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Herein, polyvinyl alcohol nanofibrous membrane was fabricated firstly by the
high-curvature solid-needle electrospinning. The influence of electrode curvature
(needle angle), spinning voltage, solution concentration and collector distance on
nanofiber morphology was systematically investigated numerically and experimen-
tally. Numerical simulation shows that the electrical field increases with the in-
crease of spinning voltage, while decreases with the increase of needle angle and
collector distance. The experimental results are consistent with the numerical re-
sults. Furthermore, the solution concentration can be used to adjust the diameter of
polyvinyl alcohol nanofibers. The possible applications of the nanofiber membrane
to energy generation, water treatment, and separation are also discussed.
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Introduction

Nanofiber membranes can now be easily fabricated by either the bubble electrospin-
ning [1-4] or the traditional electrospinning [5-7]. Nanofibers, especially, carbon nanotubes,
possess superior properties and are applied in various areas including composites [8], nanoflu-
ids [9], energy harvesting [10], and separation and filtration [11, 12], and nanofiber mem-
branes with hierarchical structure always have attractive properties [13]. Polyvinyl alcohol
(PVA) shows many excellent characteristics such as good biocompatibility, mechanical prop-
erty, fiber formability, chemical resistance, moisture affinity, making it an ideal materials for
biomedicine applications [14]. Jatoi et al. [15] synthesized carbon nanotube-silver nanoparti-
cle-PVA nanofiber membrane for wound healing applications. Azarian et al. [16] fabricated
chloroacetated natural rubber-PVVA nanofiber membrane encapsulated with kaolin and starch
for wood dressing. Wei et al. [17] reported cross-linked PVA-silver nanoparticle nanofiber
membrane with antibacterial property. Similarly, Sekar et al. [18] reported Fe-doped ZnO na-
noparticles/PVA nanofiber for antibacterial application.

Due to its moisture affinity, PVA nanofibers disappear in water. Therefore, PVA
nanofiber membrane can be cross-linked to apply in water treatment such as removal of heavy
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mental ions. Ullah et al. [19] crosslinked PVA nanofiber by glutaraldehyde vapors to remove
heavy mental ions. Tian et al. [20] fabricated crosslinked PVVA nanofiber membrane for heavy
mental remove. The resulting membrane can achieve the adsorption equilibrium time of Pb**
decrease from 30 to 10 hours and Cu®* decrease from 15 to 5 hours, respectively.

In the application in terms of wound healing and heavy mental remove, the PVA di-
ameter and diameter distribution is very important. The high-curvature solid-needle electro-
spinning can fabricate ultrafine nanofiber under low voltage supply. Therefore, the investiga-
tion of parameters influence on PVA nanofiber morphology by high-curvature solid-needle
electrospinning is helpful for the PVA nanofiber preparation and application.

In the present study, we systematically investigated the parameters influence on
nanofiber morphology. We aim to the effect of electrode curvature (needle angle), voltage
supply, and collector distance on the PVVA nanofiber morphology by numerical simulation and
experimental verification, and the effect of solution concentration on the PVA nanofiber mor-
phology. The results benefit the preparation and application of PVA nanofibrous membrane
by high-curvature solid-needle electrospinning.

Experimental

Materials

The PVA (1750+50) was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Suzhou, China). The deionized water is made in the laboratory. Reagent was analytical grade
and was used as received without further treatment.

Preparation of PVA nanofiber by high-curvature
solid-needle electrospinning

The spinning solution was achieved by dissolving PVA into deionized water after
stirring at 98 °C for 3 hours. To investigate the effect of needle angle on nanofiber morpholo-
gy, the needle angle defined in [21], the needle angles of 30°, 60°, 90°, and 120° were used in
the spinning, tab. 1. To investigate the effect of voltage supply on nanofiber morphology, the
voltage chose as 8 kV, 11 kV, 15 kV, and 20 kV, tab. 1. To investigate the effect of collector
distance on nanofiber morphology, the collector distance chose as 6 cm, 14 cm, and 22 cm,
tab. 1. To investigate the effect of solution concentration on nanofiber morphology, the PVA
solution concentration chose as 8 wt.%, 10 wt.%, 12 wt.%, 14 wt.%, and 16 wt.%, tab. 1.

Table 1. Spinning parameters of investigating the needle curvature influence

Variable Needle angle [°] | Voltage [kV] | Collection distance [cm] Concentration [%]
Needle angle 30, 60, 90, 120 11 14 8
Voltage 60 8,11, 15,20 14 8
Collection distance 60 11 6, 14, 22 8
Concentration 60 11 14 8,10, 12, 14,16
Characterization

The morphology of the regenerated electrospun nanofibers were observed by SEM
(Hitachi S-4800, Japan). The diameters of nanofibers were calculated by measuring at least
100 fibers at random using IMAGE J program. The electric field around the solid needle was
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calculated by using Maxwell 2D (ANSOFT Corporation). The Maxwell program utilizes fi-
nite element methods and adaptive meshing to achieve a converged solution. In the simulation
process, the calculation finished at energy error of 0.045% and delta energy of 0.43% [21,
22].

Results and discussion

The effect of needle angle on PVA nanofiber morphology

The schematic diagram of PVA nanofiber by high-curvature solid-needle electro-
spinning was shown in fig. 1. The apparatus was similar to traditional single needle electro-
spinning except for the spinning electrode, figs. 1(a) and 1(b). The practical spinning process
is presented in fig. 1(c), indicating stable spinning process. The electrode shape is the key fac-
tor affecting the electrical field and the subsequent nanofiber morphology [23, 24]. As shown
in figs. 2(e)-2(h), with the increase of needle angle (decrease of needle curvature), the electri-
cal field around the needle tip decreases. The nanofiber diameter change is in accordance with
the numerical simulation results that the nanofiber diameter increases with the the increase of
needle angle, figs. 2(a)-2(d). At the needle angle of 30°, the high curvature induces strong
electrical field up to 1.88-10° \//m, resulting in smaller nanofiber diameter of 224.1 +39.4 nm,
figs. 2(a) and 2(e), tab. 2. At the needle angle of 60°, the electrical field is 1.56-10° V/m and
the resulting nanofiber diameter is 244.0 +41.5 nm, figs. 2(b) and 2(f), tab. 2. At the needle
angle of 90°, the electrical field and nanofiber diameter are 1.50-10°V/m and 257.0 +36.2 nm,
respectively, figs. 2(c) and 2(g), tab. 2. While the electrical field decreases to 1.31-10° \V/m at
the needle angle of 120°, the weakened electrical field leads to increased nanofiber diameter
of 267.8 £34.4 nm, figs. 2(d) and 2(h), tab. 2.

Figure 1. The schematic diagram of PVA F ™
nanofiber by high-curvature solid-needle -
+

electrospinning; (a) the schematic y/%

diagram of high-curvature solid-needle 'jzii_"_ Plastic
electrospinning, (b) the schematic " pipe
diagram of high-curvature solid-needle, V) é Spiniiing
and (c) the optical image of practical — solution
spinning process of high-curvature solid- e — Hgb-cane
needle electrospinning (a) il I (b) (c) -~

The effect of voltage supply on nanofiber morphology

The voltage has significantly effect on the spinning process and the resulting nano-
fiber morphology [25]. As displayed in fig. 3, with the increase of voltage supply, the diame-
ter of resulting nanofiber decreases. The numerical simulation results further prove the exper-
imental results, that is, the electrical field is increase with the voltage increase. The enhanced
electrical field leads to the decrease of nanofiber diameter. At the voltage of 8 kV, the electri-
cal field is 1.14-10° V/m and the resulting nanofiber diameter is 307.4 +69.5 nm, figs. 3(a)
and 3(e), tab. 2. At the voltage of 11 kV, the electrical field and the resulting nanofiber diame-
ter are 1.56-10° V/m, 244.0 +41.5 nm, respectively, figs. 3(b) and 3(f), tab. 2. At the voltage
of 15 kV, the electrical field around the needle tip and the resulting nanofiber diameter are
2.13-10° V/m, 232.9 +29.1 nm, respectively, figs. 3(c) and 3(g), tab. 2. At the voltage of
20 kV, the electrical field around the needle tip increases to 2.84-10° V/m, resulting in the
smallest nanofiber diameter of 178.3 £18.9 nm, figs. 3(d) and 3(h), tab. 2.
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Figure 2. The resulting nanofiber morphology and electrical field around the needle tip at different
needle angles; (a), (e) — 30°, (b), (f) - 60°, (c), (g) —90°, (d), (h) — 120° (the scale bar is 500 nm)

Table 2. Nanofiber diameter under different spinning parameters

ct’:‘:/ztzllﬁ e Diameter Voltage | Diameter Cdoiggﬁ::zn Diameter Conticgrr:tra- Diameter

] [ml | VI | [om] o] [nm] (%] [m]

30 224.1 £39.4 8 307.4 £69.5 6 200.9 £37.7 8 153.6 £53.4

60 244.0 £41.5 11 244.0 £41.5 14 244.0 £41.4 10 244.0 £41.5

90 257.0 £36.2 15 232.9 +29.1 22 272.9 +61.0 12 296.2 +78.9

120 267.8 £34.4 20 178.3 £18.9 - - 14 303.7 x45.7

- - - - - - 16 435.7 £64.2
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Figure 3. The resulting nanofiber morphology and the electrical field around the needle tip at different
voltage supply; (a), (e) - 8 kV, (b), (f) — 11 kV, (c), (g) — 15 kV, and (d), (h) — 20 kV
(the scale bar is 500 nm)

The effect of collector distance on nanofiber morphology

In the spinning process, the collector distance is also the key factor affecting the
spinning process, nanofiber productivity and nanofiber morphology. Therefore, the collector
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distances of 6 cm, 14 cm, and 22 cm (voltage 11 kV and needle angle 60°) were chose to in-
vestigate the influence on the nanofiber morphology. As shown in the fig. 4(d), the collector
distance of 6 cm induces the strongest electrical field up to 2.86-10° V/m, achieving the nano-
fiber diameter of 200.9 £37.7 nm, tab. 2. However, the fibers stick to each other due to the no
fully evaporated solvent under small collector distance, fig. 4(a). At the collector distance of
14 cm, the electrical field is 1.56-10° V/m, fig. 4(e), and the resulting nanofiber shows smooth
morphology with fiber diameter of 244.0 £41.4 nm, tab. 2. When the collector distance in-
creases to 22 cm, the electrical field decreases to 1.20-10° V/m, fig. 4(f), obtaining the nano-
fiber diameter of 272.9 +61.0 nm, tab. 2.

>

-105 .105
iR E-105 V/m E-105 V/m

1.56 1.20

2.86

1.17 0.90

215

0.78 0.60

143

0.39 0.30

0.72
0.00

0.00

0.00

Figure 4. The resulting nanofiber morphology and the electrical field around the needle tip at different
collector distances; (a), (d) — 6 cm, (b), (e) — 14 cm, and (c), (f) — 22 cm (the scale bar is 500 nm)

The effect of solution concentration on nanofiber morphology

Solution concentration crucially affects the nanofiber morphology. The nanofiber
with different nanofiber diameter can be obtained by various solution concentration. As illus-
trated in fig. 5, the fibers partly stick to each other with fiber diameter 153.6 +53.4 nm under
the solution concentration of 8%, suggesting poor spinning ability at this situation, fig. 5(a).
With the solution change from 10-16%, PVA nanofibers with smooth morphology are
achieved and the resulting nanofiber diameter changes from 200.9 +37.7 nm to 435.7
+64.2 nm, indicating wide rages of fiber diameter towards different necessaries in practical
application, figs. 5(b)-5(e) [26-28]. The results show that the diameter can be adjusted under
different solution concentration by high-curvature solid-needle electrospinning.

Conclusions

The PVA nanofiber was successfully fabricated by high-curvature solid-needle elec-
trospinning. Furthermore, the spinning parameters in terms of needle angle, voltage supply and
collector distance were systematically studied both by numerical simulation and experimental
verification. The results show that using needle angle 60°, voltage 11 kV and collector distance
14 cm can result in PVA nanofiber with smooth morphology and proper fiber diameter.
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Figure 5. The resulting nanofiber morphology and the electrical field around the needle tip at different
solution concentrations; (a) — 8%, (b) — 10%, (c) — 1%, (d) — 14%, and (e) — 16%
(the scale bar is 500 nm)

Additionally, wide range fiber diameter can be achieved by regulating the solution
concentration, suggesting adjustable membrane performance towards different applications.
The results lay the foundation for the PVA preparation by high-curvature solid-needle electro-
spinning and applications regarding water treatment, energy generation and other related are-
as.
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