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ABSTRACT

Superhydrophobic polymer fibrous membranes have advantages in oil-water separation and oil spill treatment
but are not resistant to high temperature and chemical corrosion resistance. Superhydrophobic SiO, micro/
nanofibrous membranes are one of the research hotspots because of the high temperature stability, corrosion
resistance, and low cost of SiO,. In this study, camphene was dispersed into the SiO, spinning solution for freeze
electrospinning. SiO, micro/nanofibrous membranes with porous surface were obtained by camphene sub-
limation through freeze drying and calcining. The effects of polystyrene and camphene contents on the surface
pore structure of SiO, micro/nanofibrous membranes were investigated. The specific surface area of the porous
fibrous membrane was approximately five times as high as that of the conventional electrospun SiO, micro/
nanofibrous membrane. Furthermore, superhydrophobic property was obtained after hexamethyl-disilazane
modification. The contact angle of porous fibrous membrane was more than 150° and the sliding angle was just
2.1°. The maximum absorption capacity of the modified SiO, micro/nanofibrous membrane with porous surface
for three kinds of oils can reach 43.7 g/g. In addition, the absorption capacity of the porous membrane for
methyl silicone oil was still higher than 34 g/g after repeated use for five times. Hence, porous SiO, micro/
nanofibrous membranes exhibit application prospect in oil/water separation and oil pollution adsorption.
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1. Introduction

Efficient oil and water separation materials and technology must be
developed given the increasing industrial oily wastewater production
and continuous oil leakage [1-3]. In general, materials used for oil—
water separation should have hydrophobic and lipophilic properties to
adsorb and separate oil from water [4,5]. In addition, oil-water se-
paration materials should have high specific surface area to provide
high oil adsorption capacity [6,7]. Therefore, nanoparticles have broad
application prospects in oil-water separation due to their high specific
surface area [8,9]. However, nanoparticles are not easy to recycle after
use, resulting in secondary pollution [10]. Although the modified
magnetic nanoparticles can be recovered [11], the low dispersion of
nanoparticles in water has not been solved.

Electrospun nanofibers not only have high specific surface area
[12-15] but also can easily be recycled [16]. Therefore, polymer na-
nofibrous membranes, such as polystyrene (PS) nanofibrous membrane
[17-19] and polyacrylonitrile nanofibrous membrane [20], are widely
used in oil-water separation and oil spill treatment [21-24] because of
their high hydrophobicity. In addition, several scholars proposed
methods for preparing polymer fibers with porous structure; the re-
sulting materials have ultrahigh specific surface area and surface
roughness and high oil absorption capacities [25-27]. However, the
decomposition or softening temperature of polymer nanofibrous
membrane is low, which leads to low-temperature stability when used
[28,29]. In addition, fibrous membranes may be corroded by seawater
or micro-organisms after prolonged use [30]. Therefore, micro/nano-
fibrous membranes with excellent stability must be developed. SiO,
micro/nanofibrous membranes have been extensively used in oil-water
separation [31,32], and their surface can be superhydrophobic after
being modified by a hydrophobic agent. Moreover, SiO, fibrous mem-
branes can be used repeatedly because of their high-temperature sta-
bility and chemical stability [33]. SiO, fibrous membranes prepared by
electrospinning are flexible and can be easily recycled [34]. The pre-
paration of SiO, micro/nanofibrous membranes with ultrahigh specific
surface area is the key to obtain high oil adsorption capacity.

This paper proposes novel method that combines electrospinning
and freeze drying to prepare SiO, micro/nanofibrous membranes with
porous surface. Camphene was dispersed into the SiO, spinning solu-
tion for freeze electrospinning. During stretching at room temperature
electrospinning, camphene was frozen, and pores were formed by
frozen camphene sublimation after freeze drying. SiO, micro/nanofi-
brous membranes with porous surface were obtained after calcining.
The effects of PS and camphene contents on the surface pore structure
of SiO, micro/nanofibrous membranes were investigated. The hydro-
phobicity and oil adsorption capacity of the resulting micro/nanofi-
brous membranes were also tested. This kind of micro/nanofibrous
membranes will have potential applications in oil-water separation and
oil pollution adsorption treatment.

2. Experimental procedures
2.1. Fabrication of SiO, micro/nanofibrous membranes with porous surface

PS (Mw = "350,000 g/mol, Sigma Aldrich, U.S.A.) was used as the
electrospun polymer. Camphene (95%, Sigma Aldrich, U.S.A.) was used
as pore forming agents. Dimethylformamide (DMF, Tianjin Kemiou
Chemical Reagent Co., Ltd., China) was used as the solvent. Ethyl or-
thosilicate (TEOS, Tianjin Kemiou Chemical Reagent Co., Ltd., China)
was used as the SiO, precursor, and phosphoric acid (AR, Tianjin
Yaohua Chemical Reagent Co., Ltd., China) was employed to promote
TEOS hydrolysis. The hexamethyl-disilazane (HMDS, Tianjin Kemiou
Chemical Reagent Co., Ltd., China) was utilized as a superhydrophobic
modifier for SiO, micro/nanofibrous membranes.

PS was first mixed in 5mL DMF of camphene (0, 1, and 2mL) and
TEOS (5 mL), followed by magnetic stirring at 40 °C for 2h to obtain the
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solutions with 15, 20, and 25 wt.% PS contents. SiO, spinning solutions
were obtained by adding the 0.25 g phosphoric acid and stirring for 24 h at
room temperature. SiO, spinning solutions were loaded into a micropump
of an electrostatic jet apparatus (KH-08, Beijing Kangsente Co., Ltd.,
Beijing, China). PS/SiO,/camphene composite fibrous membranes were
obtained after freeze electrospinning. Freeze electrospun parameters were
as follows: spinning voltage of 24 kV, propulsion rate of 0.66 mL/h, re-
ceiving distance of 17 cm, metal receiving substrate temperature of 0 °C,
and relative humidity of 70%. Finally, PS/SiO»/camphene composite fi-
brous membranes were freeze dried in a freeze dryer (Freezone 2.5L
Triad; Labconco, Kansas, USA) for 12h to remove any camphene and to
obtain the porous PS/SiO, composite fibrous membranes. Finally, SiO,
micro/nanofibrous membranes with porous surface were obtained after
calcining for 2h at 600 °C and cooling with the furnace. SiO, micro/na-
nofibrous membranes were placed in HMDS and soaked for 15 min and
then calcined for 1 h at 190 °C for surface superhydrophobic modification.
For comparison, the conventional SiO, micro/nanofibrous membrane, that
is, no addition of camphene and the same electrospinning, was prepared.

2.2. Characterization

The infrared spectra of SiO, micro/nanofibrous membranes with
porous surface was tested by Fourier transform infrared (FT-IR) spectro-
scopy (Prestige-21, Shimadzu Corporation, Tokyo, Japan) over the range
of 4000-500 cm ™. Morphologies of the SiO, micro/nanofibrous mem-
branes after gold spraying were observed by SEM (JSM 6700, Olympus,
Tokyo, Japan). Specific surface areas of the SiO, micro/nanofibrous
membranes were characterized using a model Gemini VII 2390 analyzer.
The water contact angles and sliding angles of SiO, micro/nanofibrous
membranes were measured by JC2000A (Shanghai Zhongchen Digital
Technology Equipment Co., Shanghai, China) and DSA-100 (Kruss
Company, Germany), respectively. The SiO, micro/nanofibrous mem-
brane with porous surface after HMDS modification was placed in a glass
beaker filled with a mixture of 30 mL oil and 20 mL water. After adsorp-
tion for 60 min, the wet membrane was drained for 60 s. The oil adsorp-
tion capacity (g, g/g) of SiO, micro/nanofibrous membrane with porous
surface was determined by the following Eq. (1):

m, — m

g=—"—
m

@

where m,, is the total mass of the membranes after draining for 60 s, and m
is the mass of the membranes before adsorption. Each sample was mea-
sured thrice to obtain the average value. The oil-adsorbed membranes
were washed by industrial alcohol to remove the oil. The prepared SiO,
micro/nanofibrous membranes were used for repeated oil absorption ex-
periments after drying at 60 °C. Afterwards, the oil absorption capacity
was calculated.

3. Results and discussion

3.1. Composition of SiO, micro/nanofibrous membranes with porous
surface

In general, the phase of SiO, micro/nanofibrous membranes pre-
pared by electrospinning is amorphous [31]. Fig. 1 shows the FT-IR
spectrum of SiO, micro/nanofibrous membranes with porous surface.
The PS raw material and the SiO5/PS composite micro/nanofibrous
membrane were also tested by FT-IR. The characteristic peaks of PS at
696.3 and 756.1 cm ™! were found in the PS/SiO, composite micro/
nanofibrous membrane, that is, the C—H out of plane vibration on
monosubstituted benzene ring. The characteristic peak of SiO, at
1109.1cm ™! was also noted, indicating the Si-O-Si asymmetric vi-
bration. In the SiO, micro/nanofibrous membranes with porous surface,
the Si-O symmetric stretching vibrations peak at 800.5 cm™ was also
found. In addition, no characteristic peaks of PS indicated that PS has
been completely removed after calcination.
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Fig. 1. FT-IR spectra of SiO, micro/nanofibrous membranes with porous sur-
face.

3.2. Morphologies and porous structure of SiO, micro/nanofibrous
membranes

Morphologies of SiO, micro/nanofibrous membranes with porous
surface obtained by freeze electrospinning by using solutions with dif-
ferent PS and camphene contents are shown in Fig. 2. Fig. 2(a)-(c) show
the effect of PS contents in the spinning solution on the pore structure
of the SiO, micro/nanofibrous membrane. The camphene content was
1ml. When the PS content was 15wt.%, only a large number of
channels was observed on the fiber surface, and no obvious pores were
found. When the PS content was increased to 20 wt.%, the elliptical
pores occurred on the fiber surface. However, the SiO, fibers were
broken at 25 wt.% PS content in the spinning solution. This result in-
dicated that the surface pore structure of the fiber in the SiO, micro/
nanofibrous membrane was related to PS content. In addition, PS
content remarkably affected the formation of pores. When the PS con-
tent was low, the viscosity of the spinning solution was low and was
rapidly stretched by the electric force and gravity. The jet also was split
during stretching. Camphene was elongated on the fiber surface, and
the pore channel was formed. By contrast, when the PS content was
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high (25 wt.%), the SiO, fibers were loose and fractured due to the
decomposition of PS during calcination.

Fig. 2(d)-(f) show morphologies of porous SiO, micro/nanofibrous
membranes by adding different camphene contents. The PS content was
20 wt.%. Pores on the surface of SiO, micro/nanofibrous membrane oc-
curred after adding camphene. With increasing camphene content, the
pore number on the fiber surface also increased. The joint and adhesions
was formed at the lap of micro/nanofibers because the solvent was not
completely volatilized in the process of electrospinning. It is a negative
impact on the specific surface area of the micro/nanofibers. The SiO,
micro/nanofibers formed after composite fiber calcination were all bent
due to the decomposition and contraction of PS in the composite fibers.
When the camphene content increased to 2 mL, the SiO5 micro/nanofibers
broke remarkably. SiO, micro/nanofibers could not be continuous after
calcination because the pores formed by camphene were too large.

To further analyze the surface pore structure of SiO, micro/nano-
fibrous membranes, a single SiO, micro/nanofiber was amplified and
observed, as shown in Fig. 3. Fig. 3(a) shows the surface SEM mor-
phology of the SiO, micro/nanofiber. A large number of irregular pores
were observed on the micro/nanofiber surface, but their pore sizes were
the same. This phenomenon indicated that the distribution of camphene
in the spinning fluid and the jet was uniform. To explore the internal
structure of porous SiO, micro/nanofibers, a single SiO, micro/nano-
fiber was tested by transmission electron microscopy (TEM), as shown
in Fig. 3(b). In the SiO, micro/nanofiber, dark and light parts alter-
nated, and the light ones were frequent. The internal density of the SiO,
micro/nanofiber was uneven because of the porous structure in the
fiber. In addition, some electron beams are easy to penetrate the pores
and showed light color. Therefore, porous structures existed on the
surface and inside the SiO, micro/nanofiber.

With the above experimental results, formation of the porous SiO,
micro/nanofibers may be explained as the mechanism shown in Fig. 4. In
electrospinning process, the high voltage electrostatic field stretched the
spinning fluid into a jet. When the jet was just formed, the distribution of
camphene and the PS in the jet were uniform. With the stretching of the
jet, the solvent evaporated rapidly from the jet surface. The camphene
began to diffuse toward the edge of the fiber. The low jet temperature
reduced volatilization rate of camphene. The main purpose of high relative
humidity is to reduce the volatilization rate of the camphene in the jet, so
that the camphene can exist in the composite fibers. After freeze-drying,

Fig. 2. Morphologies of SiO, micro/nanofibrous membranes with porous surface obtained by freeze electrospinning by using solutions with different PS and
camphene contents: (a) 15 wt.% PS; (b) 20 wt.% PS; (c) 25 wt.% PS; (d) 0 mL camphene; (e) 1 mL camphene; and (f) 2 mL camphene.
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Fig. 3. Surface porous structure of SiO, micro/nanofibers: (a) the surface morphology (SEM); (b) the porous structure (TEM).

the camphene sublimates to form porous structure. The high relative hu-
midity promoted the rapid solidification of PS in the jet also. Moreover,
the camphene was solidified into spheres spontaneously, with the lowest
spherical surface energy. However, the jet was continuously stretched.
Thus, the solidified camphene finally presents the ellipse. After drying, the
camphene was sublimated and pores were formed on the surface of
composite micro/nanofibers. As shown in illustration (i), elliptical pores
were distributed on the surface of the composite fibers. After calcined, the
camphene was completely removed to form the SiO, micro/nanofibrous
membrane with elliptical pores on the surface. The diameter of the fibers
was shrunk with the decomposition of the PS. Furthermore, the decom-
position of PS further had positive effects on the formation of internal
pores and the enlargement of surface pores. However, the removal of PS
may be lead to fiber breakage. It can be clearly observed from the illus-
tration (ii) that elliptical pores and fiber breakage appeared on the SiO,
micro/nanofibers.

3.3. Hydrophobicity of SiO, micro/nanofibrous membranes with porous
surface

The porous structure on the hydrophobic fiber surface can produce
high specific surface area, thereby enhancing its hydrophobic properties
[35]. Fig. 5 shows Brunauer—-Emmett-Teller (BET) surface curves of SiO,

micro/nanofibrous membranes with porous surface. In Fig. 5(a), with
increasing PS content, the specific surface area of the SiO, micro/na-
nofibrous membranes increased. The PS in the micro/nanofiber was
decomposed and removed during the calcination, resulting in the for-
mation of pores in the micro/nanofibers. When the PS content was 20 wt.
%, the specific surface area of the SiO, micro/nanofibrous membrane
was 106.6 m?/g. When the PS content was 25 wt.%, the micro/nanofi-
bers were broken after calcination and the specific surface area of the
SiO, micro/nanofibrous membrane was the highest of 161.9 m?/g.
However, the micro/nanofibers were discontinuous, which is not con-
ducive to practical application. The specific surface area of the SiO,
micro/nanofibrous membrane first increased and then decreased with
increasing camphene content (Fig. 5b). When the camphene content was
2mlL, a large number of SiO, caused serious fracture of SiO, micro/na-
nofibers, but their specific surface area decreased. It was mainly because
of the joints and adhesions formed at the lap of composite micro/nano-
fibers. SiO5 micro/nanofibers were agglomerated into blocks with the
decomposition and shrinkage of PS after calcination.

The water droplets were absorbed by the surface of SiO, micro/na-
nofibrous membranes because SiO, is a hydrophilic material [36]. The
contact angle of water drop on the unmodified membrane was 0°. Hy-
drophobic modification of SiO, micro/nanofibrous membrane was carried
out with HMDS and the water droplets were prevented wetting. Contact

4.
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Fig. 4. Formation diagram of the porous SiO, micro/nanofibers: those number marks represented the states (1) when the jet was just formed, (2) when the jet was
stretching, (3) when the jet was solidified into fibers (i, a morphology of composite fibers) and (4) when the fibers was calcined (ii, a morphology of porous fibers).
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Fig. 5. BET surface curves of SiO, micro/nanofibrous membranes with porous surface: (a) different PS contents, the camphene content is 1 mL; (b) different

camphene contents, the PS content is 20 wt.%.

angles were tested and compared with the conventional SiO, micro/na-
nofibrous membranes as shown in Fig. 6. For conventional SiO, micro/
nanofibrous membranes (Fig. 6a), the water contact angle of water drop
on the membrane was 155.49°. In the contact angle test of the SiO, micro/
nanofibrous membrane with porous surface, the water droplet cannot drop
on the surface (Fig. 6b). This result indicated that the retentive force be-
tween the droplet and the porous SiO, micro/nanofibrous membrane
surface was small and the contact angle was more than 150°. The sliding
angle of conventional SiO, micro/nanofibrous membranes was 16.5° while
the sliding angle of porous SiO, micro/nanofibrous membrane was just
2.1°. This phenomenon showed that the porous SiO, micro/nanofibrous
membrane exhibited excellent superhydrophobicity.

3.4. Oil absorption capacities of SiO, micro/nanofibrous membranes with
porous surface

The SiO, micro/nanofibrous membrane with porous surface prepared
by freeze electrospinning has high specific surface area and super hydro-
phobic property for oil. This condition can absorb oil in water to achieve
the purpose of removal. Absorption capacities of SiO, micro/nanofibrous
membranes for sunflower oil, methyl silicone oil and lubricant oil were
measured, as shown in Fig. 7. Porous SiO, micro/nanofibrous membranes
apparently showed much higher oil adsorption capacities than the con-
ventional SiO, micro/nanofibrous membranes, especially for methyl sili-
cone oil (Fig. 7a). The maximum adsorption capacity of the porous SiO,
micro/nanofibrous membrane for methyl silicone oil was 43.7g/g,
whereas that of the conventional SiO, micro/nanofibrous membrane was
only 18.9g/g. From Fig. 7b, it can be clearly seen that the adsorption
capacity of the porous SiO, micro/nanofibrous membranes gradually

decreased with the increase of adsorption times and basically remained
unchanged after three times adsorption. After the oil adsorption, SiO,
micro/nanofibrous membranes with porous surface were washed by in-
dustrial alcohol, and some oil remains in the surface pores. This phe-
nomenon decreased the oil absorption capacity. When the oil adsorption
number was five times, the oil absorption of the SiO, micro/nanofibrous
membrane with porous surface for methyl silicone oil was still larger than
34 g/g. Thus, the membrane with porous surface has a great advantage in
the adsorption and removal of the oil spilled on the water.

4. Conclusions

SiO, micro/nanofibrous membranes with porous surface were ob-
tained by the combination of electrospinning and freeze drying. The pores
formed by camphene in the spinning solution existed on the surface of
micro/nanofibers. The decomposition of PS had a positive effect on the
formation of internal holes during calcination. The specific surface area of
the porous fibrous membrane was approximately five times higher than
that of the conventional electrospun SiO, micro/nanofibrous membrane.
In addition, its superhydrophobic property was obtained after HMDS
modification. The contact angle of porous fibrous membrane was more
than 150° and the sliding angle was just 2.1°. The maximum absorption
capacity of the modified SiO, micro/nanofibrous membrane with porous
surface can reach 43.7 g/g for three kinds of oils. The absorption capacity
of the resulting membrane for methyl silicone oil was still higher than
34 g/g after repeated use of five times. This condition indicated a appli-
cation prospect in oil/water separation and oil pollution adsorption.
However, the control of pore size and distribution on the micro/nanofiber
surface needs further study in the future.

)

Fig. 6. Contact angle measurements of (a) conventional SiO, micro/nanofibrous membranes; (b) SiO, micro/nanofibrous membranes with porous surface by using

water droplets. The arrow represents the movement direction of the droplets.
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Fig. 7. (a) Absorption capacities of SiO, micro/nanofibrous membranes for different oils; and (b) Absorption capacities of SiO, micro/nanofibrous membranes with
porous surface after repeated use.
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