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ABSTRACT: In nature, the water-repellent surface of a super-
hydrophobic material such as lotus has the micro/nano
hierarchical structure, while shish-kebab, which is one of the
most fascinating superstructure crystals in polymer science, also
exhibits micro/nano hierarchical structure. Accordingly, it
remains an idea of whether this structure can be used as the
superhydrophobic materials. In this work, a modified flow-
induced crystallization method was employed to fabricate a pure
shish-kebab membrane, whose wetting behavior and other related
performances were comprehensively studied. The membrane
surface displays superhydrophobic characteristic with a static
water contact angle of 161° and sliding angle of 3°. More
importantly, the superhydrophobic membrane not only is of low
adhesive, anti-impact, and self-cleaning performance, but also presents oil/water separation capacity, high absorption capacity
with porosity (67−83%), and recyclability for organic liquids. This work proposed a new approach from the viewpoint of shish-
kebab aggregation to construct a micro/nano structure in the polymer membrane with superhydrophobicity and other
functional properties.
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■ INTRODUCTION

The superhydrophobic surface, on which the water droplet can
form a contact angle larger than 150° and sliding angle lower
than 10°, has aroused intensive interests, mainly inspired by
the nature of a water-repellent surface.1−5 Such a super-
hydrophobic surface generally shows performances of bio-
mimicking antisticking, contamination prevention, water
repellency, self-cleaning, and oil/water separation.3,6−8 The
methods to achieve a superhydrophobic surface include two
steps, namely, the construction of rough structures and
chemical modification with low-surface-energy materials.9−13

Recently, some artificial techniques have been successfully
employed to prepare superhydrophobic surfaces, including
chemical etching,14−16 colloidal coating,17,18 anodic oxida-
tion,19 layer-by-layer deposition,20 polymer reconforma-
tion,21−23 electrospinning,24 and templating.25,26 However,
the existing drawbacks (e.g., high-cost, low-efficiency, tedious,
and time-consuming treatments, or processing with intricate

instruments) have obstructed their further practical applica-
tions.27

As well-known, ultrahigh molecular weight polyethylene
(UHMWPE) is a kind of high-performance polymer, showing
high strength, high tensile modulus, and low density, which has
attracted considerable interests.28,29 Nowadays, UHMWPE is
successfully used in some fields because of its unique
properties, such as biocompatibility, chemical resistance, and
electric insulation.30 However, one of the main issues is that
UHMWPE cannot be processed by conventional melt
processing methods (e.g., injection molding, extrusion, and
so on) because of its extremely high viscosity.30 Therefore,
UHMWPE is always processed by a solution processing
method. In the past few years, many researchers have focused
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on fabricating superhydrophobic polymeric surfaces, governed
by both the chemical composition and micro/nano hierarchical
structure of the surface.21−26 It is well-known that flow-
induced crystallization is another effective method to build
superstructures of polymer crystals.31−34 For instance, shish-
kebab, one of the most fascinating superstructures of polymer
crystals, is composed of threadlike cores encircled with disc-
like lamellar crystals.34−36 However, it is difficult to fabricate a
pure shish-kebab aggregation by industrial methods. In other
studies,33−37 the common features of shish-kebabs were
presented: the shish-kebab entity is considerably long, in the
range of micrometer, and the diameter of shish is in the range
of few nanometers. Moreover, micro-long shish generally align
parallel to each other. Additionally, lamellar crystals are
approximately a few tens of nanometers thick and their
diameter averages at a few tens of nanometers. Moreover, they
arrange in periodical stacks with a period of about a few tens of
nanometers, exhibiting an ordered nanostructured array.
Naturally, such a flow-induced crystallization membrane of
shish-kebab aggregation can be considered as a micro/nano
hierarchical structure. Accordingly, it remains an issue whether
such a micro/nano hierarchical structure of shish-kebab
aggregation can be used as the superhydrophobic materials.
Despite the hydrophobicity of nanohybrid shish-kebab paper

(i.e., carbon nanotubes act as shish, on which polymer crystal
lamellaes are periodically strung along the nanotube axis38) can
be tuned by polytetrafluoroethylene coatings using initiated
chemical vapor deposition.39 However, to our knowledge,
studies on this subject are rare in the open literature, and in
particular, there are no studies available on a corresponding
pure shish-kebab membrane. The reason is the absence of an
efficient way to control pure shish-kebab formation that could
form a membrane. This issue has been addressed by our
recently developed method via a sheared dilute UHMWPE
solution based on a self-made setup.40 In this study,
UHMWPE was crystallized into shish-kebab structure via a
flow-induced crystallization method. We first report the
wetting behavior of the pure shish-kebab membrane with
micro/nano features. The as-prepared membrane is of
exceptional superhydrophobicity and excellent self-cleaning
effect. Furthermore, the organic contaminants can be easily
removed from the water surface, showing the organic liquid
uptake ability and recyclability.

■ EXPERIMENTAL SECTION
Materials. UHMWPE powders were provided by the Second

Auxiliary Factory, Beijing, China, with a number-average molecular
weight (Mn) in the range of 2.0−3.0 × 106 g mol−1. Xylene (analytical
reagent, 99%) was purchased from the Tianjin Chemical Reagents
Plant. All reagents were used without further purification.

Preparation of Shish-kebab Membrane. UHMWPE powder
was first dissolved completely in xylene at 140 °C to obtain a uniform
solution with a concentration of 0.058 wt % and then rapidly
transferred into a bath pot preset at 105 °C. Flow-induced
crystallization was carried out at this temperature using a mechanical
stirrer. Ferrum frames were fixed on the stirrer bar so that the frames
could rotate synchronously with the stir bar. The schematic of the
flow-induced crystallization setup can be found in Figure S1 in the
Supporting Information. Continuous stirring was performed at a
speed of 800 rpm for 20 min. Then, the pure shish-kebab aggregation
in the form of a membrane was dried with hot wind at 60 °C for 3
min, which was defined as a flow-induced crystallization sample (FC,
see Figure 1a). For comparison, an uniform UHMWPE solution was
cast onto a culture dish and then the sample was cooled down to
room temperature at ambient atmosphere. The sample was finally put
in an oven to remove the solvent at 80 °C for 7 h, and the upper
surface of the sample was defined as a static crystallization sample
(SC, see Figure 1a).

Morphology Observation. The morphological characterization
was carried out with a scanning electron microscope (SEM, Zeiss
MERLIN Compact) at an operating voltage of 5 kV. The samples
were sputtered with gold before observation. Additionally, the
roughness and morphology of the surfaces were characterized by
atomic force microscopy (AFM, Dimension Icon, Bruker) in the
tapping mode.

Measurement of Contact Angle and Sliding Angle. The
water contact angle was characterized using a drop shape analysis
instrument (OCA-20, Data-Physics) at ambient temperature. A water
droplet of 9 μL was employed. The sliding angle was measured by
tilting the sample stage from 0° to higher angles and then putting a
water droplet of 10 μL on the sample using a micro-syringe. Once the
droplet can roll off the surface, the angle of the sample stage is
considered to be the sliding angle. The detailed processes of water
droplet sliding behaviors were recorded by a high-speed video camera
(pco.dimax HS1, 7000 fps). The contact angle and sliding angle were
the average of five measurements obtained on different positions of
the surface.

Droplet Impact Dynamics. The droplet impact dynamic was
investigated using a high-speed camera (pco.dimax HS1). Water
droplets of 6 μL were used to impact the surfaces at different
velocities. The videos were analyzed by the software pco.camware. Of
note, all of the measurements regarding droplet dimension and
distance were done manually using an open-source image processing
software (ImageJ).

Figure 1. Surface morphology of SC and FC. (a) Digital photograph of SC and FC. Low- and high-magnified SEM images of (b1−b3) SC and (c1−
c3) FC surfaces, the blue arrows refer to the flow direction in (c1).
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Self-Cleaning and Antistaining Tests. Manganese dioxide
(MnO2) powder was first deposited on the surface of the as-prepared
shish-kebab membrane, and then water droplets were dripped onto
the surface with a tilting angle of 20° to test the self-cleaning property.
The as-prepared surface was put into KMnO4 dyed water to test the
antistaining ability; when the polymer membrane was placed in the
culture dish with cyclohexane, the cyclohexane would soak into the
polymer membrane immediately due to the lipophilicity of the
membrane. The water droplets were dropped onto the as-prepared
surface to test an extension of the superhydrophobic effect with non-
wettability even when the membrane was soaked in oil.
Membrane Porosity. Membrane porosity (ε) is determined by

measuring the dry mass (mdry) and wet mass (mwet) of membrane
samples according to eq 1:

ρ
ρ ρ

ε =
−

− +
m m

m m m

( )/

(( )/ ) ( / )
wwet dry

wet dry w dry m (1)

where ρw and ρm are the density of the wetting solvent (ethanol in the
current study) and membrane, respectively.
Absorption andRecyclability of the Membrane for Organ-

icLiquids. Different organic liquids (e.g., soybean oil, diesel oil,
cyclohexane, and chloroform) were employed to investigate the
absorption capacity of the as-prepared shish-kebab membrane. After
the weighted membrane was immersed into organic liquid for 3 min
at ambient temperature, the filter paper was used to quickly remove
excess oil or organic solvents from the surface to ensure the accuracy
of the measurement results. Then its weight was measured again, and
the average value reported was derived from at least 5 tested samples.
The recyclability of the membrane in the oil absorption test was
performed in a centrifuge (TG16-WS). Briefly, in absorption/
centrifugation cycles, the soybean oil-absorbed superhydrophobic
shish-kebab membrane was regenerated by centrifuge treatment at a
rotating speed of 8000 rpm for 10 min, and then the sample was used
in further cycles. The weight of the superhydrophobic shish-kebab
membrane was recorded before and after each cycle to determine the
absorption capacity.

■ RESULTS AND DISCUSSION

Surface Morphology. The digital photos of the SC and
FC membrane are shown in Figure 1a. Macroscopically, both
surfaces of the SC and FC membrane are very flat. However,
the surface of FC is whiter than that of SC, which should be
related to a micro/nano feature and micro-voids in the
membrane (see Figure 1b,c). Figure 1b,c presents the SEM
images of the SC and FC surfaces. As shown in Figure 1b1,
sparse wrinkles were observed on the SC surface. The high-
magnified SEM images reveal the sparse wrinkles with a length
of a few microns and a thickness in the range of 150−320 nm
(Figure 1b2,b3). In contrast, FC is composed of numerous
shish-kebabs (Figure 1c1,c2). Overall, these shish-kebabs orient
along the flow direction (shown by blue arrows in Figure 1c1).

However, they are relatively long (in the scale of micrometer)
so that their ends can be hardly distinguished. The amplified
images in Figure 1c2,c3 demonstrate that many lamellar crystals
are decorated perpendicularly to the fibrillar core; such disc-
like lamellar crystals are approximately 30 nm thick, and their
average diameter is estimated in the range of 128−268 nm.
Interestingly, these disc-like lamellar crystals arrange in an
ordered nanostructured array. The mechanism of the
aforementioned shish-kebabs in a dilute UHMWPE solution
under shear flow can be explained using the concept of a coil−
stretch transition proposed by Gennes.41 That is, the
UHMWPE chains are generally in an equilibrium with the
coiled state in the dilute solution. Once the shear flow is
exerted, the long coiled chains could be stretched along the
shear direction and then crystallized into shish, on which, the
short coiled chains were subsequently adsorbed and crystal-
lized into kebabs.42 Moreover, many explicit microvoids also
exist between the neighboring shish-kebabs as well as those
nano-ones between the adjacent kebabs, and the FC
membrane is highly porous (porosity: 67−83%), as calculated
by eq 1 (Figure 1c2,b3). The AFM observation shown in Figure
2a reveals sparse wrinkles on the SC surface. The calculated
average roughness (Ra) and root-mean-square roughness (Rq)
of the surface by the analysis software of AMF are 158 and 199
nm, respectively. In contrast, for FC, Ra and Rq are,
respectively, 166 and 208 nm (Figure 2b). The larger Ra and
Rq of FC than that of SC indicate a higher surface roughness of
FC. In addition, the height profile along the blue line of Figure
2c shows that the period between the adjacent lamellae in FC
is estimated in the range of 119−241 nm. To sum up, the FC
surface is the aggregation of shish-kebab with a finely
constructed micro/nano hierarchical structure, together with
the presence of numerous voids of different scales between the
neighboring shish-kebabs as well as the nano-ones between the
adjacent kebabs. The stress−strain curves in Figure S2 reveal
that the tensile strength of the FC membrane (13.1 MPa) is
notably larger than that of the SC membrane (4.6 MPa). The
increased tensile strength is ascribed to the structural feature
variation from isotropy in the SC membrane to the orientation
in the FC membrane,37,38 which can be confirmed by the 2D-
WAXD results in Figure S3.

Wettability and Adhesion Properties of the FC
Surface. The results above demonstrate that the FC surface
possesses a typical micro/nano hierarchical structure. Many
studies have documented that the micro/nano hierarchical
structure can lead to the fascinating surface character-
istics.12,43,44,46 Therefore, hydrophobicity of the FC surface is
further investigated in the following section. The digital image
of water droplets deposited onto the SC and FC surfaces is

Figure 2. AFM plane images of (a) SC and (b) FC surfaces. (c) Roughness profile of SC and FC surfaces along marked direction.
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presented in Figure 3. As shown in Figure 3a, the droplet
exhibits a hemisphere shape on the SC surface, while it almost

maintains a spherical shape on the FC surface (Figure 3b). In
other words, the contact area between the SC surface and the

Figure 3. Wettability property of the SC and FC surface. Photograph of water placed on the (a) SC and (b) FC surfaces; inset shows the water
contact angle. Water was colored with KMnO4.

Figure 4. Adhesion property of the SC and FC surface. Process of a 10 μL water droplet dropped on the SC surface, and the water droplet firmly
pinned on the surface with a tilting angle of (a) 20° and (b) 60°. (c) Process of a 10 μL water droplet dropped on the FC surface, and the water
droplet rolled off the surface within 0.45 s with a tilting angle of 3°.

Table 1. Comparison of Contact Angle and Sliding Angle with Other Literatures’ Data

materials method contact angle sliding angle references

UHWMPE flow-induced crystallization 161° 3° our work
PET fabrics surface-initiated atom transfer radical polymerization 160.5 ± 3° 7 ± 2° 47
PP polymer reconformation 160° 21
LLDPE polymer reconformation 153 ± 2° 10° 48
LDPE lamination templating 160° 5° 49
PANI/cotton fabric vapor phase deposition 156 ± 2° 50
PP nonwoven fabrics solvent swelling 159 ± 5° 51
PDMS -coated PU sponge dip-coating 162 ± 2° 52
PDMS/hydrophobic fumed silica nanoparticle dip-coating 150 ± 2° 53
PS fibers electrospinning 151.3 ± 1.6° 54
LDPE scratching and pricking 154.3 ± 3.2° 55
Poly(alkylpyrrole) electrochemistry larger than 150° 56
PI/nanosized silica electrospinning 157 ± 0.7° less than 5° 57
PU sponges/polysiloxane solution immersion 157° 58
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droplet is larger than that of the FC surface. Quantitatively, the
SC surface exhibits a contact angle of 135°, whereas the FC
surface shows superhydrophobicity with a contact angle of
161°.
Furthermore, the adhesive property of the SC and FC

surfaces was investigated. Figure 4a,b shows the process of a 10
μL water droplet dripping on the SC surface with different
tilting angles. As for SC with a tilting angle of 20°, the water
droplet tightly pins on the surface and cannot roll away (Figure
4a and Movie S1 in Supporting Information). Even the tilting
angle turned to 60°, the water droplet still firmly stuck on the
SC surface (Figure 4b and Movie S2 in Supporting
Information). Such a case demonstrates a highly strong
water adhesion between the water droplet and the SC surface.
It is very interesting to note that, once a 10 μL water droplet
contacts the surface of FC with a tilting angle of 3° (see Figure
4c), it begins to slide immediately, and the water droplet slides
across the field of view rapidly within 0.45 s (Movie S3 in
Supporting Information). This rolling process clearly demon-
strates that the FC surface has an excellent water-repellent
property with a sliding angle as low as 3°. To sum up, the SC
surface is of hydrophobicity with strong water adhesion,
whereas the FC surface is of superhydrophobicity with a low
water adhesion. For comparison, Table 1 shows the contact
angle and sliding angle of this study as well as those in other
studies concerning the polymer hydrophobic surfaces,
demonstrating excellent superhydrophobicity of FC surface
in this study. As mentioned above, the FC surface is of micro/
nano hierarchical structure, together with the presence of
numerous voids with different sizes. Such micro/nano
hierarchical structure leads to a composite interface in which
air becomes trapped within the grooves, leading to the
hydrophobicity transition of UHWMPE from the hydrophobic
surface to the superhydrophobic surface. To further under-
stand the superhydrophobicity of FC, the apparent water
contact angle is described by the Cassie equation:45

θ θ* = − + +fcos 1 (cos 1) (2)

where, f is the solid fraction that the liquid is in contact with,
and θ* (161°) and θ (106°) are, respectively, the water contact
angles on the FC surface and the smooth UHMWPE surface
(detailed information can be found in Figures S4 and S5 in the
Supporting Information). According to the above equation, it
is easily calculated that the solid fraction that the liquid is in
contact with is equal to about 0.07. In other words, large-area
air (93%) can immerse into the interspaces of the FC surface.
This result further demonstrates that the superhydrophobic
and slippery property of FC should be ascribed to the micro/
nano hierarchical structure with abundant air fraction.
Droplet Impact on the FC Surface. In practical

applications, the impingement of water droplets on surfaces
with different wettability is always encountered.59 For the
purpose of a comparison between these two surfaces, a water-
droplet impact experiment was performed, and water droplets
of 6 μL were used to impact the surfaces at a velocity of 1.08
m/s (fall height of 6 cm). The impingement process of water
droplets on the surface was captured using a high-speed
camera (7000 fps). Figure 5a shows the sequential images of a
water droplet impinging on the SC surface. Obviously, once
the water droplet impacts the SC surface, it reaches the
maximum spread and exhibits a complete wetting state after
the impingement. Moreover, no evidence of the bouncing
effect can be found (Movie S4 in Supporting Information). In

other words, the SC surface tends to capture the impacted
droplet and drains it along the substrate. Such phenomena
should be attributed to the relatively large vertical adhesive
force between the water droplet and the SC surface. In
contrast, once the droplet first impacts the FC surface, it
changes into a “pancake” shape at 3 ms and bounces off the
surface at approximately 11 ms with an emission of a water jet
(see Figure 5b and Movie S5 in the Supporting Information).
After the first bounce from the surface, the kinetic energy of
the water droplet is gradually attenuated, and the maximum
height of the bouncing drop is therefore lower than the last
bounce. More importantly, any evidence of water droplet
residue is hardly observed on the FC surface during the whole
impingement process. This phenomenon suggests that the FC
surface has an excellent antiwetting performance during the
dynamic droplet impact. Figure 5c quantitatively shows the
rebound height of the water droplet on the SC and FC surfaces
as a function of time. The significant difference between these
two surfaces can be clearly observed: the water droplet can
bounce off the FC surface five times, showing an extended
bouncing process for longer periods of time (202 ms).

Figure 5. Droplet impact on the SC and FC surfaces. Time evolution
of droplet-impact dynamics upon the (a) SC and (b) FC surfaces. (c)
Water droplets rebound height as a function of time.
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Whereas, the water droplet stays pinning to the SC surface,
showing no bouncing effect because of the drastic depletion of
kinetic energy.
As is well-known, an effective water hammer pressure (PWH)

can be generated at the contact stage when the super-
hydrophobic surface suffers from a water droplet impact.60 The
PWH can be approximated as61

ρ≈P CV0.2WH (3)

where ρ is the water density, C is the sound velocity in water
(C ∼ 1497 m/s and ρ ∼ 1000 kg/m3), and V is the velocity of
the water droplet. The change of the wetting state of the rough
surface depends on the balance between PWH and the capillary
pressure (Pcapillary) generated within the surface texture.61,62 In
this study, water droplets of 6 μL were used to impact the
surfaces at different velocities to estimate PWH and Pcapillary. The
impingement process of water droplets on the surface was
captured using a high-speed camera (7000 fps). In the case of
water droplet with an impinging speed of 2.470 m/s (fall
height of 31 cm), the calculated PWH is 0.740 MPa, according
to eq 2. As can be seen in Figure S6a, after the water droplet
impacts the FC surface, it changes into a “pancake” shape
surrounded with some satellite droplets at 3 ms. These satellite
droplets can bounce off the FC surface to assemble into a large
water droplet (see Figure S6a at 8 and 13 ms). Such a large
water droplet can completely lift off the surface (see Figure S6a
at 22 ms). After the large water droplet bounces from the
surface, it stays on the FC surface (see Figure S6a at 32 and 50
ms as well as Movie S6 in the Supporting Information). In view
of this, the calculated PWH (0.740 MPa) might be smaller than
the Pcapillary generated from the shish-kebab surface, and
therefore the droplet presents a nonwetting state. In contrast,
when the water droplet is used to impact the surface at a
velocity of 2.617 m/s (fall height of 35 cm), it reaches the

maximum spread surrounded with some satellite droplets (see
Figure S6b at 5 ms), and these satellite droplets cannot bounce
but pin to the FC surface to form a large water droplet (see
Figure S6b at 12 and 16 ms). Moreover, the large water droplet
is tightly captured by the FC surface (see Figure S6b at 18 and
27 ms). In other words, such a large droplet can penetrate into
the surface during the impingement stage, exhibiting a total
wetting state after the impingement (see Figure S6b at 39 ms
and Movie S7 in the Supporting Information). In this case,
according to eq 3, the calculated PWH is 0.784 MPa, and
therefore Pcapillary is smaller than PWH (0.784 MPa). The
pressure discussed here will help to control the wetting
behavior of the FC surface to achieve a nonwetting state when
the PWH is smaller than the Pcapillary (∼0.740 MPa).

Self-Cleaning and Antistaining Properties of the FC
Surface. The interesting superhydrophobicity and low water
adhesion of the surface with shish-kebab aggregation motivated
us to investigate the self-cleaning ability. As shown in Figure
6a1−a3, when the water droplets are dripped onto the
contaminated surface, the powders on the FC surface are
immediately swept off by the water droplets (Movie S8 in the
Supporting Information). As a result, no contaminant is visible
on the FC surface where the water droplets slide across (shown
by red arrow in Figure 6a4). This should be ascribed to the
joint action of high capillary forces induced by water droplets
and weak adhesion of the contaminant powders to the
superhydrophobic surface.63 The antistaining property test
experiment was designed. The result is shown in Figure 6b and
Movie S9 in the Supporting Information. The FC membrane is
first dipped into the KMnO4 dyed water for 10 s (Figure
6b1,b2). After FC is taken out from the solution, no traces of
contamination can be found on the surface (Figure 6b3,b4),
suggesting that the FC surface possesses excellent antistaining
property. Moreover, the non-wettability test of the FC surface

Figure 6. Self-cleaning and antistaining properties of the FC surface. (a) Self-cleaning process of the FC surface with MnO2 powder as a model of
contaminant. Contaminated surface with water droplets on them (a2) and (a3) as well as after water droplets slide across the surface (a4). (b) FC
was inserted into KMnO4 dyed water, showing that the membrane was not dyed due to its anti-staining property.

Figure 7. Water was dropped onto the FC surface to test the superhydrophobic ability after the surface was contaminated by oil.
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after oil (cyclohexane) contamination was also carried out
(Figure 7a−c). Obviously, although the FC surface is
contaminated by cyclohexane, water droplets can still slide
easily without wetting the FC surface, indicating that the FC
surface maintains its superhydrophobic property even being
contaminated by oil (Movie S10 in the Supporting
Information). In a word, the above results suggest that the
FC possesses excellent self-cleaning and anti-staining proper-
ties, and such a superhydrophobic surface can protect
substrates from pollution in practical applications.63

Oil/Water Separation by the FC Membrane. The above
results demonstrate that the FC surface not only contains
numerous voids and high porosity in micro/nano scale but also
shows superhydrophobicity. In addition, the voids in the
different scales between the neighboring shish-kebabs as well
as the nano-ones between the adjacent kebabs provide storage
space. It is well-known that polyethylene is intrinsically
hydrophobic-lipophilic.64 Therefore, we speculate that the
voids and superhydrophobicity should give a good oil/water
separation capacity. In this oil/water separation experiment,
cyclohexane dyed with Sudan Red is first dripped onto the
middle of the water surface to form a thin layer (Figure 8a).

Once the FC membrane touches the cyclohexane layer on the
water surface, cyclohexane is fully absorbed within a few
seconds (Figure 8b−e). Finally, the contaminated water is
cleaned, and no trace of cyclohexane can be found (Figure 8f).

This result implies that FC is oleophilic and shows oil/water
separation ability. Movie S11 in the Supporting Information
shows how quickly FC can absorb the cyclohexane layer. The
excellent oil/water separation capability of the FC membrane
is mainly ascribed to two aspects. On one hand, polyethylene is
intrinsically hydrophobic-lipophilic, and the as-prepared FC
exhibits superhydrophobicity because the FC surface possesses
a hierarchical micro/nano feature. On the other hand, oil can
be driven through the voids of the membrane into its bulk in
the presence of a capillary force, while water is completely
excluded by the superhydrophobic surface, resulting in
separating oil from water.65

To further investigate the organic liquids (e.g., soybean oil,
diesel oil, cyclohexane, and chloroform) absorption capacity of
the as-prepared membranes, the adsorption test was
performed. The absorption capacity (k) was calculated by
the weight-gain ratio according to eq 4:

= −k M M M( )/2 1 1 (4)

where M1 and M2, respectively, represent the weight of the as-
prepared membrane before and after absorption of oil or
organic solvent. As shown in Figure 9a, FC not only absorbs
organic liquids but also exhibits a higher absorption capacity
ranging from 15 to 32 times of its own weight, depending on
the viscosity and density of the organic liquids. However, SC
can absorb organic liquids at 4 to 7 times its own weight. To
sum up, the absorption capacity of FC is remarkably higher
than that of SC. Figure 9b shows the recyclability of the
membrane in soybean oil absorption. The membrane basically
retained its high absorbency after 10 cycles. The higher
absorption capacity and recyclability of FC for different organic
liquids will guarantee its promising application for oil/water
separation purposes.

■ CONCLUSIONS
In summary, we first report the wetting behavior of the pure
shish-kebab membrane. The membrane exhibits a micro/nano
hierarchical structure, displaying a superhydrophobic charac-
teristic with a static water contact angle of 161° and sliding
angle of 3°. Moreover, the membrane with low adhesion is
resistant to droplet impact, showing an extended bouncing
process for longer periods of time (202 ms). The water
hammer pressure discussed here will help to control the
wetting behavior of the FC surface to completely achieve a
nonwetting state. Importantly, such a membrane not only

Figure 8. Oil/water separation by the FC membrane. (a−f) Images of
the removal processes of cyclohexane from water using the FC
membrane.

Figure 9. (a) Absorption capacities of the FC and SC membrane toward organic liquids. (b) Oil-absorption capacity of the FC membrane with
different absorption/centrifugation cycles. The “Remnant” represent the weight of the FC membrane in each cycle after centrifugation, and the
“Absorbed” represent the weight of FC membrane in each cycle before centrifugation.
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shows excellent self-cleaning and antistaining properties but
also shows oil/water separation capacity, high absorption
capacity ranging from 15 to 32 times of its own weight, and
recyclability for organic liquids. This study clearly indicates
that micro/nano hierarchical structure of pure shish-kebab
aggregation can be used as the superhydrophobic materials.
Moreover, this study well demonstrates that intricate instru-
ments, tedious and time-consuming treatments, or processing
and specialized nanomaterials are not necessary to prepare a
superhydrophobic surface.
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