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Researchers are excited about the latest advances in the long needle elec-
trospinning and the bubble electrospinning, which have triggered wide-
spread concern. This paper offers a new angle for modifying both meth-
ods, the former is developed into a modified one with an auxiliary helix
needle, which is used for fabrication of super-hydrophobic polyvinylidene
difluoride-copolypolyhexafluoropropylene nanofiber membrane (PH-E
membrane for short), and the latter is extended to a bubble electrostatic
spaying, which is used for spraying PDMS microspheres on the PH-E
membrane surface, and the resultant membrane is called as the PDMS-
PH-E membrane. Both membranes hydrophobicity, surface roughness,
porosity, and wetting property are measured and compared, and the drop
impact dynamical property of the PDMS-PH-E membrane has opened the
path for a new way to design of self-clearing and anti-fouling and anti-
wetting surfaces. Far-reaching applications of the membranes include en-
erav harvestina devices and sensors. We anticipate this article to be a starting
point for more sophisticated study of the bubble electrostatic spaying and
PDMS-PH-E membrane advanced applications.
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Introduction

Nanofiber membranes have become versatile materials for filtration and wetting
[1-3]. In order to improve the hydrophobicity of a nanofiber membrane to a superhydrophobic
level, the membrane surface should be further treated, Li et al. [4] revealed the mechanism for
converting hydrophobicity to hydrophilicity, and vice versa. There are two main methods for
the surface treatment, one is the saturated impregnation technology [5], the other is the pow-
der coating technology [6]. The former is to impregnate the base membrane in a high water-
proof coating solution, and its hydrophobicity can be greatly improved after an extrusion pro-
cess; the latter is to spray the high waterproof coating material evenly on the surface of the
base membrane, its adhesion to the membrane surface depends upon its hot melt property. In
recent years, a new high waterproof coating method was appeared, namely the electrostatic
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spraying technology [7]. Comparing to the electrospinning [8-10], the electrostatic spraying is
to use a low concentration of solutions, so that only droplets are obtained instead of nano-
fibers. The electrostatic spraying technology is generally to spray high waterproof micron par-
ticles on the surface of the coated material. However, the three coating methods have certain
shortcomings, for examples, much coating solution is wasted and pores nanofiber membranes
are blocked in the impregnation method, the powder coating technology requires a complex
operation and a relatively high energy consumption, while the electrostatic spraying technolo-
gy requires a long spraying time with a low efficiency, and it is not convenient to adjust the
spraying direction during the spraying process.

In this study, a novel electrostatic spraying technology was developed based on the
bubble electrospinning technology [11-13] to prepare superhydrophobic nanofiber mem-
branes, and its properties were characterized.

Materials and methods

Materials and reagents

Analytically pure polyvinylidene difluoride-copolypolyhexa fluoropropylene
(PVDF-HFP) was provided by Sinopsin Chemical Reagent Co. Ltd. Polydimethylsiloxane
(PDMS) was chosen as Dow Corning 184. Analytical pure distilled water from Nanjing
Jinghao Water Treatment Technology Co., Ltd. was used. Analytically pure polyvinylidene
fluoride (PVDF) was purchased from Zhejiang Juhua Co., Ltd. Analytically pure lithium chlo-
ride solution (LiCl) was provided by Tianjin Xidian Chemical Technology Co. Ltd. Analyti-
cally pure N-N dimethylformyl (DMF), analytically pure acetone, and analytically pure tetra-
hydrofuran (THF) were all provided by Shanghai Runjie Chemical Reagent Co., Ltd.

Experimental set-up

As shown in fig. 1, a combined needle with a straight needle with a length of
150 mm and a helix one with 13 helix spirals was used in the experiment, see the left part of
fig. 1. Polyvinylidene difluoride-copolypolyhexafluoropropylene (PVDF-HFP, or PH) was
used to prepare a super-hydrophobic PVDF-HFP nanofiber membrane (PH-E membrane) by
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Figure 1. The PH-E membrane by the long needle electrospinning and PDMS-PH-E membrane by
the bubble electrostatic spraying
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electrospinning. The obtained PH-E membrane is used as the base membrane for further sur-
face treatment. The PDMS solution was used in the bubble electrostatic spraying, see the right
part of fig. 1, to be sprayed onto the PH-E membrane, and the resultant membrane with
PDMS microspheres on the surface was called PDMS-PH-E membrane for short. The prepa-
ration process of PH-E membrane and PDMS-PH-E membrane is shown in tab. 1.

Table 1. Parameters in fabrication of PH-E membrane and PDMS-PH-E membrane

Membranes Parameters Values
Combined needle of a long needed and a helix one 150+nl1£nhs;|ria)1(i%gtirr;?sedle
LiCl concentration in the spun solution 0.8%
PH-E PH:DMF: Acetone (mass ratio) 15:59.5:25.5
membrane High electrostatic voltage [kV] 20
Receipt distance [cm] 16
Injection velocity [mL per hour] 0.75
Spinning time/hour 10
Mass loss after solidification (PDMS solution) 90%
DMF:THF (mass ratio) 1:1
P?@fﬁ]?ﬂf PDMS:PVDF: (DMF/THF) 2.5:2.5:95
High electrostatic voltage [kV] 30
Spraying distance [cm] 12

Preparation of PDMS-PH-E membrane

The PH-E membrane was fabricated through a modified long needle electrospinning
with an additional helix needle. The spun solution was prepared by the mixture of PH, LiCl
(as additive), DMF and acetone (as solvent). The weight mixing ratio of PH, DMF, and ace-
tone is 15:59.5:25.5 (the average viscosity of the spun solution was 3265 mPa-s, and the cal-
culated Reynolds number was much less than 2320. Therefore, the solution can be considered
as a laminar flow in the long needle. To prepare polymer microspheres, solidified PDMS so-
lution and PVDF were dissolved in the mixed DMF and THF solvent with a mass ratio 1:1 at
50 °C. The 1:1 ratio was such selected to prevent dissolving heterogeneity due to THF volatil-
ity. The final weight ratio of PDMS, PVDF and DMF/THF mixture solvent was 2.5:2.5:95.

The long needle electrospinning was proposed [14], and it is now used to control in-
ner nanostructure of nanofibers [14-17], here a modification was suggested by a combined a
long needle and a helix needle. The bubble electrospinning technology [11-13] was developed
into a bubble electrostatic spraying.

Properties and characterization of nanofiber membranes

After 80 seconds of sputtering gold, the surface morphology of nanofiber membra-
nes was observed by the SEM (JSM-1T100). The surface roughness of the nanofiber mem-
brane was measured by the atomic force microscope (AFM) (NX-PTR, Shanghai Nateng In-
strument Co. Ltd.) with silicon tip (LTESP-V2, ca.330 kHz) in tapping mode. The functional
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groups on the surface of nanofiber membranes were analyzed by the Fourier transform infra-
red spectroscopy (FTIR) and the X-ray diffraction (XRD). The IR spectra (700-4000 cm™?) of
each membrane were collected with a resolution of 2 cm™ in the attenuated total reflection
(ATR) mode. The diffraction peaks were recorded under experimental conditions of 40 kV
and 40 mA using an XRD (X'Pert Powder, PANalytical, Netherlands) with Cu Ka radiation.

The wettability of nanofiber membrane surface was characterized by the contact an-
gle (CA). The contact angle and the slip angle of the liquid on the membrane were observed
by PZ-300SD (the dynamic droplet angle tester). All measurements were repeated at least five
times and averaged. In order to monitor the bouncing effect of the droplets on the membrane
surface, the droplets were generated from a predetermined height by a thin stainless steel nee-
dle connected to an injection pump (KD Scientific). The dynamics of the droplet effect was
recorded using a high-speed camera (Photron, Fastcam SA4) with a frame rate of 3600 fps
and a shutter speed of 1/3600 seconds. The captured images were analyzed using the software
ImageJ (1.8.0 Chinese version). All experiments were conducted at the room temperature and
the relative humidity was 50%.

The average pore diameters were measured using a capillary porosity meter (Poro-
Lux™ 3G, POROMETER, Germany) based on gas-liquid displacement porosity measure-
ment. The same equipment was used to measure the liquid inlet pressure by measuring the
minimum pressure required to allow water to penetrate the membrane pores. The nanofiber
membrane porosity was determined by the gravimetry by the following steps. The dry nano-
fiber membrane sample (3 cm x 3 cm) was weighted, the sample was completely wetted with
ethanol, and the weight of the wet membrane was measured. The porosity, ¢, is then deter-
mined by calculating the volume of ethanol in the membrane sample:
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where w; and w> [g] are the weight of wet and dry membranes, respectively, and De and Dy
[gm~2] — the density of ethanol and polymer, respectively. The porosity affects greatly materi-
als thermal property [18, 19], mechanical property [20], and the capillary effect [21-23].

Results and discussion

Microstructure of membrane surface

As shown in fig. 2(b), many microspheres were obtained on the surface of the
PDMS-PH-E membrane. Careful observation showed wrinkles or small bumps on the surface
of the particles. The polymer particle layer showed a certain thickness (about 8um) on the
base membrane, and we could consider the polymer particle layer as a 3-D hydrophobic barri-
er, fig. 2(a). The mentioned unique surface morphology of microspheres may be due to the in-
terface behavior caused by solvent evaporation rate and polymer viscosity. At the high evapo-
ration rate of THF solvent, PDMS molecules can neither diffuse back into the microsphere
nor approach each other during droplet shrinkage. Due to the high concentration of PDMS or
their entanglement, the polymer molecules were able to bond together more easily. By con-
trolling polymer viscosity and solvent evaporation, smaller hydrophobic microporous poly-
mers with sizes adjustable to 3~5 pum were generated in this experiment.
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Figure 2. The SEM image of PDMS-PH-E membrane

Chemical structure

The FTIR spectra of the coated surface of PDMS-PH-E membrane and its opposite
surface, which can be regarded as PH-E membrane, were shown in fig. 3(a), and the XRD
patterns of PDMS-PH-E membrane and PH-E membrane were shown in fig. 3(b). The PH en-
hanced the hydrophobicity of the prepared nanofiber membranes due to its high fluoride, F,
ratio. The FTIR analysis could clearly explain the hydrophobicity of the membranes. The two
hydrophobic membranes based on PVDF (C-PVDF, PH-E and PDMS-PH-E) had repeated
small molecules (CH; and CF; bonding). At 1402 and 1174, the absorption peak of CH bond
and 878 cm™* correspond to the stretching vibration of C-H bond, the symmetric stretching of
C-F bond and the skeleton vibration of C-C bond, respectively. In the surface of PDMS-PH-E
membrane coated with functional PDMS microspheres, multicomponent peaks between
1010 cm™* and 1080 cm™ are attributed to Si-0-Si stretching, and peaks near 796 cm™ repre-
sent Si(CHs). wobbling. In the IR absorption band spectrum of PDMS-PH-E, the peak at
840 cm™ corresponding to the S-phase of PH-E crystals is enhanced compared with that of
PH-E. The results showed that when PDMS were used for the bubble electrostatic spraying,
the crystal-induced p-phase formation was consistent with the membrane properties shown in
tab. 2, with porous and high LEP. The results were consistent with XRD tests, fig. 3(b), where
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Figure 3. The FTIR spectra and XRD patterns of the two membranes; (a) FTIR spectra of coated
surface of PDMS-PH-E membrane (A) and the opposite surface (PH-E membrane) of PDMS-PH-E
membrane (B) and (b) XRD patterns of PDMS-PH-E membrane (A) and PH-E membrane (B)
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the PDMS-PH-E membrane showed a new peak at 26 of 11.9°, corresponding to the tetra lat-
tice of PDMS. This indicated that PDMS successfully coated and embedded on the PH-E

membrane, resulting in the formation of a hybrid (PDMS-PH) membrane.

Table 2. Properties of nanofiber membranes

Parameters PH-E membrane PDMS-PH-E membrane

Material PH PDMS-PH
Average pores [um] 0.53 0.48
Porosity [%] 87.46 87.92
Membrane thickness [pum] 97.6 101.8
CA[’] 138.1 156.2
Roll angle [°] - 18.2
Liquid entry pressure (LEP) [bar] 0.89 1.28
Pure water flux (LMH) 35.9 37.7

Note: LMH refers to the pure water flux measured in DCMD at a flow rate of 0.5 Lpm at a feed temperature of 60 °C and a

permeation temperature of 20 °C.

Hydrophobicity and surface roughness

The PDMS-PH-E membrane showed characteristic properties in high porosity and
high LEP, tab. 2, high water yield in MD compared to PH-E membranes. The PDMS micro-
spheres improved greatly permeability resistance (high hydrophobicity) and low wettability,
and improved significantly the surface hydrophobicity of the PH-E membrane, as confirmed

PH-E PDMS-PH-E
membrane mebrane
Pure water -t o
Methylene
blue (MB) . .
Crystal
violet (CV) ‘ .
Acid red ) ‘
(AR18) .
Acid
yellow (AY36) @ Sar

Figure 4. Pure water and dye droplets
on the surface of two different
membranes (PH-E and PDMS-PH-E)

by the increase in the contact angle from 138.1°
(PH-E) to 156.2°. When the contact angle is larger
than 150°, it is superhydrophobic. The higher contact
angle of the droplet of the PDMS-PH-E membrane
than that of PH-E membrane was exactly consistent
with the CA values for the dye droplet test, see fig. 4.
The AFM images of PH-E, fig. 5(a) and PDMS-
PH-E, fig. 5(b) further elaborated the surface concave-
ness of the membranes. The PH-E surface morphology
had a smooth hill and shallow valley structure. The
nanofiber membrane had interconnecting nanofibers,
which endows a Wenzel wetting surface, so the con-
tact angle was higher than that of the original material.
Especially the PDMS-PH-E membrane has a hierar-
chical structure with a large number of pores, which
can produce high surface energy (geometrical poten-
tial) [24, 25], which can produce a lotus-like effect.
The calculated roughness, Ra, of the PH-E and
PDMS-PH-E membranes were 361 and 1291 nm, re-

spectively, indicating that the PDMS microspheres lead to a highly rough surface. It was re-
ported that a nano/micro- scale rough surface can form a fractal boundary layer, which is
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helpful for thermal conduction [26, 27], minimizing friction [28], and Fangzhu’s water collec-
tion [29, 30], the dune surface also leads to a minimal friction [31].
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Figure 5. Membrane surface roughness by AFM analysis; (a) PH-E membrane and

(b) PDMS-PH-E membrane

Drop impact dynamical property
on the superhydrophobic surface
of PDMS-PH-E membrane

The unique surface structure was con-
firmed in the bouncing impact test of water
droplets with radius of about 1.46 mm and
impact velocity of 0.40 m/s. As shown in fig.
6, the droplets were first uniformly distributed
on the surface of the membrane because of the
inertia. After full diffusion, the droplets re-
traced and left out of the surface within 15.84
milliseconds.

The drop impact dynamical property is
extremely useful for anti-wetting and anti-
fouling and self-cleaning membranes [32].

Conclusion

Figure 6. Impact
dynamics of quasi-su-
perhydrophobic droplets
on the superhydrophobic
surface of the
PDMS-PH-E membrane;
a snapshot shows the
complete rebound of
droplets after impact on
the hybrid
superhydrophobic
interface

o —> 18.86 ms

In this study, we developed a bubble electrostatic spraying technology developed
from the bubble electrospinning technology, and a modified long needle electrospinning with
a helix needle. The obtained membranes are extremely important in textile engineering, mate-
rials science, membrane science, nanotechnology and environment science as well, because
this paper gives a total new and effective technology for fabrication of PDMS-PH-E mem-
branes and PH-E membranes, and the concept provided in this article is going to change eve-
rything in nanotechnology. Far-reaching applications of the membranes include sensors [33]
and energy harvesting devices [34-36]. We anticipate this article to be a starting point for
more sophisticated study of the bubble electrostatic spaying and PDMS-PH-E membrane ad-

vanced applications.
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