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ABSTRACT: The object of this work is to determine the
most suitable values of process and solution parameters for
electrospinning of polyacrylonitrile (PAN) nanofibers includ-
ing solution concentration, applied voltage, and working dis-
tance between the needle tip and the collector plate. To
investigate the effects of those parameters on the fiber mor-
phology, nanofiber mat samples were produced by changing
the value of parameters systematically. The scanning electron
microscope images of these samples were analyzed to realize
the effects of these parameters on the nanofiber morphology.
Our results demonstrate that the diameter of the fibers
increases with increasing concentration. However, the diam-

eter reduces as the applied voltage and working distance
between needle tip and the collector increase up to a certain
value. In addition to this, viscosity and applied voltage have
a strong effect on the uniformity and morphology of the
nanofibers. Moreover, a relationship between spinning dis-
tance, voltage supplied, solution concentration, charge den-
sity, bead formation, and the diameter of the electrospun
PAN nanofiber were established in the study. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 124: 49614968, 2012
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INTRODUCTION

Electrospinning is the most effective method to pro-
duce superfine fibers ranging from some hundred
nanometers up to 1 um."* The process is simple and
lower cost than any other processes that can produce
nanoscale fibers. The electrospinning process
involves the application of a strong electrostatic field
to a capillary connected with a reservoir containing
a polymer solution. The high applied voltage will
induce electric charge to the solution and once elec-
trostatic force overcomes the surface tension of solu-
tion, viscoelastic force nanofibers are produced.’

The morphology of electrospun nanofibres are de-
pendent on the solution parameters (polymer molec-
ular weight, viscosity, conductivity, volatility of
solvent, and surface tension), the processing parame-
ters (applied voltage, feed rate, type of collector, di-
ameter of nozzle, and tip—collector distance) and the
ambient parameters (humidity, temperature, and
type of atmosphere).® The solution must have a
surface tension low enough, a charge density high
enough, and a viscosity high enough to prevent the
jet from collapsing into droplets before the solvent
has evaporated.”*
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Solution concentration has a significant effect on
the final size and distribution of particles. Varying
solution concentration alters the morphology of the
nanofibers formed. At the low concentrations, the
fibers have beads, which are irregular, undulating
morphology with large variations in diameter along
a single fiber. At high concentrations, the nanofibers
have a regular, cylindrical morphologgl, and have a
larger and more uniform diameter.”'® Higher envi-
ronment temperature has a tendency to increase the
fiber diameter and better diameter uniformity of the
fibers."

The applied voltage has an influence in the
stretching and on the morphology of the fibers
obtained. In most cases, a higher voltage will lead to
greater stretching of the solution due to the greater
columbic forces in the jet as well as the stronger
electric field. These have the effect of reducing the
diameter of the fibers and also encourage faster sol-
vent evaporation to yield drier fibers.*>*' The num-
ber of deposited fibers also increases with the
applied voltage.”” Another important parameter for
the electrospinning process is the conductivity of the
solution that may have a great effect on fiber diame-
ter.”> Some amount of salt may be added to polymer
solution to reduce the fiber diameter.**

Depending on the solution property, the effect of
varying the distance may have a significant effect on
the fiber morphology. The formation of beads may
be the result of increased field strength between the
needle tip and the collector. Decreasing the distance
has the same effect as increasing the applied voltage
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Figure 1 Electrospinning set up.
wileyonlinelibrary.com.]

supplied and this will cause an increased in the field
strength. If the field strength is too high, the
increased instability of the jet may encourage beads
formation.”'*%°

During the last 10 years, extensive researches have
been conducted on various aspects of electrospin-
ning. Polyacrylonitrile (PAN) is one of the most
extensively used polymers in many areas such as in
filtration, biomedical application, protective clothing,
tissue engineering, and composite fabrics and materi-
als because of its excellent properties.>*® The nano-
fiber mats containing finer nanofibers show higher
specific surface area and higher porosity. These prop-
erties make nanofibers attractive for tissue engineer-
ing scaffolds, drug delivery systems, catalyst and ens-
zyme supports, sensors, and other applications in
biology, medicine, and controlled release.”’

The study aims to determine the optimal values of
basic parameters to produce the finest and uniform
nanofibers without beads for electrospinning of
PAN nanofibers. In the study, the ranges of parame-
ters (applied voltage, tip—collector distance, and con-
centration) were selected wider than previous stud-
ies. These wider ranges provide some additional
results to the available literature. The experimental
results show that the nanofiber diameter reduces as
the applied voltage increases as usual. However, the
study, in addition to the literature, shows also that
the fiber diameter increases after a certain value of
applied voltage. Similar results were also obtained
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[Color figure can be viewed in the online issue, which is available at

for the relationship between nanofiber diameter and
needle tip—collector distance.

MATERIALS AND METHODS
Electrospinning system

PAN nanofibers were electrospun using an appara-
tus composed of two adjustable DC high voltage
sources (—50 kV and +50 kV), a multiple spinneret
system and a movable collector. The apparatus were
established in a closed cabin to control temperature
and humidity values. Positive high voltage source
was used to charge the nozzles, whereas the nega-
tive voltage was used to charge the collector. The
cabin has a cooling and a heating system to set the
required temperature. The walls of the cabin were
coated with an insulating material to reduce heat
transfer during the process. Similarly, a humidifier

TABLE I
Solution Properties

Concentration ~ Conductivity ~ Viscosity ~ Surface tension
(wt %) (mS/cm) (mPas) (mN/m)

6 84.7 478.5 37.24

8 82.6 588.5 38.07
10 76.5 698.5 38.92
12 67.5 808.5 39.32
14 56.8 918.5 39.99
16 46.2 1030.5 40.43
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Figure 2 Effect of concentration on PAN nanofiber diameter. (a) Tip—collector distance 10 cm; (b) tip—collector distance
15 cm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

was used to control the humidity value inside the
cabin. An adjusting mechanism was used to set the
desired distance between the nozzles and the collec-
tor. The collector was a brass rectangular plate
which was jointed to motor shaft eccentrically to
obtain uniform nanofiber distribution while the
motor rotates. Also, a chimney was used to dis-

charge the solvent vapor and freely flying nanofibers
from the cabin. The experimental setup is given in
Figure 1.

Nanofibers were collected on the aluminum foil in
the form of nanofiber mats. The flow rate and jet
diameters were selected as 0.5 mL/hour and 0.7
mm, respectively. Three nozzles (with 3 cm interval

Journal of Applied Polymer Science DOI 10.1002/app
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(b)

Figure 3 Effect of concentration on PAN nanofiber diameter (10 cm and 25 kV). (a) Concentration 6 wt %, (b) concentra-
tion 10 wt %.

in horizontal position) were used. During the experi- The morphological appearances of PAN nanofiber
mental study the ambient parameters were kept con-  mats were investigated by a JEOL JSM-6390LV scan-
stant (temperature 20°C and humidity 50%). The  ning electron microscope (SEM). Image-Pro Plus 6.0

other parameters such as concentration, applied volt-  program was used for measurement of diameters of
age, and tip—collector distance were discussed in fur-  nanofibers. Diameters of nanofibers were calculated
ther sections. by taking the average of 50 measurements.
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Figure 4 Effect of voltage on PAN nanofiber diameter (needle tip—collector distance is 15 cm).[Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Materials and preparation of spinning solutions

PAN polymer (M, 150,000) was gently supplied
from AKSA Acrylic. The solutions were prepared by
dissolving PAN polymer in dimethylformamide
(DMF) by stirring magnetically for 3 hours at a tem-
perature of 90°C. Viscosity, conductivity, and surface
tension of the solutions were determined by Brook-
field DV-III viscometer, Orion 4 star conductivity
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Figure 5 Effect of voltage on PAN nanofiber diameter (8 wt % and 15 cm). (a) Voltage 25 kV; (b) voltage 40 kV.

meter, and KSV CAM 101 surface tension meter,
respectively.

RESULTS AND DISCUSSION

Apparently, to obtain uniform ejection of the charged
jet, the spinning solution with a proper concentration
is required. Generally, lower concentrations generate
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Figure 6 Effect of needle tip—collector distance on PAN nanofiber diameter (10 wt %).[Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 7 Effect of distance on PAN nanofiber diameter (30 kV and 10 wt %). (a) Tip—collector distance 5 cm; (b) tip—col-

lector distance 15 cm.

beads and higher concentrations produce larger
nanofiber diameter. Therefore, the solution concen-
tration should be prepared properly so that the elec-
trospinning process generates fine nanofibers without
beads. PAN solutions were prepared from 6 to 16 wt %
by 2 wt % intervals to investigate the effect of
concentration on the nanofiber morphology. Table I
shows the solution properties.

Solution properties such as surface tension, viscos-
ity, and conductivity are effective on determining
the amount of stretching of the solution in electro-
spinning process. Surface tension is effective on
bead formation. At lower viscosity, there is a higher
potential of occurrence of beaded fibers. If conduc-
tivity of the solution is higher, more charges can be
carried in electrospinning.” Table I shows that the
PAN solutions with low concentrations have higher
conductivity, lower viscosity, and lower surface ten-
sion. This situation causes to decreasing of visco-
elastic force while increasing the electrostatic force
in electrospinning process. Therefore, the finer nano-
fibers with beads were obtained at low concentration
values as expected (Fig. 2).

These solutions were converted into nanofiber
mats by electrospinning at different voltage values
and tip—collector distances. The effect of concentra-
tion on PAN nanofiber diameter is given in Figure
2(a,b). The experimental results show that the nano-
fiber diameter increases as the concentration
increases at different voltage values and at different
tip—collector distances. At low concentrations (less
than 8 wt %) the electrospinning process generates a
mixture of fibers and beads as shown in Figure 3(a).
When concentration value was 8 wt %, bead forma-
tions were still observed in some cases, especially, at
short tip—collector distance and at higher voltage
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values. However, bead formations were diminished
almost completely after increasing the concentration
to 10 wt % [Fig. 3(b)].

To examine the effect of voltage on nanofiber di-
ameter, nanofiber mats were produced by increasing
the applied voltage from 5 to 40 kV (5 kV intervals)
regularly. The resultant relationship between the
nanofiber diameter and the applied voltage is given
in Figure 4. This figure shows that the fiber diameter
decreases steadily up to 35 kV then the diameter of
the nanofibers demonstrates a tendency of increasing
the diameter interestingly which was not observed
in the previous studies. The reason of this may be
explain as the diameter of nanofibers reduces as
applied voltage increases as shown in the first part
of the graph (see left side of dashed line in Fig. 4)
due to the increasing of electrostatic field and repul-
sion forces as stated in the previous studies.'®*?
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Figure 8 Charge density curves.[Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE II
The Average PAN Nanofiber Diameter According to Concentration and Charge Density
Concentration Charge density (kV/cm)
(wt %) 1.5 (nm) 2 (nm) 2.5 (nm) 3 (nm) 3.5 (nm) 4 (nm)

6 170 = 20 160 = 23 140 = 20 143 = 18 150 = 17 155 £ 25
8 192 + 28 183 = 19 177 = 25 188 + 28 205 *+ 26 210 = 30
10 228 £ 31 220 £ 31 205 = 24 222 £ 27 235 £ 22 238 = 33
12 270 = 25 260 = 27 250 = 32 260 = 22 270 = 35 280 = 34
14 360 = 36 340 = 34 310 = 30 320 = 34 340 = 33 350 = 40
16 400 = 44 390 = 43 360 = 36 370 = 40 380 = 37 410 = 46

However, further increasing of applied voltage
reduces the flight time (electrospinning time) of
nanofibers. Lowering the flight time too much influ-
ences the stretching process and stretching time
adversely. As a result of this, the diameter increases
as shown in the second part of the graph (see right
side of the dashed line in Fig. 4). The ranges of
applied voltages, in previous studies, were selected
usually as less than 35 kV. Therefore, they were
obtained as a result of continuous decreasing of
nanofibers in their studies, which may correspond to
just the first part of Figure 4.'%%

Another consequence of the study is that the
higher applied voltage increases the number of
beads in the nanofiber mats as given in Figure
5(a,b). The effect of the needle tip and collector dis-
tance was examined by changing the distance from
5 to 25 cm with 5 cm intervals. The relationship
between the nanofiber diameter and tip—collector
distance is given in Figure 6. The experimental
results show that the nanofiber diameter decreases
as the distance increases approximately up to 15 cm
then the diameter increases for larger distances grad-
ually. The reason may be explained as follows: the
diameter of nanofibers continuously decreases in the
first part of the graph (see left side of dashed line in
Fig. 6) due to longer flight time (distance) despite
lowering the electrostatic force as mentioned in pre-
vious studies.!'®'9?122 However, in the second part
of the graph (see right side of dashed line in Fig. 6),
the diameter starts to increase due to lowering of
too much of electrostatic force caused by larger nee-
dle tip and collector distance. Thus, too low electro-
static force leads to larger nanofibers even at longer
flight times.

Moreover, the experiments show that lowering the
distance causes bead formation (due to less time for
evaporation of solvent) and spark formation between
the needle tip and the collector [Fig. 7(a)]. However,
the productivity reduces considerably at longer
distances (20 or 25 c¢m).** Consequently, the most
effective results were obtained at 15 cm distance
[Fig. 7(b)].

Determination of the optimal values of parameters

The data obtained from the experimental study is
converted to a graph which gives a relationship
between solution concentration and nanofiber diam-
eter at different charge densities as given in Figure
8. The figure also gives an understanding about
which conditions cause bead formation. The mini-
mum limit for solution concentration to produce
nanofibers without beads is determined as 10 wt %
including the charge densities from 1.5 to 4.0 kV/cm
as shown in Figure 8. The graph consists of six
curves but one of them was drawn as a continuous
curve that was determined as the most proper
charge density curve (2.5 kV/cm), because it pro-
vides the most quality nanofiber (finest diameter) in
the “no bead formation” zone. Table II shows the di-
ameter results of the nanofibers according to the
charge density and concentration.

To produce the desired nanofiber, users may
determine the concentration depending on the nano-
fiber diameter by using the solid curve in the graph
as the first step. The second step is to decide dis-
tance or applied voltage. Since, there are many

Figure 9 The SEM image of PAN nanofiber sample pro-
duced under the optimal conditions (10 wt %, 35 kV and
15 cm).

Journal of Applied Polymer Science DOI 10.1002/app
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possibilities for those parameters to give the same
result. Therefore, one of them should be selected to
calculate the other by means of the charge density.
Alternatively, the optimal values may be determined
directly by selecting minimum solution concentra-
tion (10 wt %) because it provides minimum nano-
fiber diameter without beads. The applied voltage
and tip—collector distance values can be selected as
35 kV and 15 cm, respectively. Those values were
determined as the optimal values in the previous
sections. The SEM image of the nanofiber sample
produced under the optimal conditions is given in
Figure 9.

CONCLUSION

This study shows a procedure to determine optimal
values of basic electrospin parameters of PAN nano-
fibers. During the study, it was observed that the so-
lution concentration is the most dominant parameter
to affect the nanofiber diameter (as already declared
by many researchers). Lower solution concentration
produces finer nanofiber diameters but at the same
time supports bead formation. On the other side,
raising the concentration increases the diameter.
Experimentally, the most appropriate concentration
value was determined as 10 wt %, which applicable
for charge densities from 1.5 to 4.0 kV/cm. The
ranges of applied voltage and needle tip—collector
distance were selected wider than previous studies.
Consequently, it was observed that the voltage ver-
sus nanofiber diameter and the distance versus
nanofiber diameter curves have inflection points.
The diameter of nanofiber initially decreases dawn
to the inflection point than increases in both curves
(Figs. 4 and 6). Therefore, these inflection points
were accepted as optimal values for needle tip—col-
lector distance and applied voltage. Thus, the finest
fibers without bead formation can be obtained by 10
wt % solution concentration at 15 cm needle tip—col-
lector distance by applying 35 kV voltage difference.
Those values were obtained with three spinnerets in
a horizontal line at 0.5 mL /hour flow rate, 20°C tem-
perature, and 50% relative humidity.

The experimental results show that there are dif-
ferent possibilities that may satisfy the required
thickness of nanofiber. Therefore, a charge density
graph was prepared to determine the values of pa-
rameters (applied voltage and tip—collector distance)
to obtain desired nanofiber diameter without bead
formation. The solution concentration may be

Journal of Applied Polymer Science DOI 10.1002/app
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obtained according to the desired nanofiber diameter
using this graph. Then applied voltage and distance
values can be determined by selecting one of these
parameters.

The authors acknowledge to Gaziantep University.
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