-repellency with oil contact angle
(OCA) of above 151� were demonstrated and more than 99.0% oils
can be removed from water. Zhu et al. [35] employed electrochem-
ical oxidation method to obtain hierarchical nanoneedles-like Cu
(OH)2 coated stainless steel fiber felts (SSFF) with underwater
superoleophobic and low-adhesive properties. The SSFF required
to be pretreated by high vacuum sputtering of gold layer and after-
wards electrodeposition of copper nanoparticles. Liu et al. [36] fab-
ricated polyaniline-coated CM by electrochemical polymerization
using 0.1 M aniline as an electrolyte, achieving effective oil-water
separation. However, most of the reported approaches still have
limitations for mass production because of the time-consuming
and complicated pretreatment processes, usage of high toxic mate-
rials or expensive facilities [6,17]. Furthermore, rapid decay in sep-
aration capability due to poor susceptible mechanical damage and
weak chemical stability are usually another obstacles for wide-
spread utilization.

Herein, in this study, we first exploit one-step anodic oxidation
route to design Cu(OH)2 nanoneedles on copper mesh aiming for
superior superhydrophilic and underwater superoleophobic capa-
bility. This technology is fairly facile, environmentally benign and
highly efficient for mass production. By optimizing the current
density and reaction duration, highly efficient oil/water separation
is realized. In addition, the as-prepared Cu(OH)2/CM seems a per-
fect combination of great reusability, high permeation flux, heat
resistance, mechanical and chemical stability, which make the
mesh very promising toward durable oil/water separation under
severe conditions.
2. Experimental section

2.1. Materials

Commercial copper meshes were purchased from Hengshui
Wire Mesh Products Co. Ltd. (China). NaOH, HCl (36 wt%), NaCl,
acetone, dichloromethane (DCM), hexane, N,N-
dimethylformamide (DMF), ethanol (EtOH), ethyl acetate (EtOAc)
and methanol (MeOH) were provided by Aladdin Reagent Co. Ltd.
(China). Gasoline, kerosene and diesel were supplied by local gas
station.

2.2. Preparation of Cu(OH)2 nanoneedles coated CM

The copper mesh was successively degreased under ultrasoni-
cation in acetone, ethanol and deionized water for 20 min, fol-
lowed by drying in air. Afterward, the electrochemical oxidation
was conducted at ambient temperature with a three-electrode
electrochemical cell, using 1 M NaOH solution as an electrolyte
(Fig. 1a). The pre-treated meshes were used as both working elec-
trode (anode) and counter electrode (cathode), and saturated calo-
mel electrode as reference electrode (RE). Finally, the coated CM
was rinsed with deionized water for several times and dried in
air for subsequent use.

2.3. Characterization

The morphological structures of the samples were observed
with a Zeiss SIGMA field emission scanning electron microscope
(SEM) at 10 kV. The chemical components of the formed Cu(OH)2
on CM was examined with Oxford X-Max type energy dispersive
spectrometer (EDS) and X-ray diffraction (XRD) (D/max 2200).
The contact angles of water/oil for the mesh were measured using
Contact Angle Meter (JGW-360A). Thermogravimetric (TG) was
conducted using thermogravimetric analyzers (STA73000) at a
heating rate of 10 �C/min under air atmosphere.



Fig. 1. Schematic of (a) preparation process of the Cu(OH)2/CM, the electrochemical reactions at (b) working electrode (WE) and (c) counter electrode (CE).
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2.4. Oil/water separation

The oil/water separation was performed as follows: the coated
mesh was first completely pre-wetted by deionized water and then
firmly fixed between two glass tubes in 20 mm diameter for oil/
water separation. The oily liquids were colored by Oil Red O for
better visual discrimination, followed by mixing with water (Voil:
Vwater = 1:4). In general, 100 mL oil/water mixture was delivered
into the glass tube assisted by a peristaltic pump and separated
by the Cu(OH)2/CM under the gravity drive. The separation effi-
ciency (SE) was calculated according to the following equation:

SE ð%Þ ¼ m1

m0
� 100% ð2Þ

where m0 is the weight of pristine oil in the mixture before separa-
tion, and m1 represents the weight of collected oil after separation.

3. Results and discussion

3.1. Morphology and chemical composition

The pristine mesh composed of intertwined metal wires has rel-
atively smooth texture with pore diameter of approximately
40 lm (Fig. 2a1). After electrochemical oxidation, the external sur-
face of the mesh frame was densely and uniformly covered by Cu
(OH)2 nanoneedles (Fig. 2b1 and c). The resultant rough hierarchi-
cal architecture is essential for the required opposite wettability at
two sides for oil/water separation. As the nanoneedles with length
of about 5 lm grew vertically along the mesh walls and intercon-
nected with each other, the effective pore size of the coated mesh
greatly shrinked to circa 20 lm. This is benefit for the entrapment
of oily droplet on the mesh surface.

Both element mappings and EDS spectrum of the raw copper
mesh indicate the high purity of Cu (99% in atomic percentage)
with trace oxygen element (1%) (Fig. 2a2, a3 and d). As for the
coated sample, the much brighter areas of the oxygen mapping
image suggest a higher content of oxygen (66%) (Fig. 2b2, b3 and
d). The atomic number ratio of O to Cu is 1.94:1, close to the the-
oretical value of Cu(OH)2. Apparently, both Cu and O are evenly
distributed across the mesh wires, confirming the growth unifor-
mity of the Cu(OH)2 nanoneedles.

The XRD patterns of the original and coated meshes are dis-
played in Fig. 2e. The diffraction peaks at 42.66�, 50.04� and
74.46� in both spectra can be ascribed to the reflections from
(1 1 1), (2 0 0) and (2 2 0) planes of metallic Cu (JCPDS Card No.
04-0836), respectively [25]. For the coated CM, three new charac-
teristic peaks appear at 21.6�, 23.74� and 34.12�, which can be
indexed as the (0 2 0), (0 2 1) and (0 0 2) planes of orthorhombic
Cu(OH)2 (JCPDS Card No. 80-0656) [35]. No evident peaks from
other phase in the patterns can be observed, implying the pure
crystalline structure of Cu(OH)2.

Accordingly, the electrodeposition mechanism of Cu(OH)2
nanoneedles on CM are expressed by Eqs. (3)–(5) [35]. Cu2+ ions
were transformed from metallic Cu at anode by losing two



Fig. 2. Typical SEM images of (a1) original copper mesh and (b1) Cu(OH)2/CM at low and (inset) high magnifications, (c) cross-section of the Cu(OH)2/CM. Element mapping of
Cu and O of (a2, a3) original copper mesh and (b2, b3) Cu(OH)2/CM. (d) EDS and (e) XRD spectra of the original copper mesh and Cu(OH)2/CM.
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electrons, and Cu(OH)2 was then generated on the CM surface via
precipitation reaction between Cu2+ and the hydrolyzed OH�

[37]. Afterwards, the compact seed layer gradually grew to form
nanoneedles morphology with prolonging reaction time (Fig. 1b).
Simultaneously, the free H+ captured electrons to produce H2 at
the cathode, and the resultant alkaline region nearby could further
promote the deposition process of Cu(OH)2 (Fig. 1c). After electro-
chemical treatment, the yellow CM completely turned into blue
(Fig. 1a), indicating the dense distribution of Cu(OH)2 nanoneedles
on CM surface.

Anode: Cu(s) ! Cu2þ(s) + 2e� ð3Þ

Cu2þ(s)+2OH�(aq) ! Cu(OH)2(s) ð4Þ

Cathode: 2Hþ(aq)+2e� ! H2(g) ð5Þ
3.2. Wetting properties

The raw mesh exhibits weak hydrophobicity (WCA = 118.9�) in
air and oleophobicity (OCA = 103.3�) in water (Fig. 3a and b). Nev-
ertheless, the Cu(OH)2/CM possesses superhydrophilic surface
(WCA = 0�), which offers strong repulsive force to kerosene droplet
as a consequence of their large difference in polarity. High under-
water superoleophobicity with OCA of 164.9� can be evidenced by
the approximate spherical shape of kerosene drop in water (Fig. 3c
and d). In addition, the Cu(OH)2/CM also has outstanding rejection
capability towards other oily liquids (i.e. gasoline, diesel, hexane,
bean oil and dichloromethane (DCM)) with high CAs ranging from
156.5� to 164.9� (Fig. 3e). The varying CAs may be ascribed to the
different surface tension and viscosity of the oils [37].
Moreover, the underwater sliding angles (SAs) of Cu(OH)2/CM
towards various oils ranged from 1.0� to 1.8� (Fig. S1), and the
DCM droplet could easily slide from a slightly titled surface of
the mesh (Fig. S2). The oil adhesive behavior of the mesh was fur-
ther investigated using a syringe needle according to the previous
studies [38,39]. As seen in Fig. S3, the oil droplet was initially
squeezed against the mesh surface under the preloading force. As
the external pressure was gradually released, the droplet could
maintain its spherical shape with no noticeable deformation,
revealing the extremely low adhesion of oils on the membrane sur-
face [40,41].

It is reported that the wettability of the solid surface greatly
depends on its micro/nanostructure and chemical composition
[42]. The special surface wettability of Cu(OH)2/CM could be attrib-
uted to the cooperative effect of hydrophilic polar hydroxyl groups
from Cu(OH)2 nanoneedles and the binary nano/micro-scaled
structures (Fig. 3f) [43,44]. The hydroxyl groups with extremely
high surface energy are assumed to endow the mesh with the
superhydrophilic surface and high water capture percentage [45].
The water-favoring ability of the mesh was estimated by measur-
ing water capture percentage (WCP) according to Eq. (6) [25].

WCPð%Þ ¼ Wb �Wa

Wa
� 100% ð6Þ

where Wa represents the original mass of the mesh, Wb stands for
the mass of the mesh after immersed in water and then quickly
taken out from water.

It is found that the WCP value of the mesh was dramatically
improved from 5.6% to 53.3% after in situ growth of Cu(OH)2
nanoneedles. Consequently, a huge amount of water would be effi-
ciently trapped into the hierarchically structured porosity. A stable
water cushion on the completely wetted CM surface can be thereby



Fig. 3. Wetting behaviors of (a,b) original copper mesh and (c,d) Cu(OH)2/CM. (e) Underwater OCA of Cu(OH)2/CM towards a series of oils with density (q) higher or lower
than that of H2O (1 g/mL). Inset of (d) is the kerosene droplet (f) below the surface of Cu(OH)2/CM in water. Schematic illustration of oil wetting on the hierarchical surface of
Cu(OH)2/CM in water.
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formed, which offers a strong repelling force to the oily liquids
[46].

When a three-phase interface system of oil-water-solid is
formed on the Cu(OH)2/CM surface, high underwater OCA can be
described by the Cassie-Baxter model (Eq. (7)) [19,47]:

cosh ¼ f cosh1 þ ð1� f Þ ð7Þ

where h and h1 represent the underwater OCA on the surface of
rough coated mesh and pristine mesh, respectively, and f is defined
as the area fraction of the solid surface in contact with oily droplet.

Theoretically, the contact chance of oil droplet with the mesh
surface is very low at small area fraction, hence leading to a high
underwater OCA. In our work, based on the CAs towards kerosene
on the original mesh (�103.3�) and coated mesh (�164.9�), the
area fraction f is estimated to be 0.087. This means only 8.7% of
the area arising from oil/mesh contact interface. Thus, the predom-
inant hydrophilicity and underwater superoleophobic ability can
be achieved for the Cu(OH)2/CM, which may endow a remarkable
oil/water separation performance.
3.3. Optimization of the electrochemical conditions for oil/water
separation

3.3.1. Influence of anodic oxidation time
The morphology evolution of Cu(OH)2 nanoneedles as a func-

tion of electrochemical oxidation time was explored as presented
in Fig. 4. It can be seen that the length of Cu(OH)2 nanoneedles
gradually grew from around 1.8 lm at 2 min to about 5 lm at
6 min (Fig. 5a). In addition, the quantity of Cu(OH)2 nanoneedles
on the surface of copper mesh was evidently improved within
6 min, in agreement with the increasing atomic number ratio of
O to Cu from 0.59:1 to 1.94:1 (Fig. 4a3, b3, c3). This phenomenon
could be explained by the Faraday’s first law of electrolysis
(Eq. (8)).

m ¼ kIt ð8Þ

where m is the mass of deposition at the anode, I and t are
corresponding to the current and time [19].
The resultant smaller pore size of CM is supposed to be more
favorable for the entrapment of oily liquids. As expected, the
WCA reduced from about 42.3� to 0� and the underwater OCA
toward kerosene was improved from 155.6� to appropriate
164.9� with extending anodization time from 2 to 6 min (Fig. 5b).
Consequently, using the CM anodized for 6 min highest separation
efficiency (99.5�99.8%) was obtained for mixture of water and var-
ious oils (gasoline, kerosene, diesel, hexane, bean oil and DCM)
(Fig. 5c).

It is noteworthy that if the electrochemical oxidation time
extended to 8 min, the nanoneedles no longer grew in length but
the CM surface became much denser with more nanoneedles
formed (Fig. 4d1, d2). Although with plenty of superhydrophilic
AOH groups (Fig. 4d3), the porosity for capturing water to repel
oily liquids tends to reduce, resulting in no further enhancement
in the underwater superoleophobicity and oil/water separation
efficiency (Fig. 5b, c).

3.3.2. Influence of current density
Moderate current density is essential to control the nucleation

and growth processes of Cu(OH)2 aiming for desired crystallinity
and microstructure. It can be clearly observed that the pore size
of CM gradually decreased with increasing current density
(Fig. 6). This should be due to the various growth dimension, num-
ber density and nanostructures of Cu(OH)2 nanoneedles. The nano-
needles obtained at a current density of 2 mA/cm2 were sparse and
short (�1 lm), with a lowest atomic ratio of O to Cu (1.27:1)
(Fig. 6b3). Comparatively, the longest nanoneedles (�5 lm) were
realized at 4 mA/cm2 and the CM surface was almost completely
covered by the nanoneedles. Whereas, as current density was as
high as 6 mA/cm2, the Cu(OH)2 nanoneedles became thicker and
shorter (�4 lm) (Fig. 5d). Some nanoneedles were inclined to
aggregate to form bud-like bundles, causing the uneven morphol-
ogy and lower coverage of coated CM surface. In conclusion, the
best superhydrophilicity and underwater superoleophobicity for
oil/water separation was achieved at 4 mA/cm2 after 6 min oxida-
tion (Fig. 5e, f).

It should be stated that various metal oxide or hydroxides
have been previously created on metal substrates for oil/water



Fig. 4. Different magnification SEM images and EDS spectra of Cu(OH)2/CM after anodic oxidation for (a1, a2, a3) 2 min, (b1, b2, b3) 4 min, (c1, c2, c3) 6 min and (d1, d2, d3)
8 min at 4 mA/cm2.

Fig. 5. Statistical curve of Cu(OH)2 nanoneedles length as a function of (a) electrochemical reaction time and (d) current density. Influences of (b, c) reaction time and (e, f)
current density on the wettability behaviors and oil/water separation efficiency of Cu(OH)2/CM.
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separation. For instance, Yuan et al. [48] fabricated nanostructured
TiO2/CuO dual coatings on CM by electrochemical anodization at
2 mA/cm2 for 30 min and afterwards layer-by-layer self-assembly
deposition to render superhydrophilic and underwater superoleo-
phobic surface. Gao et al. [9] prepared microstructured
TiO2-based mesh through hydrothermal approach at 160 �C for
2 h combined with modification by octadecyl phosphonic acid.
Comparatively, the strategy in this work has unique advantages
of time-saving and easy-operation, which promise great potential
in large-scale application.
3.4. Oil/water separation performance

The oil/water separation was automatically performed using
the customized continuous running unit (Fig. 7a). Water could
rapidly permeate through the pre-wetted meshmerely under grav-
ity, while the oil was repelled by the superoleophobic mesh and
thus effectively blocked above the mesh, achieving almost com-
plete separation of water/kerosene mixture (�99.8%). Noticeably,
the used mesh would become clean again once it is immersed in
water, suggesting its low adhesion to the oil droplet. Extremely



Fig. 6. Different magnification SEM images and EDS spectra of Cu(OH)2/CM after anodic oxidation for 6 min at (a1, a2, a3) 0 mA/cm2, (b1, b2, b3) 2 mA/cm2, (c1, c2, c3)
4 mA/cm2 and (d1, d2, d3) 6 mA/cm2.
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high separation efficiencies of greater than 99.5% were also
obtained for mixtures of water and other oils (gasoline, diesel, hex-
ane, bean oil and DCM), suggesting the wide range applications of
the designed Cu(OH)2/CM. To the best of knowledge, the Cu(OH)2/
CM in this study possesses superior oil/water separation perfor-
mance compared with the recently reported separation mem-
branes as listed in Table 1, such as MnO2 nanocrystal (96%) [47],
supramolecular hydrogel network (98.7%) [29] and SiO2 nanoparti-
cles (99%) [13] coated stainless steel meshes.

The oil/water separation process proceeds with the coalescence
of oil droplets and come-up of the larger oil droplets. Based on the
similarity-intermiscibility theory, it is more difficult for the oil dro-
plets with lower surface tension to break the water films on the
mesh surface, which may be responsible for the large underwater
OCA and high separation efficiency as seen in Fig. S4a and b. In
addition, the variation of the oil/water separation performance is
also likely related to the density and viscosity of oils, which could
affect the rising velocity of oil droplets according to the Stokes’ Law
[49]. As presented in Fig. S4c and e, the underwater OCA is appar-
ently negative correlated with the density and viscosity of oils. The
light oil droplets with low viscosity are expected to enhance the
separation ability (Fig. S4d and f) [50].

To better understand the separation ability of the as-prepared
Cu(OH)2/CM, another key parameter oil intrusion pressure (P) is
evaluated. By measuring the maximum height (hmax) of oil liquid
that the coated mesh can withstand, the intrusion pressure value
can be attained according to the following equation [13]:
P ¼ qghmax ð9Þ
where q and g are the oil density and gravitational acceleration,

respectively.
As shown in Fig. 7b, the maximum bearable height of diesel can

arrive at 30 cm, and the corresponding intrusion pressure is calcu-
lated to be about 2.34 kPa, higher than that of MnO2 (2.10 kPa) [47]
and SiO2 (1.38 kPa) [13] nanoparticles coated stainless steel
meshes. Moreover, the intrusion pressures of other oils (gasoline,
kerosene, hexane, bean oil and DCM) are assessed to be above
1.30 kPa (Fig. 7c), revealing good stability of the coated mesh for
practical oil/water separation.

In addition, the dynamic hydrophilicity of the coated mesh was
examined by water permeating flux (F) measurements under a
fixed column of water based on Eq. (10) [7,43]:

F ¼ V=St ð10Þ

where V (L) is the volume of water permeating through the as-
prepared mesh, here we fixed V to 0.2 L, S (m2) is the effective sur-
face area of the mesh on which the water flows, and t (s) is the
required time for the permeation of 0.2 L water.

The water flux of Cu(OH)2/CM could achieve as high as
191 160 L�m�2h�1, which is the highest value in comparison with
the reported data (Table 2), for instance, SiO2 nanoparticles
(26 280 L�m�2h�1) [13] and diatomite (27 000 L�m�2h�1) [53]
coated stainless steel meshes as well as TiO2/CuO (80 000 L�m�2-
h�1) [48] and Cu(OH)2 nanowires (158 000 L�m�2h�1) [25] coated
copper meshes. It is noteworthy that the pristine CM exhibits a
lower permeating flux (40 250 L�m�2h�1). According to the theory
of Hagen-Poiseuille, the exceptional ultrahigh flux of the coated
mesh can be reasonably attributed to the ultrathin monolayer of
copper wires as well as substantial enhancement of the
hydrophilicity without significantly sacrificing the effective aver-
age pore size [6,55]. Thereby, the as-prepared Cu(OH)2/CM in this
work would possess prominent advantage on the rapid separation
of large amounts of oil/water mixtures.
3.5. Chemical resistance and stability

3.5.1. Chemical durability
Chemical resistance of the separation mesh is a key parameter

for application in harsh environments and is thus evaluated by
immersion in solutions with different pH (pH = 1–14) for 24 h. As



Fig. 7. (a1, a2) Separation process of oil/water mixture using Cu(OH)2/CM. (b) Maximum height of oil column taking diesel as an example and (c) the intrusion pressure of Cu
(OH)2/CM for various oils.

Table 1
Comparison of the separation efficiency of Cu(OH)2/CM in this work and other reported separation membranes.

No. Separation membrane Preparation method Separation efficiency Reference

1 Titania nanowires coated Ti mesh Hydrothermal method >96% [7]
2 MnO2 nanocrystal coated stainless steel mesh Hydrothermal method >96.2% [47]
3 Copper coated fabrics Modified hydrazine-assisted reduction method >98% [51]
4 Supramolecular hydrogel network coated stainless steel mesh In situ radical polymerization >98.7% [29]
5 Zn-ZnO electrodeposited copper mesh Electrodeposition >99% [19]
6 SiO2 nanoparticles coated stainless steel mesh Spraying method >99% [13]
7 TiO2 nanoparticles coated stainless steel mesh Spraying method >99% [52]
8 Diatomite coated stainless steel mesh Spraying method >99.2% [53]
9 Cu(OH)2 nanoneedles coated copper mesh One-step anodic oxidation >99.5% This work
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demonstrated in Fig. 8a, when the solution pH was below 2, the
coated mesh lost its superhydrophilicity and the OCA reduced to
147�. As a consequence, the mesh could not effectively separate
oil from water (Fig. 8b). It is found that under highly acidic condi-
tions (pH = 1, 2) the long and densely arrayed nanoneedles com-
pletely disappeared due to acid-base neutralization reaction
between Cu(OH)2 and high amount of H+ ions (Fig. 8c, d). However,
at pH 3 the Cu(OH)2 nanoneedles retained to a large extent
although become shorter because of the corrosive effect of H+

(Fig. 8e), which accounts for the high underwater superoleophobic-
ity after immersion.
As the solution pH was changed from 4 to 14, the Cu(OH)2/CM
could maintain superhydrophilicity and underwater superoleo-
phobicity (>160�) with small fluctuations, contributing to the
almost unchanged separation efficiency. The well-preserved Cu
(OH)2 nanoneedles on CM surface can be clearly observed as the
solution pH is 4 (Fig. 8f) or even up to 14 (inset of Fig. 8a), suggest-
ing the extraordinary stability of the mesh within a broad pH
range.

Then the separation efficiency of Cu(OH)2/CM at extremely high
salt concentrations was investigated as the anti-corrosive ability is
of great importance for practical complicated environment [6,19].



Table 2
Comparison of the water permeating flux of Cu(OH)2/CM in this work and other reported separation membranes.

No. Separation membrane Preparation method Flux
(L�m�2h�1)

Reference

1 Ti foam coated by fluorinated hierarchical flower-like TiO2

nanostructures
One-step hydrothermal method 2 174 [54]

2 MoS2-coated fabric Impregnation method 6 120 [30]
3 P(AM-co-AA)/CS/MPS-SiO2 nanocomposite hydrogel Free-radical polymerization method 8 600 [31]
4 TiO2 nanowires coated stainless steel Dip-coating method 11 000 [23]
5 Cellulose hydrogel coated wire mesh In situ radical polymerization 12 885 [6]
6 Catechol deposited PVDF membrane Immersion method 21 000 [55]
7 SiO2 nanoparticles coated stainless steel mesh Spraying method 26 280 [13]
8 Diatomite coated stainless steel mesh Spraying method 27 000 [19]
9 Nanostructured TiO2/CuO Dual-coated copper mesh Electrochemical anodization and layer-by-layer self-assembly

deposition
100 000 [48]

10 Cu(OH)2 coated copper mesh Solution immersion method 120 000 [22]
11 Cu(OH)2 nanowire-haired copper mesh Solution immersion method 158 000 [25]
12 Cu(OH)2 nanoneedles coated copper mesh One-step anodic oxidation 191 160 This work

Fig. 8. (a) Variation of WCA and underwater OCA and (b) oil/water separation efficiency of Cu(OH)2/CM after immersing in solution with different pH values (kerosene as oil
model). The SEM images of the Cu(OH)2/CM after immersing in solution with different pH values for 24 h: Inset of (a) pH = 14, (c) pH = 1, (d) pH = 2, (e) pH = 3, (f) pH = 4.
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As shown in Fig. 9a, the saturated NaCl solution could rapidly pen-
etrate through the mesh, while the oil (kerosene) was repelled
beyond the mesh surface, demonstrating high separation efficiency
of over 99.5%. No visible colored oil was observed in the water after
separation. The superhydrophilicity and underwater superoleo-
phobicity of the separation mesh can be even kept after immersion
in saturated NaCl solution for 24 h, and efficient separation effi-
ciency of approximately 99.3% was reached for kerosene/water



Fig. 9. (a) Separation process and (b) separation efficiency of Cu(OH)2/CM in saturated NaCl solution environment. (c) The underwater OCA and (d) oil/water separation
efficiency of Cu(OH)2/CM after immersing in various organic solvents for 24 h. (e) The wettability behaviors and (f) oil/water separation efficiency of Cu(OH)2/CM after
sonication for different time (kerosene as oil model).
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mixture (Fig. 9b). This promises Cu(OH)2/CM particular potential
application in remediation of high salinity oily wastewater or mar-
ine oil leakage.

The solvent resistance of Cu(OH)2/CM was tested by submerg-
ing the mesh in six common organic solvents for 24 h, including
DMF, EtOH, EtOAc, MeOH, hexane and acetone. As presented in
Fig. 9c and d, The Cu(OH)2/CM still retained underwater superoleo-
phobicity with OCA of above 163.3� and separation efficiency of
greater than 99.6% for kerosene/water mixture. Such remarkable
anti-fouling ability of the Cu(OH)2/CM is superior to polymer-
dominated membranes [6,55].

3.5.2. Wear resistance
The cohesional strength of Cu(OH)2 nanoneedles on CM surface

is critical for long-term usage and is thus estimated under external
force [56,57]. After 45 min of vigorous sonication treatment at
480 W, very few of Cu(OH)2 nanoneedles were fallen from the
CM substrate (Fig. S5a). The underwater OCA (kerosene as oil
model) remained above 158� with small fluctuations (Fig. 9e),
and the separation efficiency of more than 99% could also be
achieved (Fig. 9f). After 60 min treatment, only a small number
of nanoneedles were lost (Fig. S5b), leading to the reserved high
underwater OCA of above 158� and separation efficiency of more
than 99%. Such great cohesional strength should be related to the
chemical attachment of Cu(OH)2 nanoneedles to the mesh surface
via in situ growth process [6].

Actual oily wastewaters, such as oil-field effluents and oil spill
sewage, usually contain solid particles (i.e. sand), which may dam-
age the surface topography of the mesh [58]. Thus, mechanical
durability is regarded as crucial aspect for stable oil/water separa-
tion and thus estimated by sand abrasion test as presented in
Fig. 10a. The sand grains with diameter of 180–250 lm were fallen
from a height of 20 cm to impact the mesh with tilt angle of 45�.
The surface topography of Cu(OH)2/CM after being subject to
800 g sand abrasion test is shown in Fig. S6. It can be seen that
although some areas of the mesh were polluted by the falling sand,
most of the Cu(OH)2 nanoneedles were well retained with slight
damage. The robust microstructure of the mesh may be responsi-
ble for the preserved superhydrophilicity and underwater super-
oleophobicity as well as high separation efficiency of 98.5% for



Fig. 10. (a) Photograph of sand abrasion test. (b) Wettability behaviors and (c) oil/water separation efficiency of Cu(OH)2/CM after sand abrasion (kerosene as oil model).
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kerosene/water mixture after abrasion test (Fig. 10b, c). The WCA
of the coated mesh increased to about 15� after being subject to
1000 g sand, while the underwater OCA was higher than 148�
and the separation efficiency was still above 97.6%. The aforemen-
tioned results reveal that the Cu(OH)2/CM possesses prominent
mechanical robustness to withstand mechanical challenges.
Fig. 11. (a) The variation of WCA and underwater OCA as a function of heating tempera
treated under different temperature. (c) The wettability behaviors and (d) oil/water sep
curve of the Cu(OH)2/CM. Inset of (c) is the kerosene droplet below the mesh surface in
3.5.3. Heat stability
The thermogravimetric analysis (inset of Fig. 11a) reveals that

the coated mesh demonstrates excellent thermal stability below
400 �C, with weight loss of less than 0.6%. The collapse of nanonee-
dles structure occurred at 150 �C arising from the conversion from
blue Cu(OH)2 to dark CuO as seen in Fig. S7 [25]. In the XRD pattern
ture. (b) The separation efficiency of Cu(OH)2/CM for water/kerosene mixture after
aration efficiency of Cu(OH)2/CM versus the recycle numbers. Inset of (a) is the TG
water. Inset of (d) is the SEM image of Cu(OH)2/CM after 50 runs.



Fig. 12. Schematic illustration of oil/water separation: (a) superhydrophilicity in air
and (b) underwater superoleophobicity of Cu(OH)2/CM; (c) separation process of
water/oil mixture.

580 R. Yuan et al. / Journal of Colloid and Interface Science 555 (2019) 569–582
of the mesh after treated at 150 �C (Fig. S8), the characteristic
peaks of Cu(OH)2 at 21.6� (0 2 0) and 23.74�(0 2 1) completely dis-
appeared, while the weak diffraction peaks at 35.52� (0 0 2) and
38.71� (1 1 1) can be ascribed to the monoclinic phase of CuO
(JCPDS Card no. 05-0661). From the EDS spectra (Fig. S9) the
atomic number ratio of O to Cu decreased from 1.94:1 to 1.10:1,
which is close to the theoretical value of CuO. The WCA and under-
water OCA of the coated mesh were also measured after heating at
certain temperature for 1 h. It is found that the coated mesh could
maintain the superhydrophilicity and underwater superoleopho-
bicity below 150 �C (Fig. 11a). The residual high separation effi-
ciency of above 98% (Fig. 11b) and the well-preserved
nanoneedles-like morphology (Fig. S7) indicates the good stability
of the mesh.

3.5.4. Recycling ability
The reusability of the Cu(OH)2/CM was examined using kero-

sene as the oil model in the present study. As shown in Fig. 11c
and d, underwater superoleophobic property (OCA > 163�) and
high separation efficiency of above 99.5% was still achieved even
after 50 cycles with no observable oil in the collected water,
demonstrating outstanding recyclability of the as-prepared copper
mesh. In addition, extremely high flux of the mesh could be well
maintained after 50 cycles (�191 050 L�m�2h�1) (Fig. S10), sug-
gesting the potential operation stability for long time usage. As dis-
played in the inset SEM image of Fig. 11d, the microstructure
morphology of the used mesh after 50 runs remained almost
unchanged, which implies the durability of the designed Cu(OH)2
nanoneedles. Moreover, the long-term anti-oil property of the Cu
(OH)2/CM surface was examined as seen in Fig. S11. The oil droplet
(kerosene) retained approximate spherical shape without any
spreading for a long time (24 h). This further implies the stable
anti-oil ability of the mesh, which may contribute to the high sta-
bility in multiple usages.

3.6. Separation mechanism

The micropores in Cu(OH)2/CM with size of about 20 lm, which
are according with capillary mechanics, could act as the abundant
capillary tubes during oil/water separation process [59]. The Jurin
height of the mesh was calculated to be around 1.3 m based on
the Jurin’s formula (Eq. (11)) [60].

hmax ¼ 2ccosh
Rqg

ð11Þ

where c is the surface tension of liquid, R is the radius of capillary, h
is the intrinsic contact angle of liquid on the surface, q is the density
of liquid, g is the acceleration of gravity.

The Jurin height is far greater than the thickness of the super-
hydrophilic mesh (<100 lm). Thus, the water is prone to penetrate
through the mesh micropores while the oil molecules easily rise
up because of upward pressure induced by capillary. This would
finally favor the continuous separation of oil and water [59].

To in-deep understand the oil/water separation mechanism, the
wetting process of water and oil on the Cu(OH)2 nanoneedles
coated copper mesh is modeled based on the concept of intrusion
pressure as illustrated in Fig. 12. The theoretical intrusion pressure
(DP) can be calculated using Eq. (12), which has been widely
applied to investigate the oil/water separation mechanisms of
membranes [38,58,61,62].

DP ¼ 2c
R

¼ �Cccosh
A

ð12Þ

where c is the surface tension, R is the radius of the meniscus, C is
the circumference of the mesh pore, h is the water or oil contact
angle on the coated mesh, and A is the cross-sectional area of the
pore.

As displayed in Fig. 12a, the DP should be less than zero as the
water contact angle of the coated mesh is nearly 0�. Thus the water
can easily enter the interspaces of the mesh wires and sponta-
neously permeate through the micropores of the mesh under the
driven of gravity and capillary force (Dp < 0) [21]. Due to the pref-
erential affinity of water with the membrane, a stable water/solid
composite interface would be formed. The pre-wetted Cu(OH)2/CM
exhibits superoleophobicity in water (h>150�), implying that the
DP is higher than zero with negative capillary effect (Fig. 12b).
Consequently, the micro-sized oil droplets can be well hold by
the hierarchical structured mesh under the action of intrusion
pressure [63].

As presented in Fig. 12c, the dispersible oil droplets in the fluid
would first move downwards with the water. Upon touching the
superhydrophilic surface of the mesh, they can be blocked and
then move in the opposite direction under the intrusion pressure
and action of buoyancy. On the way up, the size of the oil droplets
would gradually increase through the coalescence effect. Based on
the Stokes’ law, the rising velocity of oil droplet is positively
related to its radius. Consequently, the oil droplets with larger
radius are prone to float up to form oil layer, which can be collected
and recycled after complete separation.
4. Conclusions

In summary, the Cu(OH)2 nanoneedles coated copper mesh
with inverse wettability was successfully constructed via facile
anodic oxidation approach. High separation efficiency of above
99.5% was achieved for various oils/water mixtures with a ultra-
high water flux of 191 160 L�m�2h�1 and intrusion pressure of over
1.30 kPa. The slight variation in separation efficiency without
apparent change in microstructure after 50 cycles could afford
the possibility of Cu(OH)2/CM for excellent reusability.

In addition, the coated mesh exhibited extraordinary chemical
resistance towards strongly base, saturated NaCl solution and
common organic solvents, which would meet the requirements
for oil/water separation under practical harsh environments.
Moreover, the separation mesh could withstand mechanical chal-
lenges due to great cohesional strength of Cu(OH)2 nanoneedles.
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The as-prepared Cu(OH)2/CM also possessed prominent advantages
of high temperature durability in contrast to organic polymer based
membranes. Thus, the separation mesh in this work has great
potential for scalable applications in efficiently separating oils from
most industrial fields or retrieving oil leakages in the ocean.
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