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oil/water separation porous materials†

Wanting Rong, a Haifeng Zhang, *abc Yanjing Tuo,b Weiping Chenac

and Xiaowei Liuabc

In this paper, we first fabricate a 3D porous FZCF (FAS-modified ZnO-grown copper foam) with robust

superhydrophobicity in air and superoleophilicity under water and the repeatable superwettability, and

then mainly explore and analyze its corrosion resistance. The superhydrophobic–superoleophilic FZCF as

an immiscible oil/organic solvent separation material shows high adsorption capacity and separation

efficiency due to its heterogeneous micro–nano structures and low surface energy. It has excellent

corrosion resistance under various pH conditions, and can serve as a corrosion protective barrier that

prevents metal from contacting corrosive seawater in marine applications. Adsorbed oils also make

superoleophilic FZCF keep its durability and stability after suffering attack in strong acid and alkali

environments for a long time. Superwetting porous FZCF material that possesses outstanding excellent

corrosion resistance demonstrates potential applications in many industrial fields such as oily wastewater

treatment and marine oil spill accidents.
1. Introduction

Nowadays, due to the increasing demand of environmental
protection and economic development, large quantities of oily
wastewater and sanitary sewage have caused serious environ-
mental problems. In addition, oil spill accidents all over the
world have resulted in the waste of precious resources and
damage to the environmental system such as the Deepwater
Horizon and the Gulf of Mexico oil spills, which have polluted
the oceans and rivers by discharging millions of tons of crude
oil.1–3 It is extremely important to make the purity of the fuel oil
reach a certain standard in the ocean transportation eld,
because oil mixed with a little water will increase the risk of oil
exploration and nally result in serious accidents. Therefore,
there exists an urgent need for effectively separating oil/water
mixtures. Jiang and co-workers proposed that the super-
wetting polytetrauoroethylene coated mesh could efficiently
achieve oil/water separation.4 In 2017, Faze Chen etc reported
a facile organic solvent free method was described to prepare
a porous PVDF–MWCNT foam to separate immiscible oils/
organic solvents and aqueous solutions.5 Therefore, many
superwettability materials such as coating meshes,6–8
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3

sponges,9–11 membranes,12–15 foams,16,17 textiles,18,19 aerogels,20,21

particles,22,23 and others24–26 are applied for oils/water separa-
tion.27–30 Superwetting porous copper foam with super-
hydrophobicity and superoleophilicity are of greatest concern
since these materials are affordable and well-prepared 3
dimensional (3D) network composite structures and large
surface area compared with their counterparts in the form of
membrane, sponges, textiles, ber and particle.31–37 Moreover,
the material could achieve the rapid separation of sundry
immiscible oil/water mixtures and high adsorption capacity
with superwettability caused by the hierarchical micro–nano
structures and chemical compositions, revealing the coactions
of structure and performance.38 In the current study, the
researches are limited to preparation and application of oil/
water separation materials. However, these materials cannot
be applied in some solutions such as seawater are highly
corrosive. Little attention is paid to corrosion resistance of oil/
water separation materials resulting in impractical application.

In this paper, we prepare superwetting (superhydrophobic
and superoleophilic) 3D porous FZCF (FAS-modied ZnO-grown
copper foam) through hydrothermal process under appropriate
pH conditions and FAS-modication, and focus on the study of
its corrosion resistance. Due to the surface giving rise to
heterogeneous micro–nano structures of ower-like protrusions
and petals and low surface energy, the roughened FZCF shows
the repeatable superwettability that includes super-
hydrophobicity in air and superhydrophilicity under water. The
corrosion resistance of the FZCF is tested by a potentiodynamic
polarization method. The superhydrophobic FZCF has excellent
corrosion resistance and superoleophilicity can largely improve
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01632e&domain=pdf&date_stamp=2019-04-25
http://orcid.org/0000-0002-7257-5546
http://orcid.org/0000-0002-4917-746X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01632e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009023


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 3
:0

4:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the corrosion resistance of the copper foam in corrosive solu-
tions. Moreover, the durability and stability of the FZCF in the
practical adsorption and separation for immiscible oils/organic
solvents and water also can be kept in highly acidic, alkaline,
and salty environments. The FZCF as a kind of oil/water sepa-
ration material has potential practical applications due to the
improved corrosion resistance.
2. Experimental section
2.1 Materials and reagents

The materials used in the experimental process include Zinc
acetate (Zn(CH3COO)2$2H2O), zinc nitrate (Zn(NO3)2$6H2O),
hexamethylenetetramine (C6H12N4), polyetherimide (PEI),
uorinated silane (FAS, 1H,1H,2H,2H-peruorooctadecyltri-
chlorosilane), methylene blue and Sudan III were purchased
from Aladdin Industrial Corporation (City of Industry, USA).
Tetrachloromethane, toluene, hexane, chloroform, octane and
tetrachloroethane used in the separation test are all of analyt-
ical grade. All the chemical reagents were analytical grade,
including acetone, ammonia, ethanol, hydrochloric acid (HCl)
and so forth. Copper foam of 1 mm thickness was obtained
from Taili foammetal Co., Ltd., Suzhou, China. Deionized water
is used for washing in the experiment.
2.2 Preparation of immiscible oil/organic solvents
adsorption/separation experiments of the porous FZCF

The preparation process of 3D porous FZCF surface could be
divided into two steps that the rst step was the preparation of
the seed layer of ZnO and the second step was the growth of ZnO
nanoowers based on the seed layer in hydrothermal condition.
Firstly, the copper foam substrate treated with hydrochloric
acid and ethanol was immersed into a 5 mM zinc acetate
ethanol solution and heated on the electric heating plate for
20 min at 350 �C in air. The ZnO seed layer was generated.
Secondly, a 150 mL mixed solution containing 100 mM
Zn(NO3)2, 50 mM C6H12N4, and a PEI solution (0.7 g) was
prepared in a sealed high pressure reactor. The pH of the above
mixture was adjusted to 10 with ammonium hydroxide. The as-
synthesized sample was inclined at 45� in the mixed solution
and reacted for 10 h at 95 �C in a thermal bath. The substrates
were taken out from the reactor when the ZnO nanoowers
deposition was complete and substrates were washed with
deionized water and dried at room temperature. Finally, the
sample was immersed in an ethanol solution of 0.5 wt% FAS for
60 min and dried in a drying oven at 120 �C for 60 min.

Acids or alkalis were added in deionized water to adjust
different pH values, and then the superwetting behavior and
stability of the porous FZCF were investigated in as-prepared
solutions. The adsorption/separation experimental equipment
has been set up to study corrosion resistance of the FZCF in
mixing immiscible oils/organic solvents.

In order to investigate the adsorption capacity of the as
prepared FZCF toward oil/organic solvent and water mixtures,
selective adsorptions experiments are carried out using both
light and heavy oil/organic solvents. Two organic solvents with
This journal is © The Royal Society of Chemistry 2019
different density, chloroform (heavy organic solvent) and
toluene (light organic solvent), are chosen as model adsorbates
to demonstrate the adsorption capacity of the porous FZCF
toward different oils/organic solvents in Fig. S4.† Movie S1
(ESI†) shows eleven examples of light/heavy oils and organic
solvents rapid removal from water surface and underwater, in
which Sudan III dyed all the oil/organic solvents are set as the
exemplar oil drops and dispersed on water surface and under-
water (the water is dyed with methylene blue). The other nine
adsorption experiments (Movie S1, ESI†) also have the same
effect in capturing oils/organic solvents from water with high
adsorption capacity.

To test adsorption capacity oil/organic solvents (M), the
porous FZCF foam is immersed in various oil/organic solvents
at room temperature and then fast taken out for weight
measurements aer complete adsorption. The adsorption
capacity (M) is evaluated according to the following eqn (1):

M ¼
�
m1

m0

� 1

�
� 100% (1)

where m0 and m1 are the weight of the FZCF before and aer
adsorption respectively. At least ve measurements are pro-
cessed for oil/organic solvent to gain the average value.

The separation experiment (Fig. 4a) is performed to validate
the gravity driven oils/organic solvents and water separation
capability of FZCF and also evaluate the oil/water separation
efficiency (SE%) of FZCF. The labelled oils (15 mL) and water (15
mL) placed in a beaker form a layered oil/water mixture. In
order to distinguish water from oils (toluene), the water is dyed
with methylene blue. The sample is washed with ethanol, and
then dried in vacuum oven aer each separation.

When the toluene–water mixture is poured onto the FZCF
sample, toluene quickly permeated through the FZCF sample
and rapidly dropped into the conical ask and the water dyed
blue is blocked below (Movie S2, ESI†). The separated toluene
and water are collected from the conical ask and the glass
funnel, respectively. Meanwhile, there is no visible water (dyed
with methylene blue) in the toluene and retaining above the
FZCF sample due to its superhydrophobicity and super-
oleophilicity, indicating a very high and stable separation
efficiency.

The separation efficiency (SE%) of FZCF is calculated
according to eqn (2) as follows

SE% ¼
�
mb

ma

�
� 100% (2)

where ma is the mass of water in the toluene–water mixture
before the separation and mb is the mass of water in the glass
funnel aer the separation.

The chemical durability of the FZCF is further demonstrated
by measuring the oil adsorption in highly acidic, alkaline, and
salty environments. Concentrated HCl (100 mL), NaOH (100
mL), and saturated (z26.5% by weight) NaCl solution (100 mL)
are prepared as the corrosive aqueous solutions simulating
contaminated seawater here.

The corrosion resistance of the FZCF was investigated by
a potentiodynamic polarization technology. The polarization
RSC Adv., 2019, 9, 12854–12863 | 12855
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View Article Online
data were recorded in 3.5 wt% NaCl solution aer 7 days
immersion.
3. Results and discussion
3.1 Surface morphology, chemical characterization and
superwettability in different pH solutions of the porous FZCF

In order to investigate whether the reaction process provided
enough surface roughness and furthermore produced enough
superwettability, the surface morphology of the prepared FZCF is
characterized by scanning electron microscopy (SEM). The
surface morphologies were observed using a eld-emission
scanning electron microscope (FE-SEM, TESCAN VEGA). Fig. 1d
shows a low-resolution scanning electron microscopy (SEM)
image of the as-prepared FZCF with a pore size of 300 mmand the
porosity of 98%. Fig. 1e shows tiny heterogeneous protrusions
Fig. 1 (a) and (b) Photos of the petals of Sedeveria silver frost. (c) Pictur
images with differentmagnifications of the porous FZCF sample (10 mm, 2
deposited on corresponding surface showing the superhydrophobicity i

12856 | RSC Adv., 2019, 9, 12854–12863
oen formdense growths on the porous FZCF skeleton. At higher
resolution, the porous FZCF surface is uniformly covered by
hierarchical micro–nano structures of ower-like protrusions
and petals which are presumably caused by the spherical struc-
tures of ZnO (Fig. 1f). The local magnication image (Fig. 1g–h)
further indicates the ower-like structures of the FZCF similar
with the physical photos of the petals of Sedeveria silver frost
(Fig. 1a–b). The petals of the ower-like structures are almost
200–300 nm in diameter (Fig. 1g) with its multilayered structure
consisting of hierarchically packed nanoslices and the thickness
of nanoslices is estimated to be 80 nm (Fig. 1h). Due to Sedeveria
silver frost has the special wettabilities that the leaves are
hydrophobic, such a biomimetic hierarchical micro–nano struc-
tures of ower-like protrusions and petals can help supporting
water droplets (Fig. 1c) on the FZCF and is vitally essential for the
superhydrophobicity of the FZCF.
e of as-prepared porous FZCF with water droplets on top. (d–h) SEM
mmand 1 mm, 500 nm and 200 nm). (i) Optical images of water droplets
n air and superhydrophilicity under water.

This journal is © The Royal Society of Chemistry 2019
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The CA and SA of water droplets were measured by an optical
contact-angle meter system (Data Physics Instrument GmbH,
Germany) at ambient temperature. The water CA and SA re-
ported were the mean values measured with 5 mL of water
droplets at ve different positions on each test surface. The
average CA value was an average of the ve measurements at
different spots of the same sample. The corresponding water
contact angle (CA) measurements on the sample surface show
that the porous FZCF is both superhydrophobic in air and
superoleophilic in water in Fig. 1i. FZCF has a static water CA in
air of 165� and the water droplet quickly permeates with a static
oil CA in water of 0� indicating superhydrophobicity and
superoleophilicity.

EDS of the sample surface is also detected in a random area
eight times (Fig. 2a). The corresponding element distributions
were determined by energy dispersive X-ray spectroscopy (EDX).
The elemental analysis performed using energy dispersive X-ray
Fig. 2 (a) The EDS spectrum from an as-prepared sample. (b) XRD patter
and pure copper.

This journal is © The Royal Society of Chemistry 2019
spectroscopy (EDS; attached to SEM) on as-prepared FZCF
sample shows the major element content included zinc, copper,
carbon oxygen, uorine and silicon based on quantitative
analysis. The results are incapable of being perceived as
different indicating that the ZnO ower-like heterogeneous
structures are uniformly distributed on the FZCF surface.

The X-ray diffraction (XRD) patterns of the sample were
performed on an Empyrean diffractometer (Panalytical, Dutch)
using Cu Ka1 radiation (l ¼ 0.15418 nm) with the 2q ranging
from 20� to 80�. The X-ray powder diffraction (XRD) is utilized to
characterize the composition of micro–nano structures formed
over the FZCF sample. XRD pattern of the FZCF sample are
shown in Fig. 2b. Diffraction peaks of the sample are all indexed
to pure copper [PDF le: 04-0836] and zinc oxide [PDF le: 36-
1451], and no other crystal phases exist. According to the XRD
patterns of the copper foam aer hydrothermal procedure, the
three strong peaks located at 31.769�, 34.421� and 36.252� are
ns of the FZCF. All the peaks can be indexed to hexagonal phase of zinc

RSC Adv., 2019, 9, 12854–12863 | 12857
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ascribed to (100), (002) and (101) planes of ZnO, respectively.
The peaks ascribed to (102), (110), (103) and (112) planes of ZnO
can be observed from the XRD patterns. It is indicated that ZnO
is the main composition of micro–nano structures formed on
the copper foam substrate aer hydrothermal procedure. Aer
the FZCF preparation, three strong peaks of Cu ascribed to
(111), (200) and (220) planes are also observed in Fig. 3. The
result reveals that the main compositions of copper foam
substrate remain unchanged. Namely, the hierarchical ower-
like structures of ZnO grown on the surfaces of the as-
prepared FZCF are at the micro–nano scale, and the bulk of
the sample is Cu.

Other chemical characterization results of the prepared
FZCF also reveal the mechanism of the improved superwetting
performances by means of XPS, FTIR and Roman spectral
analysis (Fig. S1–S3, ESI†) for providing the basis to perfecting
the immiscible oils/organic solvents separation ability and the
adsorption capacity (or chemical durability and stability).

The surface morphology has inuenced on wettability that
can be explained by Cassie–Baxter equation. The equation
demonstrates that the air trapped in the rough surface will
greatly improve the wettability.39 Due to the porosity of FZCF, it
is in a combined Cassie–Wenzel state on the surface that the
water droplets penetrate into the pores in some extent leaving
air pockets below it. Herein, estimating the solid fraction of
solid/water interface per unit area is 0.15 (based on SEM image
shown in Fig. 1) demonstrating that more than 89% of the
contact area belongs to the air/solid interface. Due to the solid
fraction of solid/water interface is smaller than that of air/solid
interface, the tiny heterogeneous protrusions grown on the
porous FZCF skeleton, air and liquid phase can increase the
bulk of the air layer to improve the superhydrophobicity in
a combined Cassie–Wenzel state shown in Fig. 3a. Based on
three phase contact line, the FZCF shows favorable
Fig. 3 (a) Schematic of the superhydrophobic porous FZCF sample. (b) P
on top. (c) Static water contact angles of the FZCF in different pH value

12858 | RSC Adv., 2019, 9, 12854–12863
superhydrophobicity in air and can be utilized in immiscible
oil/organic solvents and water adsorption and separation.

Moreover, the stability in acidic and alkaline environments
of the practical separation for immiscible oils/organic solvents
and water is investigated as well. As-prepared FZCF with
different pH values solutions droplets on top is shown in
Fig. 3b. It can keep the static contact angles which are more
than 150�. When the as-prepared FZCF samples are immersed
into in deionized water with different pH values (1 to 13) for 24
hours, the FZCF sample are still superhydrophobic with static
WCAs higher than 152�, indicating the FZCF is insusceptible to
the extreme acid and alkaline environments (Fig. 3c). For some
strong acid or alkali solutions (pH value is 1, 3, 11 and 13), the
CAs decline to less than 153�, demonstrating that the chemical
damage has inuenced the superhydrophobicity of the FZCF
surfaces in harsh circumstances. When the pH value ranges
from 4 to 6, the superhydrophobicity of the FZCF is improved
and the contact angles are able to reach 160� in comparative
faintly acid (pH value is 5), neutral solutions (pH value is 7), and
alkalescence solutions (pH value is 9). From a view of practical
application, these results reveal that the superwetting FZCF has
the chemical durability and stability for oil/organic solvents and
water separation, further proving that can utilize for industrial
oily wastewater treatment and marine oil spill accidents.
3.2 Immiscible oils/organic solvents and water adsorption/
separation experiments of the porous FZCF

The superoleophilicity and superhydrophobicity make the
porous FZCF exhibits excellent adsorption capacities towards
various oils and organic solvents, ranging from 17.0 to 31.0
times of its own weight based on the tested organic liquids
(Fig. S5, ESI†). The rapid oil/water adsorption behavior of the
porous FZCF either on water or underwater can be attributed to
icture of as-prepared FZCF with different pH values solutions droplets
s solutions.

This journal is © The Royal Society of Chemistry 2019
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its the porous micro–nano structures of ower-like protrusions
and superhydrophobic/superoleophilic properties.40 Oil/organic
solvents are adsorbed in the pores formed by the layered foam
skeleton of the FZCF while water is completely repelled by the
superhydrophobic surface. Due to the capillarity and low
surface energy, the superoleophilicity and superhydrophobicity
is further reinforced when the oil molecules spread into the
inner pores of the FZCF modied with the FAS on the layered
foam skeleton.

Fig. 4b shows the toluene–water separation efficiency and
the water contact angles (WCAs) of the FZCF sample aer 40
recycling separation times. Even though the separation effi-
ciency and the water contact angles gradually decrease (which
can be attributed to abrasion of the superhydrophobic FZCF
sample surface during the separation process) when the FZCF
Fig. 4 (a) The solely gravity driven oil/water separation test of the FZC
a function of 40 recycle times by taking the toluene–water mixture as an
times separation tests.

This journal is © The Royal Society of Chemistry 2019
sample is applied to separate toluene and water. It still holds
remarkable superhydrophobic properties (>152�) aer 40
separation cycles, meanwhile the separation efficiency remains
at above 96.1%. More importantly, FZCF can be retrieved aer
the absorbed oil is easily removed by washing with absolute
alcohol and then dried in vacuum oven aer each separation,
demonstrating the outstanding recyclability of adsorption/
desorption and anti-fouling property of the FZCF material.
Fig. 4c and d shows the SEM images of the FZCF sample aer 5
and 30 recycle times separation tests. Though the FZCF surface
is contaminated by oils/organic solvents and the FAS modied
on the FZCF is destroyed in a certain extent, the super-
hydrophobic–superoleophilic property of the FZCF just
decrease a little resulting in keeping oil–water separation
performance aer multiple separation times. By contrast, the
F. (b) The oil/water separation efficiency and water contact angle as
example. (c) and (d) SEM images the FZCF sample after 5 and 30 recycle

RSC Adv., 2019, 9, 12854–12863 | 12859

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01632e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 3
:0

4:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
surface morphology has no huge changes such as micro–nano
structures, and it still proves the chemical durability of the
porous FZCF.

Fig. 5 shows the adsorption capacity and separation effi-
ciency of FZCF for three typical organic liquids (motor oil,
hexane and toluene) in different pH solutions. Motor oil,
hexane, and octane are added into the corrosive aqueous solu-
tions respectively. Then the oil/organic liquid droplets are
removed by the FZCF sample rapidly. The results indicate that
the adsorption capacity was still above 20 for motor oil in strong
acid and strong alkaline. Others keep on a steady value of 20
and 25, respectively. As shown in Fig. 5b, the motor oil has the
highest separation efficiency of 99.2% under neutral conditions
compared with the other two corresponding to Fig. 5a. SE% of
three oils are all up to above 96.4% in strong acid and strong
alkaline. The as-prepared FZCF shows robust separation
performance for various light oils and heavy oils (Fig. S5, ESI†).
For these oils, the separation efficiencies range from the 97.8%
to 99.4%. The result suggests that the as-prepared FZCF can
easily remove oil/organic solvents either on water or underwater
or separate both. The chemical durability of the FZCF can be
veried also demonstrates the feasibility of the proposed
method for preparing advanced oil/water separation FZCF
material.
3.3 Corrosion resistance analysis of the porous FZCF in
harsh circumstances

The polarization curves (Tafel) presented in Fig. 6a show that
the untreated surface, cleaned FZCF and adsorbed-oils FZCF
reveals a narrow passive range and a breakdown between�0.2 V
and �0.3 V, where the current density increases abruptly with
slowly increased anodic polarization potential.

The corrosion potential (Ecorr) of the untreated surface is
�0.305 V and its corrosion current density (Icorr) is 8.5 � 10�7A
cm�2. While, aer the formation of superhydrophobic FZCF,
the Ecorr changes to �0.232 V and the Icorr of cleaned FZCF
decreases slightly to 4.82 � 10�9 A cm�2 due to the super-
hydrophobic ZnO layer reduces the corrosion rate and protects
the underneath copper foam from corrosion attack, which
Fig. 5 (a) Adsorption capacity and (b) separation efficiency of the FZCF fo
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indicated that the improvement of the protective properties of
the superhydrophobic FZCF generated signicant alterations in
the corrosion behaviour.

If the cleaned FZCF had adsorbed immiscible oils/organic
solvents, the Ecorr shis positively to �0.215 V. Simulta-
neously, the Icorr of the adsorbed-oils FZCF decreases to 3.18 �
10�9A cm�2 which is less than that of the untreated surface and
cleaned FZCF. Therefore, the adsorbed-oils FZCF further
enhances the corrosion protection by adsorbing oils as
a protective layer. The corrosion potential moving to right
demonstrates that both trapped air and adsorbed oils are good
physical barriers to isolate copper foam from 3.5% NaCl
aqueous solution in a short time. It can be concluded that
cleaned FZCF and adsorbed-oils FZCF have the potential to
inhibit the corrosion of the copper foam substrates. The
adsorbed-oils FZCF is more effective than the air layer to protect
the copper foam from corrosion. The protective capability of the
FZCF probably originates from both the superhydrophobicity
and superoleophilicity based the physical diffusion barriers.

To further explore the corrosion inhibition capability of the
superhydrophobic FACF, the corrosion protection performance
of the FZCF was also studied by the electrochemical impedance
spectra (EIS). Fig. 6b displays the Bode-modulus plots untreated
copper foam, cleaned FZCF and adsorbed-oils FZCF. The |Z|
decreases with the decrease of frequency (Hz) in solution for 7
days, indicating the responses of inductive impedance at low
frequencies. The |Z| value of the adsorbed-oils FZCF is ca. 1 and
ca. 2 orders of magnitude larger than the untreated copper
foam, cleaned FZCF in the low frequency region and high
frequency region. The result reects that adsorbed oils endows
FZCF an excellent anti-corrosion property, which is consistent
well with the result from Tafel curves.

The Bode-phase plots presented in Fig. 6c show a well-
dened time-constant at high frequencies (Hz) throughout the
whole immersion period. High frequency capacitive loop is
ascribed to charge transfer of the corrosion process, while the
inductive loop at low frequencies is attributed to stability layer
by adsorbed intermediate products of the corrosion reaction on
the electrode surface.41 For superhydrophobic cleaned FZCF,
r different oil/organic solvents in different pH value aqueous solutions.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Tafel polarization curves (b) Bode-modulus plots and (c) Bode-phase plots of the untreated surface, cleaned FZCF and adsorbed-oils
FZCF, after 7 days of immersion in 3.5 wt% NaCl solution. (d) Nyquist plots of the untreated surface cleaned FZCF and adsorbed-oils FZCF
immersion in simulated seawater for 7 days.
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only a capacitive character is observed in the Bode-phase plots.
As the capacitive responses appear at high frequencies, they can
be attributed to the responses of protective superhydrophobic
cleaned FZCF. Aer 7 days water immersion, Cassie-to-Wenzel
wetting transition would occur to cleaned FZCF. The EIS
spectra reveals that superhydrophobic cleaned FZCF can serve
as a good corrosion protection coating. Similarly, it is inferred
that adsorbed-oils FZCF still has a high corrosion resistance
though the wetting transition from Cassie wetting state to
Wenzel wetting state compared to the superhydrophobic FZCF.

The Nyquist plots in Fig. 6d show three depressed semicircles
in the high frequency range during further immersion (7 days).
The impedance spectra of the adsorbed-oils FZCF shows a large
impedance semicircle whose diameter is around several
hundreds of kU cm2, while the impedance semicircle diameter of
the cleaned FZCF and the untreated surface is dozens of kU cm2.
These large impedance semicircles indicate that three samples
all have good anti-corrosion properties aer immersion for 7
days, especially the adsorbed-oils FZCF. Therefore, the adsorbed-
oils FZCF presents an excellent corrosion resistance aer
suffering the attack in NaCl aqueous solution for a long time.
This journal is © The Royal Society of Chemistry 2019
These results demonstrate that superhydrophobic–super-
oleophilic FZCF has excellent corrosion resistance and oils can
largely improve the corrosion resistance of the copper foam in
NaCl aqueous solution.

4. Conclusions

In summary, we prepared a 3D superwetting porous FZCF with
robust superhydrophobicity in air and superoleophilicity under
water for adsorption/separation of immiscible oil/water
mixtures and corrosion resistance tests were carried out in
different environments. The porous FZCF exhibits excellent
adsorption capacity, separation efficiency and robust corrosion
resistance. Based on potentiodynamic polarization tests,
superhydrophobic–superoleophilic FZCF has excellent corro-
sion resistance. The corrosion resistance of FZCF is ascribed to
the combined protection effect of the trapped air lm inside the
superhydrophobic FZCF in various pH conditions, which can
serve as a corrosion protective barrier that prevents metal from
contacting with corrosive seawater in marine. What's more,
adsorbed-oils make superoleophilic FZCF keep this property
RSC Adv., 2019, 9, 12854–12863 | 12861
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aer suffering the attack in NaCl aqueous solution for a long
time compared to untreated copper foam. Furthermore, the
durability and stability of the FZCF in the practical adsorption
and separation for immiscible oils/organic solvents and water
also can be veried in highly acidic, alkaline, and salty envi-
ronments. We expect that the superwetting anti-corrosion FZCF
material can be further utilized as a promising candidate for oil/
water mixtures separation, industrial oily wastewater treatment
and oil removal in marine oil spill accidents and oil-repelling
pipeline manufacture for industrial water transportation.
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