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Abstract

Directional fluid transport is of significance to many physical processes in
nature. How to manipulate this process by man-made material is still a key
challenge to scientists. In this study, Janus fabric was constructed by electros-
pinning a layer of polyvinylidene fluoride (PVDF) nanofibers on woven cot-
ton or gauze. The chemical composition, morphology and surface wettability
of two sides of Janus fabric were characterized by infrared spectroscopy,
scanning electron microscope (SEM) and contact angle measurement. By
controlling the PVDF electrospinning time, the maximum hydrostatic pres-
sure of Janus fabric with different PVDF thickness was measured. It was
found that PVDEF/gauze is more favorable for unidirectional water transpor-
tation, and the moisture also can transfer from hydrophobic side to hydro-
philic side. With the advantages of facile preparation, low-cost and one-way
water/moisture transportation, the Janus fabric prepared in this study can be
applied for water separation, humidity transfer and water collection from the
air.

Keywords

Unidirectional Water Transportation, Surface Wettability, Nanofiber,
Hydrostatic Pressure

1. Introduction

Liquid unidirectional transportation refers to the phenomenon that the liquid
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spontaneously penetrates along a certain direction without the external energy
input (such as pressure field, light, magnetism, etc.), but does not transport in
the opposite direction [1] [2] [3]. This phenomenon can be observed in the na-
ture, such as the water collecting function of spider silk [4], the unidirectional
flow of cell membrane liquid, etc. The self-transportation of water or moisture
could be applied in the waterproof and moisture permeable clothing [5] [6], wa-
ter collection [7] [8], water separation and purification, etc.

Janus membrane, with opposite wettability in the both sides, is found to be ef-
fective in driving liquid unidirectional transportation [9] [10] [11]. However,
how to introduce surfaces with different wettability to the porous membrane, is
a great challenge to the scientists [12] [13]. For wet modification method, the
modification of one side is hard to realize due to the capillary force existing in
porous matrix. In recent years, electrospinning, as an efficient and convenient
method for the preparation of nanofibers, has been used to prepare Janus mem-
brane [14] [15] [16]. Electrospinning is a method that uses high-voltage elec-
trostatic force to stretch and refine polymer solution or melt, and finally solidify
on the receiving substrate to prepare micron or nanofibers [17].

It is reported that the structure of electrospun fibers is affected by many fac-
tors, including the type and the concentration of polymer solution, electrospin-
ning voltage, receiving distance, the humidity and so on [18]. For example, by
controlling the concentration of spinning solution, the “bead-knot” structure fi-
ber can be prepared to enhance the hydrophobicity of the material and achieve a
stable superhydrophobic state [19]. Moreover, the thickness and porosity of na-
nofibrous membrane could be regulated by adjusting the electrospinning time or
receiving distance. Therefore, by using electrospinning technology, the composi-
tion and structure of Janus membrane could be well controlled [20] [21].

Janus membrane can effectively drive the self-transportation of liquid. When
the water droplet drops on the hydrophobic side, the contact angle is larger than
90° due to the hydrophobic effect and the surface tension of water itself. Under
the co-interaction of Laplace pressure and capillary force, the water droplet is
quickly pulled into the hydrophilic side to achieve the spontaneous transport
through the membrane [22]. The inverse process would be blocked since the
water droplet will spread on the surface as soon as it contacts the hydrophilic
side. In this study, a Janus membrane was prepared by electrospinning poly (vi-
nylidene fluoride) (PVDF) nanofibers onto cotton fabric (woven cotton and
gauze). The thickness of PVDF layer was regulated and the unidirectional water

transportation performance was investigated.

2. Experimental Section

2.1. Materials

PVDF (180,000 MW, Sigma-Aldrich) and N,N-Dimethylacetamide (DMF,
99.5%, Gaojing Fine Chemical Industry Co., Ltd.) were used as received. Medical
gauze and woven cotton fabric were purchased from Jingzhong Sanitary Mate-
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rials Co. Ltd. and Hengyang Textile Co. Ltd., respectively.

2.2. Preparation of PVDF/Cotton Fabric

2.5 g PVDF and 7.5 g DMF were added into a glass vial, followed by being
stirred at 75°C. The obtained 25 wt% PVDF solution was used for electrospin-
ning. The syringe was fixed on the propelling pump. The high-voltage positive
stage was connected to the spinneret, and the negative electrode was connected
to the receiving device. The fabric (20 cm x 30 cm) was fixed on the aluminum
foil and used as a receiving substrate. The receiving distance was 15 cm and the
voltage was set at 16 KV. The electrospinning speed was 0.15 mm/min, and the

electrospinning time was 2, 4, 6, 8, 10, 15, 20, 25, 30 min.

2.3. Characterization

The prepared Janus films were characterized by Nicolet 5700 Fourier transform
infrared spectroscopy (FTIR). The chemical components of two sides of Janus
fabric were analyzed.

Scanning electron microscope (JSM-5610LV) was used to observe the mor-
phology of different electrospun membranes. SEM uses electron beams to scan
the sample surface point by point, and the generated electronic signals display
various characteristics of the surface morphology. By adjusting the electrospin-
ning time, the structure of different PVDF membranes was investigated.

The wettability of both sides of Janus fabric was measured by DSA-20 video
contact angle tester. The water droplet (2 pL) was dropped onto the fabric and

the variation of contact angle was recorded and the wicking curve was analyzed.

2.4. Hydrostatic Test

The hydrostatic test was carried out by putting the Janus fabric between two fil-
ter cups, and water was pumped into the upper cup by peristaltic pump at a flow
rate of 39 mL/min. The height of water when it begins to penetrate was record-
ed, and the maximum hydrostatic pressures that both sides of Janus fabric can
hold were studied.

2.5. Moisture Management test

The sample (90 mm x 90 mm) was put on the sensor of the instrument. The wa-
ter dripping time was set as 10 s. The moisture content of the upper and lower
side of fabric was measured and the total test time was 260 s. And then, the ac-

cumulating one-way transport index was calculated by the instrument.

3. Results and Discussion

Two types of fabrics were used as substrates to prepare Janus fabric by intro-
ducing PVDF nanofibers on their upper surfaces. PVDF was served as hydro-
phobic layer and the cotton fabrics were served as hydrophilic layer. The surface
chemistry and wettability were investigated to confirm the success of preparing

Janus fabric.
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3.1. Surface Chemistry of Janus Fabric

FTIR test was employed to analyze the different chemical composition of the
hydrophilic and hydrophobic sides of Janus fabric (Figure 1). It was shown that
new peaks were found in the spectra of hydrophobic side of Janus fabric. The
peak at 1166 cm™ was attributed to the stretching vibration of -CF,, which is a
side group of PVDF chain. For the hydrophilic side, peaks at 1108 cm™" and 1056
cm™ is the main characteristic peaks of cotton. It was indicated that the chemical
composition of two sides is different and the Janus fabric has been successfully
prepared.

3.2. Surface Morphology of Janus Fabric

The structures of PVDF nanofibers on woven cotton and gauze were observed
by SEM (Figure 2). The as-prepared PVDF nanofibers have spindle structures in
the filaments, which may beneficial to the improvement of surface hydrophobic-
ity. According to the Wenzel model, the increase of surface roughness by intro-
ducing microstructure into the nanofibers will lead to the enhancement of sur-
face hydrophobicity.
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Figure 1. FTIR spectra of Janus fabrics: (a) hydrophobic side of PVDF/woven cotton; (b)
hydrophilic side of PVDF/woven cotton; (c) hydrophobic side of PVDF/gauze; (d) hy-
drophilic side of PVDF/gauze.
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Figure 2. SEM images of PVDF nanofibers on woven cotton and gauze. ((a)-(d)) PVDF
nanofibers on woven cotton: (a) 6 min; (b) 8 min; (¢) 10 min and (d) 20 min; ((e)-(h))
PVDF nanofibers on gauze: (e) 2 min; (f) 4 min; (g) 6 min and (h) 10 min.
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Not only the hydrophobicity, but also the thickness of hydrophobic layer has a
significant influence on the unidirectional water transportation performance.
The thickness of PVDF nanofiber membrane was controlled by changing the
electrospinning time. As shown in Figure 2, with the increase of PVDF electros-
pinning time, nanofibers with a higher density were found on the surface of cot-
ton fabric. When the electrospinning time is short (e.g. 6 min and 8 min), the
PVDF nanofiber layer is too thin to cover the pores of cotton fabric. When the
electrospinning time is 10 min or longer, a layer of uniformly distributed nano-
fibers was formed on both woven cotton and gauze (Figure 2(c), Figure 2(d),
Figure 2(h)).

3.3. Surface Wettability of Janus Fabric

The surface wettability of Janus fabric was characterized by contact angle (CA)
measurement (Figure 3). The cotton fabric is hydrophilic with CA=0" (t=0s),
while the PVDF membrane is hydrophobic with CA approximately 130° (t = 0
s). For PVDF/woven cotton, the PVDF layer is still hydrophilic when the elec-
trospinning time is 2 min or 4 min (Figure 3(a)). It is because that PVDF nano-
fibers is too thin to cover the hydrophilic substrate completely. As the thickness
of PVDF layer further increased (the electrospinning time > 4 min), insignificant
change of contact angle was found. For PVDF/gauze, the variation of contact
angle showed a similar trend.

Since cotton fabric is hydrophilic, water droplet will easily wick into the fabric
due to the capillary effect. The wetting behavior of water droplet on the surface
of PVDF/woven cotton and PVDF-gauze was investigated. When the electros-
pinning time is 4 min and 6 min, the PVDF nanofibers were completely wetted
within 3 s (data is not shown here). When the electrospinning time is 8 min, the
water contact angle of PVDF layer slightly reduced about 5° at t = 5 min (Figure
3(b)). For PVDF/woven cotton with PVDF electrospinning time 10 min, the

water droplet was very stable. There is no obvious change was found in CA val-

ue.
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Figure 3. Water contact angle (t = 0 s) of Janus fabric. (a) The contact angle of
PVDF/woven cotton. The inset is the wick curve of PVDF layer of PVDF/woven cotton
with PVDF electrospinning time 8 min and 10 min. (b) The contact angle of PVDF/gauze.
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The images of water droplets on hydrophobic side and hydrophilic side of Ja-
nus fabric are consistent with the above results (Figure 4). Due to the existence
of PVDF nanofibrous membrane on the hydrophobic side, the water droplet
cannot wick into the fabric, while it rapidly goes into the fabric on the hydro-
philic side. Therefore, it can be concluded that we have successfully prepared a

Janus fabric with opposite wettability on two sides.

3.4. Unidirectional Water Transportation Performance

When the electrospinning time was 2 min and 4 min, the maximum hydrostatic
pressure of the hydrophilic side was lower than that of the hydrophobic side
(Figure 5(a)). It is because PVDF nanofibers are not thick enough to resist the
penetrating of water. When the electrospinning time was 6 min and 8 min, the
maximum hydrostatic pressure of the hydrophilic side was lower than that of the
hydrophobic side. When the electrospinning time is 10 min, water penetration
can be blocked in a certain level by the dense and thick PVDF nanofibrous layer
on the fabric. In this situation, it is easier for water to transport from hydrophilic
side to hydrophobic side. Therefore, for PVDF/woven cotton, water is failed to

transport unidirectionally.
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Figure 4. The images of water droplets on ((a), (e)) hydrophobic side and ((b), (f)) hy-
drophilic side of PVDF/woven cotton with PVDF electrospinning time 8 min; The images

of water droplet on ((c), (g)) hydrophobic side and ((d), (h)) hydrophilic side of
PVDF/gauze with PVDF electrospinning time 6 min.
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Figure 5. Hydrostatic pressure resistance test: (a) the height of water column on both
sides of PVDF/woven cotton; (b) the height of water column on both sides of PVDF/gauze.
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For PVDF/gauze, the maximum hydrostatic pressure of hydrophilic side is
always larger than that of hydrophobic side (Figure 5(b)). It suggested that wa-
ter tend to transport from hydrophobic side to hydrophilic side. When the elec-
trospinning time is 8 min, the thickness of PVDF layer is optimal for driving the
unidirectional water transportation since the difference of height between two
side is the largest. In conclusion, PVDF/gauze is more conducive to the one-way
water transport. It may be attributed to a relatively high porosity of gauze com-
paring to woven cotton. A larger capillary force makes it easier for water to
overcome the hydrophobic force brought by PVDF layer and pass through from
hydrophobic side to hydrophilic side.

The moisture permeability of Janus fabric was characterized by moisture
management tester (MMT). This measurement is used to investigate the dy-
namic performance of liquid in fabrics, including the water absorption speed of
inner and outer layers of fabric and one-way water transportation capability. As
shown in Figure 6(a), the water ring area (indicated by blue) on the hydro-
phobic side of PVDF/gauze is smaller than that on the hydrophilic side. It is
suggested that water unidirectionally transport from hydrophobic side to hy-
drophilic side. As a control, the water ring areas on both sides of gauze are simi-
lar, which indicated that water can reversely permeate from one side to the other
(Figure 6(b)). The cumulative one-way transport index of the fabric is quantita-
tively analyzed (Figure 6(c)). The one-way transport index means the difference
of liquid absorption and diffusion tendency from one side to the other. The re-
sults showed that the index of gauze is negative, while that of PVDF/gauze is
5.86. The positive value also proves that the water transportation in PVDF/gauze

is unidirectional.

4. Conclusion

A layer of hydrophobic PVDF nanofibers was composited to hydrophilic cotton
fabric by electrospinning technology. SEM images showed that the nanofibers
owned spindle structure and the thickness and morphology of PVDF nanofibers
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Figure 6. MMT test of (a) PVDF/gauze (PVDF electrospinning time is 8 min) and (b)
gauze; (c) one-way transport index of PVDF/gauze and gauze.
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were well controlled by adjusting the electrospinning time. The obtained
PVDEF/woven cotton and PVDF/gauze showed different chemical composition
and wettability on two sides. The maximum hydrostatic pressure of hydrophilic
side is larger than that of hydrophobic side of PVDF/gauze, indicating that it is
easier for water transfer from hydrophobic side to hydrophilic side. The differ-
ence of hydrostatic pressure of two sides is prominently affected by the type of
hydrophilic substrate and the thickness of hydrophobic layer. Our study pro-
vided a facile way to prepare Janus fabric with controllable structure and good

unidirectional water transportation performance.
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