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ABSTRACT: In this study, we demonstrated the needle-
less electrospinning of poly(vinyl alcohol) (PVA) nanofibers
with two nozzles, a rotating disk and a cylinder, and exam-
ined the effect of the nozzle shape on the electrospinning
process and resultant fiber morphology. The disk nozzle
needed a relatively low applied voltage to initiate fiber for-
mation, and the fibers were mainly formed on the top disk
edge. Also, the PVA concentration had little influence on
the disk electrospinning process (up to 11 wt %). In compar-
ison, the cylinder electrospinning showed a higher depend-
ence on the applied voltage and polymer concentration. The
fibers were initiated from the cylinder ends first and then
from the entire cylinder surface only if the applied voltage
were increased to a certain level. With the same polymer so-
lution, the critical voltage needed to generate nanofibers
from the disk nozzle was lower than that needed to generate
nanofibers from the cylinder. Both electrospinning systems
could produce uniform nanofibers, but the fibers produced
from the disk nozzle were finer than those from the cylinder
when the operating conditions were the same. A thin disk

(8 cm in diameter and 2 mm thick) could produce nanofib-
ers at a rate similar to that of a cylinder of the same diameter
but 100 times wider (i.e., 20 cm long). Finite element analy-
sis of electric field profiles of the nozzles revealed a concen-
trated electric field on the disk edge. For the cylinder
nozzle, an uneven distribution of the electric field intensity
profile along the nozzle surface was observed. The field
lines were mainly concentrated on the cylinder ends, with a
much lower electric field intensity formed in the middle sur-
face area. At the same applied voltage, the electric field in-
tensity on the disk edge was much higher than that on the
cylinder end. These differences in the electric field intensity
profiles could explain the differences in the fiber fineness
and rate of the nanofibers produced from these two nozzles.
These findings will benefit the design and further develop-
ment of large-scale electrospinning systems for the mass
production of nanofibers for advanced applications. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 114: 3524-3530, 2009
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INTRODUCTION

As a simple and efficient nanofiber-making tech-
nique, electrospinning has substantial adaptability
for processing a variety of polymers with possible
control of the fiber fineness,'™ orientation,” surface
morphology,® and bicomponent cross-sectional con-
figuration.””® Electrospun nanofibers have enormous
application potential in areas as diverse as tissue en-
gineering scaffolds,”'® wound healing,'" release con-
trol,'>*  filtration,’>!® reinforcement,!” protective
clothing,'®" sensors,***' catalysis,” and energy con-
version and storage.”

A conventional electrospinning setup typically
comprises a high-voltage power supply, a collector,
and a spinneret (or nozzle).** A hollow needle (e.g.,
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a syringe needle or glass Pasteur pipette) is normally
used as a nozzle to produce polymer jets/filaments.
Because each needle can produce only one polymer
jet, needle electrospinning systems have very low
productivity (<300 mg/h per needle). How to elec-
trospin nanofibers on a large scale has been an issue
of concern, and further development is warranted to
facilitate the commercial application of nanofibers.
The main strategy for improving electrospinning
production has been based on increasing the number
of needle nozzles.”>?® However, a multineedle spin-
neret needs a large operating space and careful
design of the relative spacing between the needles
so that strong charge repulsion between the jets and
adjacent needles and associated uneven fiber deposi-
tion can be avoided. In addition, using a gas jacket
has been reported to enhance the processability of a
single-needle nozzle.”?® The gas jacket, however,
influences the nanofiber morphology and fineness.
Recently, needleless electrospinning setups have
been developed. Without a needle nozzle, a number
of jets can be generated even from a widely open
liquid surface. The pioneering work was reported by
Yarin and Zussman,?’ who used a magnetic fluid to
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agitate the uppermost polymer solution to initiate
the concurrent production of multiple jets from a flat
polymer solution surface. Later, Jirsak et al.*
described the generation of multiple jets from a lig-
uid uploaded on a slowly rotating horizontal cylin-
der, which was subsequently commercialized by
Elmarco under the brand name Nanospider. In addi-
tion, Dosunmu et al®' reported the formation of
multiple jets using a tubular plastic foam spinneret.

The generation of multiple jets from a needleless
spinneret has been explained as follows: the waves
of an electrically conductive liquid self-organize on a
mesoscopic scale and finally form jets when the
applied electric field intensity is above a critical
value.**> Therefore, the jet initiation and resulting
fiber morphology are highly influenced by the elec-
tric field intensity profile around the spinneret and
in the electrospinning zone, which is governed by
the applied voltage and the shape of the needleless
spinneret. Nevertheless, little has been reported in
the literature on how the applied voltage and nozzle
structure influence the needleless electrospinning
process and resulting fiber morphology.

In this article, we report the electrospinning of
poly(vinyl alcohol) (PVA) with two different needle-
less nozzles, a cylinder and a disk. In comparing the
electrospinning process and as-spun fiber morphology,
we have found that the disk nozzle requires a lower
applied voltage in electrospinning to initiate jets/fila-
ments than the cylinder nozzle, and the fibers electro-
spun from the disk nozzle are finer than those from
the cylinder nozzle. These differences are discussed in
terms of differences in the electric field intensity profile
between the two electrospinning systems.

EXPERIMENTAL
Materials and measurement

PVA (weight-average molecular weight = 146,000-
186,000, 98-99% hydrolyzed) was obtained from
Aldrich (USA) and used as received. A PVA solution
was prepared by the dissolution of PVA in distilled
water followed by vigorous stirring for 6 h at 85°C. The
PVA concentration was in the range of 8.0-11.0 wt %.

The fiber morphologies were observed by scan-
ning electron microscopy (SEM; 5440, Leica, Cam-
bridge, England), and the average fiber diameters
were calculated on the basis of the SEM images with
image analysis software (ImagePro Plus 4.5). The
electric fields were calculated by the finite element
method with the program FEMLAB3 4.

Electrospinning

Figure 1 illustrates the needleless electrospinning
setups, which contained a rotary aluminum spin-

3525

Figure 1 Apparatuses for disk and cylinder electrospin-
ning and photos of the two electrospinning processes.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

neret (disk or cylinder), a Teflon solution vessel, a
high-voltage direct-current power supply (ES50P-20
W/DAM, Gamma High Voltage Research, USA),
and a grounded drum collector. The cylinder nozzle
was 20 cm long and 8 cm in diameter, whereas the
disk nozzle had the same diameter as the cylinder,
but the thickness was 2 mm. The edges of both the
cylinder and disk were beveled, and the radius of
the beveled curve was about 5 mm.

During electrospinning, the vessel was filled with
the PVA solution so that nearly half of the spinneret
was immersed in the polymer solution, and the
unimmersed part of the spinneret was covered with
a thin layer of the PVA solution via rotation. When
the PVA solution was charged with a high electrical
voltage via a copper wire inside the solution vessel,
numerous jets/filaments were generated from the
spinneret, which were deposited on the rotating
drum collector. With the rotation of the spinneret,
the PVA solution was loaded onto the spinneret sur-
face constantly, and this led to the continuous gener-
ation of polymer jets/filaments.

RESULTS AND DISCUSSION

The electrospinning processes for both the cylinder
and disk electrospinning systems are also demon-
strated in Figure 1. During electrospinning, a num-
ber of jets were observed to be generated
simultaneously from both nozzles, and the formation
of jets/filaments was influenced by the spinneret
rotating speed, the applied voltage, and the polymer
concentration.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 SEM images of the PVA nanofibers electrospun
by disk and cylinder nozzles under different applied vol-
tages (PVA concentration = 9.0 wt %, spinning distance =
13 cm). (At 47 and 52 kV, the fibers were generated only
from the cylinder ends).

The spinneret rotating speed affected the loading
of the PVA solution on the nozzle surface. When the
rotating speed was less than 20 rpm, uneven solu-
tion coverage became apparent, and jets could not
be generated continuously. Higher rotating speeds,
in the range of 40-50 rpm, enabled the nozzle sur-
face to be covered evenly with a thin layer of the
PVA solution, and jets/filaments were thus gener-
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ated in a continuous way. However, further increas-
ing the rotating speed could throw the polymer
solution off the spinneret.

The applied voltage is a very important parameter
affecting the formation of jets/filaments. For the disk
nozzle, no jet was formed when the applied voltage
was lower than 42 kV. When the applied voltage
was higher than such a critical voltage, the jets were
generated mainly on the edge side of the disk, about
5 mm in width. Increasing the applied voltage
showed little influence on the electrospinning pro-
cess until the voltage reached 62 kV, above which
the working current in the power supply was too
high to allow normal operation of the power supply.

In comparison, electrospinning using the cylinder
nozzle showed a higher dependence on the applied
voltage. The critical applied voltage for generating
jets from the cylinder nozzle was about 47 kV. De-
spite the high applied voltage, the jets were just gen-
erated from two end areas (ca. 2 cm wide) on the
cylinder surface. A few jets were also observed to be
produced on two sides of the cylinder. There was no
jet/filament produced from the middle cylinder sur-
face until the applied voltage was above 57 kV. Fur-
ther increasing the applied voltage led to the
generation of jets from the entire cylinder surface, as
illustrated in Figure 1.

Besides the electrospinning process, the fiber
morphology was also influenced by the applied volt-
age. The SEM images of nanofibers electrospun by
both the cylinder and disk systems from 9.0 wt %
PVA solutions under different applied voltages are
shown in Figure 2. The average fiber diameters cal-
culated on the basis of the SEM images are given in
Figure 3(a).

Nanofibers electrospun from the disk nozzle
showed a bead-free fibrous structure. With an
increase in the applied voltage from 47 to 62 kV, the
average fiber diameter was reduced from 340 to 194
nm, and the diameter distribution became narrower
also. For the cylinder nozzle, the average fiber
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Figure 3 Dependence of the average fiber diameter on the (a) applied voltage (PVA = 9 wt %, collecting distance = 13 cm)
and (b) PVA concentration (collecting distance = 13 cm, applied voltage = 57 kV).
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Figure 4 Productivity of the nanofibers under different (a) applied voltages (PVA = 9 wt %) and (b) PVA concentrations

(applied voltage = 57 kV).

diameter and diameter distribution showed a very
small dependence on the applied voltage. The varia-
tion of the applied voltage between 47 and 62 kV
led to little change in the fiber diameter and distri-
bution, although the fibers were produced at the cyl-
inder ends only when the applied was lower than
57 kV. At the same applied voltage, the nanofibers
electrospun from the disk nozzle were slightly finer
than those from the cylinder nozzle, and the higher
the applied voltage was, the finer the fibers were
that were produced by the disk nozzle.

The distance between the spinneret and collector
also influenced the electrospinning process and fiber
morphology. It was noticed that the distance
between the nozzle and collector for the disk electro-
spinning system could be adjusted between 11 and
19 cm. A shorter spinning distance led to wet fibers
that merged into a polymer film on the collector,
whereas a longer spinning distance resulted in stop-
page of electrospinning because of a weak electric
field. For the cylinder electrospinning system, the
range of electrospinning distances was narrower
(11-15 cm).

The polymer concentration was an important fac-
tor affecting the electrospinning process and fiber
morphology.®®> With the applied voltage of 57 kV,
the nanofibers electrospun from both systems
showed an increased fiber diameter with the
increase in the PVA concentration. The as-spun
fibers from the disk nozzle had finer fibers with a
much narrower diameter distribution than those
from the cylinder nozzle [Fig. 3(b)].

The electrospinning process with the cylinder noz-
zle was highly influenced by the polymer concentra-
tion. When the PVA concentration was below 9.0 wt
%, nanofibers were electrospun from the whole cyl-
inder surface if the applied voltage was greater than
52 kV. When the PVA concentration was larger than
9.0%, the higher solution viscosity (>1620 cP)
resulted in stoppage of electrospinning from the
middle cylinder surface, although the nanofibers
were still spun by the cylinder ends. However,

nanofibers could still be generated from the middle
cylinder surface if a higher applied voltage was
employed. Also, a higher PVA concentration led to a
reduction in the fiber-generating zone at the cylinder
ends. In comparison, the nanofibers electrospun
from the disk nozzle showed a lower dependence on
the PVA concentration. When the PVA concentration
was in the range of 8.0-11.0 wt %, the solution could
always be electrospun by the disk nozzle.

The productivity of cylinder electrospinning was
influenced by the applied voltage and polymer con-
centration. As shown in Figure 4, with the increase
in the applied voltage, the production rate increased
for both electrospinning systems. At a high applied
voltage, the productivities of the two electrospinning
systems were very similar, although the cylinder
nozzle was 100 times longer (wider) than the disk
nozzle. Under the same applied voltage (57 kV),
with the increase in the polymer concentration, the
productivity of disk electrospinning increased con-
stantly, whereas for the cylinder electrospinning
system, the productivity increased initially but de-
creased when the PVA concentration was greater
than 9 wt %. The reason for the reduced productiv-
ity at the increased PVA concentration was the high
solution viscosity, which restricted jet/filament
formation.

To understand these experimental results, the elec-
tric field profiles around the nozzle surface and in
the electrospinning zone (from the tip of the spin-
neret to the collector) were calculated by finite ele-
ment analysis. As shown in Figure 5(a,b), the disk
nozzle possessed a different electric field profile
than the cylinder nozzle. The field lines around the
disk nozzle were concentrated on the top peripheral
edge area. However, the electric field on the cylinder
was concentrated on the cylinder ends.

The electric field intensity along the cylinder sur-
face is shown in Figure 6(a). A high electric field in-
tensity was formed at the cylinder end areas, and
the intensity decreased gradually toward the middle
surface. Because the jet initiation was highly

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Electric field profile around the (a) cylinder nozzle and (b) disk nozzle. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

determined by the electric field intensity around the
nozzle surface, the areas with higher electric field in-
tensity generated nanofibers more easily. The higher
electric field intensity at the cylinder ends versus the
middle cylinder surface could be the main reason
that the jets/filaments were generated only from the
ends of the cylinder surface when the applied volt-
age was low. For the disk nozzle, the highest electric
field intensity was on the top edge of the disk, and

the electric field intensity decayed from the top disk
edge toward the liquid surface [Fig. 6(b)]. With the
increase in the applied voltage, the electric field in-
tensity increased on the surface.

On the basis of the experimental finding that the
jets started to generate on the disk edge when the
applied voltage was higher than 42 kV, the lowest
surface electric field intensity that could initiate the
formation of jets on the disk nozzle could be
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Figure 6 Electric field intensity along the (a) surface of the cylinder, (b) surface of the disk under different applied vol-
tages, and (c) electrospinning direction [nozzle (0,0), collector (0,13), applied voltage = 57 kV]. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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calculated to be 5 kV/cm. A similar value could also
be obtained from the cylinder nozzle on both end
and middle surfaces. Therefore, 5 kV/cm could be
the critical electric field intensity at which the sur-
face could electrospin nanofibers with a 9.0 wt %
PVA solution.

Figure 6(c) shows the electric field intensity profile
from the nozzle surface to the collector. For the disk
system, the electric field near the tip of the disk
decayed rapidly in the first few centimeters away
from the spinneret and stabilized toward the collec-
tor. For the cylinder nozzle, only the cylinder ends
showed an electric field profile similar to that of the
disk nozzle, but the electric field intensity was lower
than that at the disk edge. The electric field intensity
at the middle cylinder surface was far lower than
that at the cylinder ends, and the electric field inten-
sity decayed slowly toward the collector.

As the electric field is the main driving force to
initiate the formation of a polymer jet,** a polymer
solution charged by an electric field of a higher in-
tensity can more easily generate jets, and the jets
should be stretched under stronger forces, thus pro-
ducing finer fibers. The uneven distribution of the
electric field intensity along the cylinder nozzle sur-
face leads to coarser nanofibers generated from the
middle cylinder surface in comparison with those
produced from the cylinder ends. As a result of
fibers being collected from the entire cylinder nozzle,
the nanofibers have a wide diameter distribution,
and the average fiber diameter is less affected by the
applied voltage. In comparison, the distribution of
the electric field intensity on the top disk edges is
sharper and narrower, resembling that at the cylin-
der ends, albeit higher in intensity; this leads to finer
fibers with a narrower diameter distribution, and the
average diameter shows an apparent dependence on
the applied voltage.

The electric field also functions to overcome the
frictional forces that act within the moving polymer
solution and to accelerate filament movement toward
the collector electrode. This is why a higher electric
field can cause higher mass flow to be electrospun
and hence greater fiber productivity.*>® In the case
of electrospinning with a rotating nozzle, in which a
thin layer of the polymer solution is electrospun, the
rapid removal of the polymer solution from the lim-
ited volume of the polymer solution in the fiber-
generating zone results in a thinner solution layer on
the nozzle surface. The additional resistance from the
solid-liquid boundary layer effect becomes an impor-
tant factor retaining the surface solution.

If the electric field is strong enough, the mass flow
will be controlled mainly by the fluid thickness and
the boundary layer resistance induced by the mass
transfer. Under the same operating conditions, a
more viscous solution tends to form a thicker solu-
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tion layer on the nozzle surface. The increased solu-
tion volume in the fiber-generating area helps to
reduce the boundary layer resistance, resulting in
higher mass flow. On the contrary, the higher solu-
tion viscosity also leads to a reduction in mass flow.
The two opposite trends could make the mass flow
remain unchanged, and this can be demonstrated by
disk electrospinning. Although the fiber productivity
for disk electrospinning increased with the PVA con-
centration, the mass flows, calculated on the basis of
the production rate, were quite similar, in the range
of 68-70 mL/h, for the three polymer solutions (9.0,
10.0, and 11.0%).

In comparison, if the electric field is just above the
critical value needed to initiate jet formation, the
low mass flow will leave a thicker solution layer on
the nozzle surface. In this case, the boundary layer
resistance is weaker, and the solution viscosity dom-
inates the mass flow. Increasing the solution viscos-
ity will decrease the jet number, and this will result
in lower mass flow and productivity. This should be
the main reason that the fiber productivity for cylin-
der electrospinning decreases with an increase in the
polymer concentration.

CONCLUSIONS

In this work, we have demonstrated that PVA nano-
fibers can be electrospun from the surfaces of a rotat-
ing metal disk and a cylinder. For the disk
electrospinning, nanofibers were mainly produced
from the disk edge area, and the voltage for initiating
the electrospinning process was 42 kV (9.0 wt %
PVA). With the increase in the applied voltage, the
disk-spun nanofibers became finer with a narrower
diameter distribution. In comparison, nanofibers
from the cylinder nozzle were mainly produced from
the cylinder surface, but the area in which the nano-
fibers were generated was highly dependent on the
applied voltage and the polymer concentration.
When the applied voltage was above a critical value,
nanofibers started to be generated at the cylinder end
areas. Only at a higher applied voltage could the
nanofibers be generated from the entire cylinder sur-
face. With increased polymer concentration, a higher
critical voltage was necessary to initiate nanofibers
from the cylinder surface because of increased solu-
tion viscosity. For the same polymer solution (9.0 wt
% PVA), the critical voltage for the generation of
polymer jets from the cylinder end was 47 kV, and
the critical voltage for producing polymer jets from
the entire cylinder surface was 57 kV. When the
applied voltage was increased, nanofibers produced
by the cylinder nozzle showed a similar fineness and
diameter distribution. Under the same operating con-
ditions, nanofibers generated from the disk nozzles

Journal of Applied Polymer Science DOI 10.1002/app
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were finer with a narrower distribution than those
produced by the cylinder.

The fiber productivity increased with the applied
voltage for both electrospinning systems. Although
the disk nozzle took much less space than the cylin-
der nozzle of the same diameter, the production
rates of the two needleless electrospinning systems
were similar.

By analyzing the electric field around the nozzles
and in the electrospinning zone, we observed that
the disk electrospinning had a much different elec-
tric field profile than the cylinder one. For the disk
nozzle, the field lines were mainly concentrated on
the disk edge, whereas the cylinder nozzle showed
concentrated field lines at the cylinder ends. The dif-
ferent electric field concentration could be the reason
for the uneven generation of nanofibers on the noz-
zle surface. By combining the calculation with the
experimental observation, we obtained the critical
value of the surface electric field intensity for gener-
ating nanofibers: 5 kV/cm. This critical value pro-
vides a very useful guide for the design of new
needleless electrospinning systems. Although the
results presented in this article were focused on
PVA polymer, our recent work has confirmed that
other water-soluble polymers [e.g., poly(vinyl pyrro-
lidone)] can also be electrospun in a similar way.
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