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Abstract: To solve the problem of low efficiency and poor adaptability during complex
oil/water mixtures separation, two types of membranes with superhydrophilicity/underwater-
superoleophobicity were successfully fabricated by oxidative reaction and in situ displacement
reaction methods. A nanoneedle Cu(OH)2 structure was generated on the copper mesh substrate by
oxidative reaction and feathery micro/nanoscale composite, while Ag structure was constructed at the
surface of copper mesh substrate through in-situ replacement, then, membranes with superhydrophilic/

underwater-superoleophobic properties were separated. The influence of microstructure, wettability
of the surface of prepared membranes and the liquid constituents in the separation experiment were
studied and the liquid flux and permeation pressure at the membrane were later experimentally
investigated. The experimental results show that separation efficiency of both membranes for separating
different oil/water mixtures was above 99.8%. However, the separation efficiency of the Ag-CS (Ag
on the copper substrate) membrane was obviously higher than that of the Cu(OH)2-CS (Cu(OH)2 on
the copper substrate) membrane after 10 instances of separation because of the micro/nanocomposite
structures. By comparison, it was found that the Ag-CS membrane showed a relatively higher
permeation pressure but lower liquid flux as compared to Cu(OH)2-CS membrane, due to the influence
of microscale structure and the wettability of the surface combined. In addition, the outcome for
separating the multicomponent oil/water mixture illustrate that the result of TOC (the Total Organic
Carbon) test for the Cu(OH)2-CS membrane and Ag-CS membrane were 31.2% and 17.7%, respectively,
higher than the average of the two oils probably because some oil droplets created due to mutual
dissolution passed through the membranes. However, these two fabricated membranes still retained
higher separation efficiencies and good adaptability after 10 instances of separation. It was concluded
that based on the good performances of the prepared membranes, especially the modified membrane,
they have a vast application prospect and can be widely used.

Keywords: oil/water separation; superhydrophilic/underwater-superoleophobic membranes;
opposite properties; superhydrophobicity/superoleophilicity; selective wettability; micro/nanoscale
composite structure

1. Introduction

During recent years, large discharge quantities of oily wastewater has attracted the attention of
the public, and it also has drawn researchers’ interests in the field of fabricating novel materials having
higher oil/water separation efficiency. There are two primary ways to generate oily wastewater: the
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first is by releasing the oil-contaminated industrial wastewater; these industries often constitute of
petrochemical industries, printing industries, metallurgical-production industries, food-processing
industries, and so on [1–6]. Such wastewater has become the most common contaminant all over the
world and it has seriously threatened our habitat. The other reason for oily wastewater generation is
the large numbers of oil spill incidents and the recent estimates show that nearly two million tons of
oil spills into the ocean annually [5–7]. So, a significant quantity of waste oil being disposed into the
oceans has not only caused substantial energy loss, but also seriously threatened aquatic life because
the spilled oil decreases the oxygen present in the water [8–13]. In addition, the fouling of surfaces is a
significant problem that affects not only people’ daily lives, but also does harm to industrial production
systems, and it could be mitigated via a method by combining particular designed interfaces and
further chemical treatments. This is a good technique with broad application prospects.

If the membranes with low surface adhesion to contaminants on the surface could be prepared, it
will greatly benefit the lifetime and separation efficiency of the membranes in practical applications [14].
At present, several traditional methods including ultrasonic separation, skimming, centrifugation,
combustion, etc., are being widely applied for the oily wastewater separation [9,15–18]. Nevertheless,
the application range of these techniques is often hampered by some limitations such as the production
of secondary pollutants, low efficiency, and the complex operation [3,15,19–21]. Considering the issues
above, there’s an urgent requirement for novel technologies having characteristics, higher separation
efficiency, low operational cost and simple operation for separation of oil/water mixture.

Inspired by the naturally occurring phenomenon of superhydrophobicity at the surface of lotus
leaf and goose feathers, scholars have researched and fabricated new membrane-based materials with
high separation efficiency of oil/water mixtures. These membrane materials with unique wetting
properties have gradually become a hot research topic in the past decade [6,22–24]. Wettability
exists as an inherited characteristic of solid surfaces, and it affects the wetting phenomenon as the
droplets touch the surface of the solid [25–28]. According to the different wetting phenomena when oil
droplets and water droplets touch the solid surface, it can be summarized into four wetting properties,
namely: oleophilicity, oleohobicity, hydrophilicity and hydrophobicity. Researchers found that the
hierarchical micro/nanostructures could increase the roughness of the solid surface and then enhanced
the four-fundamental wetting properties into superoleophilicity, superoleohobicity, superhydrophilicity
and superhydrophobicity [29–34] and some organics with lower surface energy could decrease the
wettability of liquid and solid surfaces. By employing physical refining as well as chemical treatment
approaches such as corrosion, alteration of some substances with lower energy, electric deposition
etc., to formulate the micro and nanocomposite structure membrane with relatively lower energy
surfaces [20,35]. On the basis of above analyses the membrane-based separation material driven
solely by gravity can be divided into two categories: “water-removing” and “oil-removing”. The first
type material called “water-removing” membrane means the membrane shows “water-loving” and
“oil-hating” characteristics, and water easily passes across the membrane; however, oil is blocked over
the membrane simultaneously. On the contrary, the membrane of the “oil-removing” material shows
“oil-loving” and simultaneously “water-hating” characteristics, and water stops above the membrane
while oil can permeate the membrane smoothly [36–39].

Researchers first prepared the superhydrophobic/superoleophilic surface, which could selectively
let the oil pass through but stopped the water and the material successfully separated the heavier
oil/water mixture [9,24]. However, there are two main problems associated with the practical
application of the superhydrophobic/superoleophilic membranes: on the one hand, this material
is suitable to separate the heavier oils/water, like 1,2-dichloroethane, whose density is heavier
than the density of water, but oils having a density lower than water; it becomes complex to
practically separate the mixture because the oil cannot touch the membrane even though it could
easily pass across the membrane, and is occluded by the lower water layer. In such a situation,
placing the separation device obliquely is necessary to separate the mixture smoothly [38–40]. While,
on the other hand, as a result of higher viscosity, the oil phase quickly chokes the membrane
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during the separation. Thus, the separation rate can be much lower, and that limits the practical
application in the field of oil/water separation [41–43]. Considering the problems above, scholars
have investigated the superhydrophilicity/superoleophobicity phenomenon compared with the
superhydrophobicity/superoleophilicity of the oil-removing-type material.

After continuous exploration and attempts by many scholars, this material was successfully
fabricated [44]. The “water-removing” membrane could ideally avoid the two problems mentioned
above to separate oil with a lower density than the water, as water smoothly flows across the
superhydrophilic membrane and oil stays above the superoleophobic membrane. Even if it perfectly
avoids these two problems, there still remain a few disadvantages of the superhydrophilic/superoleohobic
materials. Many “water-removing” materials need to have characteristics with lower surface energy
to further modify its solid surface, but actually those materials with lower surface energy are usually
fluorine-containing organic matter [23,31,45,46]. In that case, the formation process is usually complex
and costly, but also the chemical stability of the adapted surface coating is not very effective. Furthermore,
the literature shows that the current research hitherto primarily focused on separating the single oil and
water mixture. However, it should be noted that the composition of wastewater containing oil varies
and was often complex due to presence of different oil components; this certainly yields a high demand
for membrane adaptability to the practical applications of oil/water separation [8,15,36].

The current study reports two facile and one-step chemical reaction methods on the copper mesh to
fabricate the “water-removing” membrane with superhydrophilicity and underwater-superoleophobicity.
The prepared membranes possess a nanoneedle Cu(OH)2 structure and a micro/nanocomposite Ag
structure. With these two easily operable methods, we successfully fabricated the water-removing
membranes and experimentally studied the separation efficiency, permeation pressure and fluid flux.
In addition, to authenticate the more widespread adaptability of the membranes, the mixture with
a single component of oil and water were successfully separated, and the multi-constituents of the
oil/water mixture were experimentally investigated.

2. Experimental Platform

2.1. Materials

Four-hundred copper mesh substrates were used as obtained. Deionized water was self-prepared.
Other reagents including AgNO3, HCl, Oil Red O (Sudan) etc. from Sinopharm Chemical Reagents
Group were of analytical grade and were used without any further purification. Diesel and gasoline
were purchased from Sinopec, and sunflower oil was purchased from the supermarket.

2.2. Sample Preparation

The copper meshes were sized into 6 × 6 cm2 fragments for the following use. To make clean
membranes, acetone along with ethanol and deionized water in beakers was used to serially soak
all the meshes. Beakers were then left in an ultrasonic cleaner for nearly 10 min. In the end, the
meshes were dried to remove any remaining contaminants at the surface of the substrate. To eliminate
contaminants at the surface of the substrate, the meshes were later dried.

To prepare the Cu(OH)2-CS membrane, firstly placing a cleaned copper mesh prepared as above
into the 1 M NaOH and 1 M K2S2O8 mixed solution horizontally for almost an hour, the prepared
membrane was then rinsed with deionized water and dried at room temperature. Then, the Cu(OH)2-CS
membrane was obtained. To fabricate the Ag on the copper substrate (Ag-CS) membrane, 100 mL
0.1 M AgNO3 solution was first prepared, and a piece of the cleaned copper mesh into the solution
was added for 20 s at room temperature, then using the deionized water to washed the membrane for
3 min to clear out the residue and it was then dried in the blast drying oven at 60 ◦C.
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2.3. Instrumentation and Characterization

The images of the SEM (the Scanning Electron Microscope) could be gained via a field-emission
scanning electron microscope MAIA3 LMH and the images of XRD (the X-ray Diffraction) could be
attained via an X-ray diffraction-6100. The images of XPS were gained by using a Thermo Fisher
ESCALAB Xi+ Spectrometer with the help of an Al Kα X-ray source. Contact angles of membranes
toward oil or water were measured by using the DSA100 machine at room temperature. The volume
of the tested liquid (water or oil droplets) was 4 µL. To measure the water and oil contact angles, the
droplets were positioned directly over the surface of the membrane and in the air, respectively. During
the underwater oil contact angle measurement, 1,2-dichloroethane was chosen as tested oil due to its
high density as compared to water and the membranes were secured in a water-filled transparent
quartz vessel during the measurement. We used the average value of three measurements carried out
at different locations on the one membrane sample to characterize the contact angle of the membrane.
The oil content in the water after the separation was measured by the Total Organic Carbon Analyzer
(vario TOC, Xi’an West Economics Import & Export Corporation, Xi’an, China).

3. Characterizations and the Separation Results of the Membranes

3.1. Microstructure on the Surface of the Membranes

The SEM images of the Cu(OH)2-CS membrane as well as the Ag-CS membrane are shown in
Figure 1. It can be inferred from Figure 1a,b that the pore diameter of the mesh is about 40 µm and the
wire of copper mesh as substrate possessed a glossy surface—the oil smoothly flowed through the
hole of such diameter. Figure 1c,d show the prepared membranes having rough surface structures.
After reacting with 1 M K2S2O8 and 1 M NaOH mixed solution, the surface of the Cu(OH)2-CS
membrane has an interval nanoneedle structure (Figure 1c,e)” Figure 1d,f show the feathery composite
structure with the micronanoscales over the external surface of the Ag-CS membrane, which was
made by immersing the original copper mesh in the 0.1 M AgNO3 solution for about 20 s. We have
tried several times to fabricate the Ag-CS membrane with an Ag structure generated on the surface
of the membrane, but the results were similar with that showed in Figure 1d. The reason for the
nonuniform-generated coating is the length of the reaction time.

In comparison, we can obviously see the difference between the nanoneedle structure generated
on the surface of Cu(OH)2-CS membrane and the feathery structure with micronanoscales on the
Ag-CS membrane. The wettability of the solid surface is determined by both physical and chemical
factors, such as the roughness of the surface and the hydrophobicity of some of the groups existing on
the solid surface, respectively. The hierarchical feathery micro/nanostructure provides considerable
roughness on the membrane surface compared with the nanoneedle structure, which may be more
advantageous for the selective wettability of the membranes because it enhances the hydrophilicity in
air and underwater-oleophobicity in water as per the Wenzel model [47]. For the mechanical strength
of the generated coatings on the surface of membranes, Figure 1g,h demonstrate that the coatings’
thickness on the membranes’ surfaces was nearly 10 um and ensured the reusability of the membranes.
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Figure 1. SEM images of the copper mesh substrate and the two prepared membranes: (a) SEM (the
Scanning Electron Microscope) image of the original copper mesh; (b) a high-magnification image
the copper mesh as substrate before chemical reaction; (c) the SEM image with low magnification
of Cu(OH)2-CS membrane; (d) the SEM image with low magnification of Ag-CS membrane; (e) the
Cu(OH)2-CS membrane displaying the generated nanoneedle structure; the insert is also the
interval nanoneedle structure with high magnification; (f) the Ag-CS membrane displaying the
generated micro/nano feathery structure; the insert is also the micro/nano feathery structure with high
magnification; (g) the SEM image of the coating generated on a wire of the Cu(OH)2-CS membrane;
(h) the SEM image of the coating generated on a wire of the Ag-CS membrane.
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3.2. The Composition of the Prepared Membranes

The crystal structures were validated by XRD of both the prepared membranes as depicted in
Figure 2a,b. The letter “a” marked the Cu diffraction peaks in Figure 2a,b according to the number
04-0836 in the JCPDS card. In Figure 2a the peaks marked with the letter “b” represent Cu(OH)2

according to the number 13-0420 in the JCPDS card and the letter “c” marked the Ag peaks in Figure 2b
according to the number 89-3722 in the JCPDS card. Figure 2a clearly shows that the chemical
composition of the generated structure on Cu(OH)2-CS membrane is primarily Cu(OH)2, while it
can also be seen in Figure 2b that the letter “c” is marked Ag-generating on the Ag-CS membrane.
The creation of the nanoscale Cu(OH)2 structure on the first membrane and the micro/nanoscale
feathery Ag structure on the other membrane are due to the following chemical reaction:

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

Cu + AgNO3 → Cu(NO 3

)
2
+Ag (2)
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Figure 2. XRD (the X-ray Diffraction) images of the prepared membranes: (a) XRD image of the
Cu(OH)2-CS membrane; (b) XRD image of the Ag-CS membrane.

In Reaction (1), an oxidation reaction occurred, and the K2S2O8 oxidizes the Cu substrate to
Cu(OH)2 raised at the external surface of the copper mesh. That is the chemical development process
for fabrication of the Cu(OH)2-CS membrane. In Reaction (2), the C9u substrate was oxidized to Cu2+

while Ag+ in the 0.1 M AgNO3 solution was reduced to Ag and then raised over the substrate surface.
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The product Cu(OH)2 and Ag appeared on the two membranes due to the above mentioned two
chemical reactions is consistent with the outcomes of the XRD testing.

To further verify the structure’s chemical composition generated over the membranes’ surfaces,
the results of XPS test in Figure 3a,b are also shown. From Figure 3a, it can be found that Cu2+ lies on
the Cu(OH)2-CS membrane, indicating that a portion of Cu substrate was oxidized. XRD test results as
shown in Figure 2a, along with these findings, indicate that the generated structure on the surface of
Cu(OH)2-CS membrane is Cu(OH)2. Figure 3b clearly displays that Ag exists on the surface of the
Ag-CS membrane and this conclusion is in line with the outcome of XRD test. In this case, considering
with the test outcomes of XRD shown in Figure 2b, it can be determined that the generated feathery
micro/nanocomposite structure on the Ag-CS membrane surface is Ag.
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3.3. Wettability of the Prepared Membranes

The oil and water contact angle were used to characterize the wettability of the membrane surface.
When measuring the water and oil contact angles in the air, water droplet and oil droplet were
released directly onto the membranes, when using the underwater oil contact angle to characterize the
underwater-superoleophobicity of membranes, which is fixed in transparent quartz filled with water.
Figure 4(a1,a2) show the diesel droplet and water droplet contact with the unreacted copper mesh
substrate in air; the oil contact angle (OCA) and the water contact angle (WCA) were nearly 0◦ and 78.1◦,
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respectively, and the unreacted copper mesh showed superoleopholicity and hydrophilicity. Figure 4b,c
clearly displayed the Cu(OH)2-CS membrane and Ag-CS membrane were superlyophilic in air as they
come in contact with water and diesel, also, the contact angles were close to 0◦. From Figure 4(a2),
Figure 1e,f, we can imply that these two membranes both have a rather high roughness. The Wenzel
model [47] also suggests that the rather high roughness of surfaces turn the hydrophilicity in air
to superhydrophilicity of the membranes. For the same reason, water comes in contact with the
membranes and the oil contact angle was nearly 0◦. Moreover, when touching other oil types like
gasoline and hexane etc., these two types of prepared membranes also displayed superoleophilicity
performance in the air, which means such oil types can smoothly spread onto the membranes.

Figure 4. The contact angles of water and oil droplets when touching the original mesh and prepared
membranes in the air. (a-1) The contact angle of water droplet on the surface of the unreacted copper
mesh substrate in the air; (a-2) the contact angle of oil droplet on the surface of the unreacted copper
mesh in the air; (b-1) the contact angle of a water droplet on the surface of the Cu(OH)2-CS membrane
in the air; (b-2) the contact angle of an oil droplet on the surface of the Cu(OH)2-CS membrane in the
air; (c-1) the contact angle of a water droplet on the surface of the Ag-CS membrane in the air; (c-2) the
contact angle of an oil droplet on the surface of the Ag-CS membrane in the air.
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Since the sym-dichloroethane is heavier than water, sym-dichloroethane was chosen as the tested
oil to measure the underwater oil contact angle (UWOCA). Figure 5a,b show the superoleophobic
performance of tested oil over the Cu(OH)2-CS and Ag-CS membranes underwater and the underwater
oil contact angles of these two prepared membranes i.e., 160.3◦ and 156.7◦, respectively. The large
contact angle values indicate that both membranes exhibited strong rejection toward oil droplets
underwater and the membranes exhibited underwater-superoleophobicity. This may have occurred
due to the fact that the superhydrophilic membranes surfaces were employed by water and its molecules
were trapped inside of the generated, rather rough, structures on the surface and made the whole
three-phase system achieve a state with relatively lower energy. The gas–liquid–solid (gas–oil–surface)
interface on the membrane surface was changed into a liquid–liquid–solid (water–oil–surface) interface.
As the membranes touched the oils, the oil molecules were unable to travel into the pore channels of
membranes because the membranes blocked the oil molecules from swapping with water molecules
and disrupt the relatively stable state with lower energy; in this case, the membranes naturally behaved
with superhydrophilicity and underwater-superoleophobicity.Energies 2019, 12, x FOR PEER REVIEW 10 of 19 
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3.4. Single Component Oil/Water Mixture Separation

Diesel was chosen as the tested oil to carry out the single component oil/water mixture separation
experiment. Figure 6 displays the photograph of the separation process, including before separation,
in separation and after separation. From Figure 6, it can be seen that the prepared membranes were
clamped in-between the two glass tubes, with each tube have two hooks and the tubes were fastened
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using four rubber bands to ensure the membranes were held firmly. Because the membranes displayed
superhydrophilicity simultaneously with underwater-superoleophobicity and the tested oil diesel was
lighter than water in the separation, the separation device was placed vertically. After being wetted
beforehand, the water smoothly passed through the membrane while the diesel was repelled and
stayed above the membrane. When the mixture consisting of water and diesel (dyed with Oil Red O)
was poured, the water flowed across the membrane swiftly due to gravity, while diesel was stopped
and remained above the membrane (please refer to the video in the Supplementary Information).

Figure 6. The image of separation process: (a) the image of the process before separation; (b) the image
of the process during separation; (c) the image of the process after separation.

The separation of oil/water mixtures consisting of hexadecane/water or hexane/water or gasoline/

water etc. were also carried out successfully. There was no visible oil (dyed with Oil Red O) in the
water after the separation was carried out, while the constituents of the oil were tested by the TOC (the
Total Organic Carbon). The efficiency of the separation was evaluated using following equation:

R(%) =
(
1−

m0

mc

)
∗100% (3)

In the equation, m0 represents the result of the TOC value, and mc denotes the oil content of the
oil/water mixture before separation. Figure 7a,b clearly display the results of TOC values and the
calculated separation efficiency of the prepared membranes, respectively. Figure 7a,b show that the
separation efficiency of the prepared membranes decreased with increasing reuse time, nevertheless,
two membranes still performed well and kept high separation efficiency beyond 99.7% after 10
instances of separation. In the experiment, the used membranes were soaked in ethanol for about
5 min. Compared with the Cu(OH)2-CS membrane, the Ag-CS membrane showed higher efficiency as
well as better reusability in separating the oil/water mixture.
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(a) TOC (the Total Organic Carbon) value and calculated separation efficiency of the Cu(OH)2-CS
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Ag-CS membrane.

For further analysis of the reason for the high efficiency of membranes after 10 instances of
separation, Figure 8a,b clearly illustrate the Cu(OH)2-CS and Ag-CS membrane. From Figure 8a,b, it
can be clearly seen that no visible generated structures were destroyed. For the same reason, no loss
of the rough and feathery micro/nanoscale structure on the membranes contributed to the very high
efficiency of the membranes after 10 instances of repeated separation. The good performance shown in
the experiment will greatly benefit the application of these membranes in practical usage.



Energies 2019, 12, 4564 12 of 18

Energies 2019, 12, x FOR PEER REVIEW 12 of 19 

 

 
(b) 

 

Figure 7. The separation results of membranes when separating single component oil/water mixture. 
(a) TOC (the Total Organic Carbon) value and calculated separation efficiency of the Cu(OH)2-CS 
membrane. (b) TOC (the Total Organic Carbon) value and calculated separation efficiency of the 
Ag-CS membrane. 

For further analysis of the reason for the high efficiency of membranes after 10 instances of 
separation, Figure 8a and Figure 8b clearly illustrate the Cu(OH)2-CS and Ag-CS membrane. From 
Figure 8a and Figure 8b, it can be clearly seen that no visible generated structures were destroyed. 
For the same reason, no loss of the rough and feathery micro/nanoscale structure on the membranes 
contributed to the very high efficiency of the membranes after 10 instances of repeated separation. 
The good performance shown in the experiment will greatly benefit the application of these 
membranes in practical usage. 

 
 

0 1 2 3 4 5 6 7 8 9 10
99.0

99.1

99.2

99.3

99.4

99.5

99.6

99.7

99.8

99.9

100.0

R 
(%

)

Times

Ag-CS

Energies 2019, 12, x FOR PEER REVIEW 13 of 19 

 

 
 

Figure 8. The SEM images of the prepared membranes after repetitive experiment: (a) the SEM image 
of the Cu(OH)2-CS membrane after repetitive experiment; (b) the SEM image of the Ag-CS 
membrane after repetitive experiment. 

For the practical application of the prepared separation membranes, the resistance to acid and 
alkali solutions, intrusion pressure and liquid flux are also of significant importance. Considering 
the component and pH value of actual oil/water mixtures are complex, which may affect the 
performance of the membranes in the separation experiment, the acid and alkali resistance of the 
two membranes were tested to ensure the better application of the prepared membranes in practice. 
The solutions used for the test are hydrochloric acid (HCl) solution with pH 1 and sodium hydroxide 
(NaOH) solution with pH 13. These two types of membranes were immersed in the excess acid 
solution and sodium hydroxide solution for 24 h and then subjected to separation experiments to 
test their performance. The Cu(OH)2-CS membrane turned bright gold after being immersed in acid 
solution for 24 h, which indicates that the nanoneedle Cu(OH)2 structure reacted with the acid 
solution. The Cu(OH)2-CS membrane has no obvious change after immersing in sodium hydroxide 
solution for 24 hours because the preparation process of the nanoneedle Cu(OH)2-CS membrane is in 
alkali solutions, which indicates that the membrane has a good alkali resistance. 

The contact angle test showed that the Cu(OH)2-CS membrane retained 
superhydrophilic/superlipophilic properties in air and underwater-superoleophobicity after 
immersion. The results of separation experiments exhibited that Cu(OH)2-CS membrane also can 
separate the oil/water mixture with high separation efficiency, although the pressure capacity 
decreases slightly. This is mainly because the nanoneedle Cu(OH)2 structure reacted with excess acid 
in solution to form CuCl2 dissolved in the solution. However, the substrate was no longer smooth at 
this time, because the substrate exhibited a similar etching state with micro-nanostructure after the 
reaction occurred between nanoneedle Cu(OH)2 structure and acid solution. Moreover, the substrate 
did not continue to react with the acid solution, so the membrane retained its original wettability 
characteristics and can be used for oil/water separation. 

For the generated feathery structure on the Ag-CS membrane, there was no obvious change in 
the appearance after immersing in an acidic solution and in the alkaline solution. The results of the 
wettability and separation test showed no significant difference between the membrane before and 
after immersion. As per the analysis, neither Ag nor the Cu substrate will react in the nonoxidizing 
strong acid and strong alkali solution, and there was no significant change in wettability and 
separation performance. 

The intrusion pressure determines how much oil the prepared membranes can support, and in 
the study, we calculated the intrusion pressure by the following equation: 

cos 2 cos2 a alP
R A r

γ θ γ θγ
π

Δ = = − = −  (4) 

Figure 8. The SEM images of the prepared membranes after repetitive experiment: (a) the SEM image
of the Cu(OH)2-CS membrane after repetitive experiment; (b) the SEM image of the Ag-CS membrane
after repetitive experiment.

For the practical application of the prepared separation membranes, the resistance to acid and
alkali solutions, intrusion pressure and liquid flux are also of significant importance. Considering the
component and pH value of actual oil/water mixtures are complex, which may affect the performance
of the membranes in the separation experiment, the acid and alkali resistance of the two membranes
were tested to ensure the better application of the prepared membranes in practice. The solutions used
for the test are hydrochloric acid (HCl) solution with pH 1 and sodium hydroxide (NaOH) solution
with pH 13. These two types of membranes were immersed in the excess acid solution and sodium
hydroxide solution for 24 h and then subjected to separation experiments to test their performance.
The Cu(OH)2-CS membrane turned bright gold after being immersed in acid solution for 24 h, which
indicates that the nanoneedle Cu(OH)2 structure reacted with the acid solution. The Cu(OH)2-CS
membrane has no obvious change after immersing in sodium hydroxide solution for 24 h because the
preparation process of the nanoneedle Cu(OH)2-CS membrane is in alkali solutions, which indicates
that the membrane has a good alkali resistance.

The contact angle test showed that the Cu(OH)2-CS membrane retained superhydrophilic/

superlipophilic properties in air and underwater-superoleophobicity after immersion. The results
of separation experiments exhibited that Cu(OH)2-CS membrane also can separate the oil/water
mixture with high separation efficiency, although the pressure capacity decreases slightly. This is
mainly because the nanoneedle Cu(OH)2 structure reacted with excess acid in solution to form CuCl2
dissolved in the solution. However, the substrate was no longer smooth at this time, because the
substrate exhibited a similar etching state with micro-nanostructure after the reaction occurred between
nanoneedle Cu(OH)2 structure and acid solution. Moreover, the substrate did not continue to react
with the acid solution, so the membrane retained its original wettability characteristics and can be
used for oil/water separation.
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For the generated feathery structure on the Ag-CS membrane, there was no obvious change
in the appearance after immersing in an acidic solution and in the alkaline solution. The results
of the wettability and separation test showed no significant difference between the membrane
before and after immersion. As per the analysis, neither Ag nor the Cu substrate will react in the
nonoxidizing strong acid and strong alkali solution, and there was no significant change in wettability
and separation performance.

The intrusion pressure determines how much oil the prepared membranes can support, and in
the study, we calculated the intrusion pressure by the following equation:

∆P =
2γ
R

= −
lγ cosθa

A
= −

2γ cosθa

πr
(4)

exp = ρghmax (5)

In Equation (4), ∆P represents the intrusion pressures, γ represents the surface tension, θa is the
advancing contact angle, A is the area of the hole of membrane, l is the perimeter of the hole, R is the
radius of curvature of the meniscus, r is the radius of the hole. When ∆P > 0, additional pressure is
required for oil/water mixture to pass the membrane, and when ∆P < 0, the mixture can pass through
the membrane without additional pressure. It can be seen from Equation (4) that the advancing
contact angle and the surface tension cannot be changed—only the parameters of the membrane can
be changed when the oil type and the component of surface are determined. When the cosθa of the
superoleophobic membrane is negative and the radius of the holes increase, the ∆P will decrease.
When the ∆P is too small, a small pressure of oil will make the oil pass through the membrane smoothly
and almost no liquid column can be withstood. The column height the membranes can withstand
gradually increases with the decrease of the radius of the hole, and when the passing velocity of liquid
is greater than the cumulative velocity of the liquid column, separation can be achieved. Therefore, the
difference of component and radius between the Cu(OH)2-CS and Ag-CS membranes lead to different
intrusion pressures of the membranes.

In Equation (5), ρ represents the density of tested oil type (diesel), g denotes the gravitational
acceleration, hmax denotes the maximum height of the diesel that prepared membranes were able
to support. In the experiment, water passed through membranes smoothly, which means that the
intrusion pressure of membranes toward water was 0 because of its superhydrophilicity. However,
the membranes also displayed underwater-superoleophobicity, and this made the oil stay above
the membranes. With the increase of the oil height at a particular moment, oil permeated and then
passed through the membranes, and the maximum bearable height of the prepared membranes was
obtained. The maximum height is determined by considering the average of three measurements
for each membrane. The maximum height obtained of the Cu(OH)2-CS and Ag-CS membrane was
17.0 cm and 19.2 cm, respectively, as found using Equation (4); the average intrusion pressure of the
Cu(OH)2-CS and Ag-CS membrane were 1445 Pa and 1632 Pa, respectively (Figure 9). The relatively
high intrusion pressures demonstrate that the membrane had the ability to support a large amount of
oil/water mixture, which means the prepared membranes have capacity to separate large amounts of
oil/water mixture.

As mentioned above, the smaller radius of the hole will lead to lower separation rate, which will
limit the application of the membrane in practice. To evaluate the liquid flux, the single component oily
wastewater was made by adding 15 mL diesel and 135 mL deionized water together, and the liquid
flux was calculated by measuring the time that the prepared membranes took to completely separate
the oil/water mixture at ambient temperature. Figure 9 clearly shows the liquid flux of the prepared
membranes were 3651 Kg/(m2

·h) and 3084 Kg/(m2
·h). In this study, the liquid flux actually refers to

the water flux, and in this case, the liquid flux of prepared membranes was greatly influenced by the
flow area and wettability of the membranes. We clearly found that there were highly non-uniform
structures on the surface of the Ag-CS membrane, as shown in Figure 1c,d. It illustrates that the
flow area of the Ag-CS membrane is small because some holes were blocked by the generated rough
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structures, so the liquid flux of the Ag-CS membrane was much smaller than that of the Cu(OH)2-CS
membrane. Figure 5a,b show the underwater oil contact angles of the prepared membranes were 160.3◦

and 156.7◦ and the Cu(OH)2-CS membrane is relatively more repellent to oil. The results show that the
Cu(OH)2-CS membrane attracted more water droplets as compared with the Ag-CS membrane, and
water passed through the membrane more smoothly. Considering the two aspects above, the liquid
flux of Cu(OH)2-CS membrane is larger than that of the Ag-CS membrane, and this is consistent with
the result of the practical experiment presented in Figure 9.

Figure 9. The intrusion pressure and liquid flux of the prepared membranes.

Considering some practical applied conditions mentioned above, including separation efficiency,
the resistance to acid and alkali solutions, intrusion pressure and liquid flux, we could find that the
Ag-CS membrane showed better performance in the separation of the oil/water mixture compared
with the Cu(OH)2-CS membrane and the Ag-CS membrane. These results may have a broad range of
application. However, there is a limitation that may restrict the wide range of application of the Ag-CS
membrane, which is the relatively higher cost compared with that of the Cu(OH)2-CS membrane.
In the further work, we will continue to study how to fabricate lower-cost membranes with similar
properties and practical effects, such as obtaining a micro-structured surface via etching methods and
then modifying the surface with some lower-priced materials.

3.5. Multicomponent Oil/Water Mixtures Separation

The research was further carried out to the multicomponent oil/water mixture separation in
consideration of the practical oily wastewater from factories or living are often contains numerous oil
types. Herein, two different types of oils were chosen i.e., sunflower oil and gasoline, to represent
macromolecular oils and small molecular oils. So, three different oil/water mixtures were obtained:
sunflower oil/water (15 mL + 135 mL), gasoline/water (15 mL + 135 mL) and sunflower oil/gasoline/water
(7.5 Ml + 7.5 mL + 135m L). After the oil/water mixtures were prepared, the separation experiments
were carried out using the device shown in Figure 6.

Using Equation (3), the separation efficiency of the prepared membranes for multicomponent
was evaluated, and the results of TOC value are shown in Figure 10. Figure 10 clearly shows that the
prepared membranes all showed notable results for the separation, and the efficiency of the separation
was higher than 99.8%. The prepared membranes had even better separation efficiency when the
oil/water mixture consisting of macromolecular oil (sunflower oil) was separated as compared with that
of small molecular oil (gasoline)/water mixture was separated. Meanwhile, the separation efficiency of
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different oil types (sunflower oil+ gasoline)/water mixture was somewhere in between. The diameter
of suspended oil and dispersed oil droplets was 20–150 um and these oils were mostly the same as
prepared for the experiment. The Figure 1c,d clearly show that there were many uniform structures
and highly non-uniform structures existed on the surface of the Cu(OH)2-CS membrane and the Ag-CS
membrane respectively. It shows that the pore size of the membranes prepared for the experiment was
40 um, i.e., probably larger than that of the gasoline molecular in water, but smaller than that of the
sunflower oil. The highly nonuniform structures on the Ag-CS membrane surface further reduced
the flow area of the pores. In this case, the prepared membranes likely allowed some small gasoline
molecular to pass through but did not allow macro sunflower oil molecules to pass through. Thus, the
water sample after separation of sunflower oil/water mixture contained less oil molecules.

Figure 10. The separation results of prepared membranes for multicomponent oil/water mixture.

By analyzing the TOC data, it was found that the TOC values of prepared membranes are 31.2%

and 17.7% higher than the mean values (TOCavg =
TOCsun f lower+TOCgasoline

2 ) of the two single oils as
displayed in Figure 10. Because of excellent mutual solubility of the sunflower oil and gasoline, a
few generated oils were naturally made in the prepared oil/water mixture, with sizes between that
of the sunflower oil and gasoline droplets. While separating the multicomponent oil/water mixture,
some single component oil droplets passed through the membranes, besides, some formed soluble oil
droplets whose size was smaller than that of prepared membranes also passed through the membranes.
The feathery micro/nanoscale structure generated on the Ag-CS membrane decreased the flow area as
compared with that of the Cu(OH)2-CS membrane. In this case, the increased proportion of the TOC
value of Ag-CS membrane was smaller than that of the Cu(OH)2-CS membrane.

4. Conclusions

In the current study, focused on the copper substrate, two types of membranes with nanoscale
needle structure and the micro/nanoscale feathery structure were successfully made by oxidative
reaction and in situ chemical replacement reaction. The prepared membranes were used for
systematically separating not only oil/water mixture consisting of single component but also
multicomponent mixtures. We also tested the permeation pressure and liquid flux of each prepared
membranes and studied the effects of microstructure and surface wettability on these two experimental
performances. In comparison, while separating the single component oil/water mixture, it was
observed that the separation efficiencies of the prepared membranes were above 99.8%, the Ag-CS
membrane exhibited higher efficiency as compared to the Cu(OH)2-CS membrane after 10 repetitions
of the experiment. As a result of the combined effect of generated surface structure and surface
wettability, the Cu(OH)2-CS membrane showed a higher permeation pressure and supported larger
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amounts of oil/water mixtures, but in turn, the Ag-CS membrane had higher liquid flux and separated
the oil/water mixture more quickly. In the separation for multicomponent oil/water mixture, the
prepared membranes all showed good performance with high separation efficiency, and the results
of separating multicomponent oil were somehow in between single component oils. The TOC test
result of Cu(OH)2-CS membrane and Ag-CS membrane were 31.2% and 17.7% higher than average of
the two oils probably because some new oil droplets created by mutual dissolution passed through
the membranes. Nevertheless, the prepared membranes still performed well and maintained high
efficiencies in separation, thus proving that the prepared membranes, especially the Ag-CS membrane
with a feathery micro/nanocomposite structure, could be an exciting application in the field of
oil/water separation.

Supplementary Materials: The video about the separation process as the supplementary material is available
online at http://www.mdpi.com/1996-1073/12/23/4564/s1.
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