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Abstract

In the electrospinning process, polymer nanofibers with submicron-scale diameters are formed when a droplet of a viscoelastic polymer
solution is subjected to a high voltage electrostatic field. We report the experimental work on the electrospinning process in which the
influence of different process parameters on the electric current and volume and surface charge density in the polymer jet was measured.
Shear viscosity, surface tension, relaxation time, and the electric conductivity and permittivity were measured as well. For this purpose
different solutions of polyethylene oxide (PEO), polyacrylic acid (PAA), polyvinyl alcohol (PVA), polyurethane (PU) and polycaprolactone
(PCL) were prepared and underwent electrospinning. The governing parameters investigated were the applied voltage (V), the solution flow
rate (Q), the polymer weight concentration (C), the molecular weight of the polymer (M), the nozzle-to-ground distance (H) and, in some

solutions, the concentration of ethanol (Cy).
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrospinning is a straightforward method to produce
nanofibers from polymer solutions in a wide submicron
range around 100 nm [1-4]. The interest in the behavior of
thin liquid jets in electric fields dates back to the work of
Rayleigh [5]. Taylor [6-9] produced useful experimental
evidence on the conical shape of the protrusion from which
a jet sometimes leaves the surface of a pendant liquid drop.
A series of papers [10—17] in the electrospraying commu-
nity have focused on the properties of liquid jets emitted
from the Taylor cone. These papers demonstrate that with
knowledge of the jet profile and the electric current it is
possible to determine the volume charge density that
enables an estimation of the electric field acting on the
fluid boundary.

In electrospun jets emitted from Taylor cones, bending

* Corresponding author. Address: Mechanical Engineering,
Northwestern University, 2425 Sheridian Road, 60208 Evanston, United
States. Tel./fax: 4 1-847-467-5298.

E-mail address: meeyal @tx.technion.ac.il (E. Zussman).

0032-3861/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2004.01.024

instability develops due to the mutually repulsive forces
resulting from the electric charges of the jets [1,2]. Physical
models [1,2,18—21] which examine the jet profile, the
stability of the jet paths and the cone-like surfaces from
which the jets emerge have been developed. In addition, it
has been shown that capillary instability, resulting from
surface tension, is typically prevented by the strong
stabilizing influence of viscoelastic stresses [22] in the
electrospinning of polymer solutions. With the recent
revival of interest in electrostatic fiber spinning, there has
been a number of innovative ideas that are being
investigated, such as: electrically conductive nanofibers
[23], nanofibrous membranes for the development of high
performance batteries [24], piezoelectric nanofibrous
devices [25], alignment of electrospun nanofibers [3,
26-28], electrospun nanofiber crossbars [29], nanotubes
[30], nanofiber composites [31,32], electrospun mats for
fine filtration [33], wound dressing [34], and fabrication of
tubular products to serve as blood vessel prosthesis [26].
Development of useful applications requires a thorough
knowledge of the parameters of the electrospinning process
and their effect on the final product.
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In the present work we report the results of a systematic
investigation of the effect of variation of the governing
parameters on the electrospinning of PEO, PAA, PVA, PU
and PCL solutions. The parameters investigated include:
solution volumetric flow rate, polymer weight concentration
and molecular weight, the applied voltage and the nozzle-to-
ground distance. In addition, when using PEO solutions, we
investigated the effect of the varying ethanol concentration
in the solvent. The experimental setup and procedure are
discussed in Section 2. This is followed in Section 3 by a
presentation and discussion of the results obtained. A
summary is provided in Section 4.

2. Experimental section
2.1. Materials

Polyethylene oxide (PEO, molecular weight M =
6x10%; 10% 4 x 10° g/mol), polyvinyl alcohol (PVA,
M = 10* g/mol), polyacrylic acid (PAA, M =2.5%10°;
4.5 x 10° g/mol), polyurethane (PU, Tecoflex) and poly-
caprolactone (PCL, M = 8 X 10* g/mol) purchased from
Aldrich were used to prepare solutions that were used as the
working fluids. PEO, PVA and PAA were dissolved in an
ethanol/water solvent at different concentrations. PU was
dissolved in tetrahydrofuran (THF) and ethanol. PCL was
dissolved in acetone and also in different blends of
methylene chloride (MC, or dichloromethane) and
dimethylformamide (DMF) at a temperature of 42 °C
and cooled to room temperature before use. All chemicals
and solvents were used as received. All solutions were
stored at room temperature. All electrospinning experiments
were carried out at room temperature in air.

2.2. Measurements and characterization

The electric conductivity and permittivity of the polymer
solutions (o and g, respectively) were determined by
measuring the complex impedance of a small cylindrical
volume of fluid [35]. Surface tension (y) measurements
were conducted with a pulsating bubble surfactometer.
Shear viscosities of the fluids were measured at different
shear rates using a Couette viscometer (Brookfield DV-
IT + programmable viscometer). The relaxation times (6)
were determined using uniaxial elongational flow arising in
self-thinning threads [36,37]. Relaxation times characterize
viscoelastic properties of the electrospun solutions (cf. [1,
2]). Relaxation times of PCL solutions could not be
measured because of the high evaporation rates of solvents,
acetone and methylene chloride (MC). Values of the above-
mentioned parameters for the solutions used in this work are
summarized in Table 1 for different polymer concentrations
C (in wt%); the parameters for the solvents are shown in
Table 2. Comparison of the surface tension of solutions of
PEO (M = 6 X 10° g/mol) in ethanol/water (40/60) to that

of a pure blend of ethanol/water (40/60) suggests that the
surface tension is mainly a function of the solvent in the
solutions and tends to be less sensitive to variation in
the polymer concentration.

Measurements of the shear viscosity at different shear
rates for different solutions of PEO (M = 6 X 10° g/mol)
demonstrate a pronounced shear thinning, as shown in Fig.
1. The permittivity (g;) measurements for solvents and
polymer solutions suggest that solvent properties dominate
the solution values of &,. The conductivities of the solutions
increase slightly with the addition of polymers. With the
exception of PAA, the polymers used have very low
conductivities; therefore it is assumed that o is mostly a
function of the ionic conductivity of slightly impure
solvents.

2.3. Electrospinning setup

Experiments on electrospinning were performed with an
apparatus basically similar to that used in the previous
works [1-3]. A sketch of the experimental setup is depicted
in Fig. 2. The electrospun nanofibers were collected on a
large flat copper collector (400 mm X 400 mm). The
collector was connected to ground through an Ohmic
resistance. The potential drop over the resistance was
measured and translated to electric current (/) using Ohm’s
law. The volume charge density (p) was calculated using

Eq. (1)

=9 1
where [ is the electric current and Q the volumetric flow
rate. In our experiments the total resistor consisted of a
9 MQ Ohmic resistor in series with an electronic low-pass
filter (KemoVBF10) with an input impedance of 1 M().
Since all the measurements were done at low frequencies,
the 1 M input impedance was modeled as an Ohmic
resistor. The 9 M) resistor served to reduce the total current
through the electronic filter. The voltage drop over the
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Fig. 1. Shear viscosity vs. shear rate. Plots for solutions of PEO (M =
6x%10° g/mol) in ethanol/water (40/60) at different weight concentrations.
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Table 1

2019

Characteristic properties of test fluids: molecular weight (M), polymer weight concentration (C), relative permittivity (g,), electric conductivity (o), zero-shear

viscosity (u) and relaxation time (6)

Polymer M [g/mol]) Solvents C [%] & o [mS/m] w [cP] 6 [ms]
PEO 6% 10° Ethanol/water (40/60) 2 67.09 0.85 285 21
3 61.44 1.38 1200 25
4 66.57 1.15 3000 28
6 57.63 1.67 43200 33
PEO 10° Ethanol/water (40/60) 2 66.71 0.81 1590 142
3 67.97 1.28 9600 183
PEO 4% 10° Ethanol/water (40/60) 1 66.12 1.102 4250 217
2 70.07 1.45 90000 298
3 65.07 0.88 335000 359
PEO 10° Water 2 81.96 9.43 570 -
4x10° 1 110.6 8.49 2600 128
PAA 25%10° Ethanol/water (40/60) 6 79.5 24.47 455 48.1
45%10° 5 74.14 17.95 255 22.75
PVA 10* Ethanol/water (50/50) 6 65.99 3.73 355 29.6
PU Tecoflex THF/ethanol (50/50) 6 16.75 0.093 25 —
8 14.45 0.069 82 1.77
PCL 8 x 10* Acetone 8 25.2 0.142 107 -
10 25.38 0.141 165 -
14 24.8 0.12 400 —
PCL 8 x 10* MC/DMEF (75/25) 10 18.55 0.191 670 —
MC/DMF (40/60) 10 24.49 0.36 950 —

1 MQ impedance was measured in order to compute the
electric current. The electronic filter was used to filter out
frequencies above 10 Hz (mainly a 50 Hz signal of the
power network). The output of the digital filter was sampled
with a PC using a DAQ device (National Instruments PCI
6024E).

The initial volume charge density is often used as a given
parameter in the models of electrospinning, cf. [1,2]. The
initial volume charge density can be estimated when the
volumetric flow rate of the solution is controlled. The
volume charge density can be used to calculate the surface
charge density. Indeed, almost all the free charges are
located at the jet surface after it has been issued from the
Taylor cone [38]. However, the jet evaporates, stretches,
bends and sometimes branches under the action of the
electric field. As a result, the surface charge density varies

Table 2
Characteristic properties of solvents: relative permittivity (e,), electric
conductivity (o), viscosity (7)) and surface tension (y)

Solvents & o [mS/m] 7 [cP] vy [mN/m]
Distilled water 88.75 0.447 1.12 72
Ethanol (95%) 24.55% 0.0624 1.1* 22.3*
Acetone 20.7% 0.0202 0.36° 23.3%
Ethanol/water (40/60) 69.47 0.150 2.49 30°
MC/DMF (40/60) 29.82 0.505 0.93 31.6
MC/DMF (75/25) 21.3 0.273 0.73 28.9
THF/ethanol (50/50) 15.79 0.037 0.89 23.7

* http://www.bandj.com/Home.html.
® Wohlfarth, Ch., Wohlfarth, B., 1997. In: Lechner, M.D. (Ed.), Surface
Tension of Pure Liquids and Binary Liquid Mixtures. Springer, New York.

along the jet. Therefore the results presented in terms of the
surface charge density are inevitably geometry- and case-
dependent to a much higher extent than those for the initial
volume charge density. That is the reason that the present
work mostly uses the initial volume charge density carried
by the electrospun jet.

However, for comparison, the surface charge density (g)
for one solution of PCL was determined at different applied
voltages (12-20kV) and volumetric flow rates (200-—
600 pl/min). The surface charge density was determined

Insulating tube —m

> Power supply

H

Flat copper
collector

—= Electronic filter

Fig. 2. Sketch of the experimental setup for measuring the electric current in
electrospun jets.
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only for a single cross-section of the jet near the Taylor cone
(2 mm from the orifice of the polymer bath). It was assumed
that variation of the volume charge density due to
evaporation above this cross-section was negligible.
Measurements of the jet diameter near the Taylor cone
could not be done accurately enough for the applied
voltages and volumetric flow rates, since the jet diameter,
d decreases very rapidly in this area. The latter introduced
an inaccuracy in the measurement of the jet diameter and
contributed to the inaccuracies in the values of the surface
charge densities obtained via this procedure. In the case
when the initial volume charge density was to be recast into
the surface charge density, the following procedure was
used. The jet diameter was measured with the aid of high
speed photography. Diameters between 20 and 60 pwm were
recorded just below the tip of the cone where the jet is
initiated (2 mm from the orifice). This is in agreement with
the work of Doshi et al. [39]. The surface charge density was
calculated as per
pd

g="710 2)
where d [pm] is the measured diameter of the jet close to the
tip of the Taylor cone, ¢ [C/cm?] the surface charge density
calculated at the point of measurement, and p [C/1] as found
from Eq. (1).

The area around the Taylor cone tip was photographed
with a high speed digital imaging system (Redlake
Motionscope®™ PCI system). The camera was equipped
with an Edmund Scientific zoom lens (VZM™ 450). Images
were captured at 50 fps and at a shutter speed of 1.3 ms.

A high voltage power supply (Gamma High Voltage
Research, XRM30P) was used to control the applied
voltage. As in the work of Shin et al. [40], no effort was
made to produce a uniform electric field between the
electrode attached to the solution in the syringe and the
grounded collector. In our setup, the electric field strength
shows a maximum value at the droplet/Taylor cone tip and
is highly non-uniform. The maximum field strength in this
non-uniform field is much higher than the value in the
corresponding parallel capacitor field. The results are given
in terms of the applied voltage rather than the electric field
strength, since the electric field could only be determined
through detailed numerical calculations, whereas the
applied voltage was fixed on the electrode with the high
voltage power supply. During the experiments special care
was taken to avoid any ionization current via the air gap (or
to minimize it as much as possible) when no electrospun jet
was present.

In the current experiment, the solution supply rate was
adjusted with a digitally controlled syringe pump (Harvard
Apparatus, PHD 2000), which was electrically insulated
from the syringe that contained the test fluid by a hydraulic
connection denoted as the ‘insulating tube’ in Fig. 2. The
solution flow rate was controlled in the sense that the
solution was prevented from being drawn out of the nozzle

faster than it was supplied, since in such a situation a
vacuum would be formed in the system. Nonetheless, at low
supply rates the possibility existed that the electrospinning
process could be stopped momentarily. In our experiments,
electrical currents were measured for values of the applied
voltage and solution supply rate where no interruption in the
electrospinning process occurred. However, oscillations did
appear (depending on the applied voltage) in the solution
flow rate. While the oscillations could be seen by observing
the Taylor cone, their effect could not be detected during the
current measurement, since only average values of the
electric current were measured during the experiments.
Competition between supply of the solution by the syringe
pump and its withdrawal caused by the electric field leads to
the change in shape and volume of the region where the jet
leaves the tip, which is obviously the reason for the
oscillations. Future theoretical work could elucidate the
nature and detailed characteristics of this interaction. For
every supply rate chosen during the experiments, there
existed a corresponding electric field strength (adjusted by
the applied voltage), where the oscillations in the flow rate
disappeared. In the present work the shape and volume of
the region where the jet leaves the tip were fixed and
constant for all experiments. The average solution flow rate
between the nozzle and the ground collector was assumed to
be equal to the solution supply rate (controlled by the
syringe pump).

Electrospinning typically results in bending instability of
the jet beginning at some distance from the droplet tip [1,2].
For PEO solutions, however, bending instability was not
always observed. At higher electric field strengths and
higher flow rates the bending instability disappeared,
resulting in a straight jet over the whole electrode-to-ground
distance. Additionally, the bending instability appeared
more readily in PEO solutions with lower molecular
weights, where the stabilizing effect of viscoelastic stresses
is reduced. According to our measurements, the disappear-
ance of the bending instability under certain conditions did
not have a noticeable effect on the volume charge density
carried by the jet. For the purpose of this discussion, all the
solutions of PEO contained 40% ethanol and 60% water,
unless otherwise indicated.

3. Results and discussion

The electric current and the volume charge density
display the same behavior with respect to all the
investigated governing parameters except the solution
flow rate.

3.1. Applied voltage (V)
Experimental data for the current/voltage measurements

of PEO, PAA, PVA, PU and PCL solutions at fixed values of
the volumetric flow rate are shown in Fig. 3. The
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Fig. 3. The electric current (/) vs. the applied voltage (V) for different polymer solutions at different flow rates. (a) PEO, M = 6 X 10° g/mol, C = 2%,
ethanol/water = 40/60; (b) PAA, M = 2.5 X 10° g/mol, C = 6%, ethanol/water = 40/60; (c) PVA, M =1 X 10* g/mol, C = 6%, ethanol/water = 50/50; (d)

PU, Tecoflex, C = 6%, THF/ethanol = 50/50; (¢) PCL, M = 8 X 10* g/mol, C = 10%, MC/DMF = 40/60.

corresponding data for the volume charge density vs. the describe these relationships
applied voltage are shown in Fig. 4. The values of the
electric current for PEO solutions are of the same order as
the values obtained by Shin et al. [40]. For all the solutions p(V) = k,y VPv
tested, both I and p as functions of V approach a power law

I(V) - k[v va

(3a)
(3b)

relationship as the applied voltage increases. Eqgs. (3) The value of the exponent py changes somewhat from
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Fig. 4. The volume charge density (p) vs. the applied voltage (V) for different polymer solutions at different flow rates. (a) PEO, M = 6 X 10° g/mol, C = 2%,
ethanol/water = 40/60; (b) PAA, M = 2.5 X 10° g/mol, C = 6%, ethanol/water = 40/60; (c) PVA,M = 1X 10* g/mol, C = 6%, ethanol/water = 50/50; (d)
PU, Tecoflex, C = 6%, THF/ethanol = 50/50; (e) PCL, M = 8 X 10* g/mol, C = 10%, MC/DMF = 40/60.

solution to solution. For solutions of PEO in ethanol and
water, it is close to 3. The PU solutions employed in the
present work yielded the value py, = 2.17. Demir et al. [41],
who studied the behavior of PU solutions, also reported a
power law behavior for [ as a function of V with py, = 2.7
The values of k; and k,, increase with increasing

volumetric flow rates (cf. Figs. 3 and 4). The mean values
of py for all the solutions studied are summarized in Table 3.

Demir et al. [41] working with PU solutions reported a
power law relationship between the solution flow rate (Q)
and the applied voltage (V) with an exponent value of three
in the experiments where Q was not controlled. In contrast
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Table 3
Summary of the exponents in the approximations of Egs. (3) to (13)
Polymer M [g/mol] C [%] pv Pev PpQ PaQ P1Q pc M hlem]  pee
PEO 6% 10° 2,3,4 2.614 - —0.754 - 0.246 0.579 - - -
1x10° 1,2,3,5 3267 - -0.776 - 0.224  0.69 - - -
4% 10° 0.1,1,2,3 2.948 - —0.814 - 0.186 0.517 - - -
4x10° 1 - - - - - - - - —-0.11
6% 10° 2 - - - - - - - 455 -
1x10° 2 - - - - - - - 35.37 -
4x10° 2 - - - - - - - 30.78 -
6x10°,10% 4% 10° 2 - - - - - - 0.9 - -
6% 10°10°%4x10° 3 - - - - - - 055 - -
PVA 10* 6 4.565 - —0.743 - 0.257 - - - -
PAA 25%10° 6 2.505 - —0.738 - 0.262 - - - -
45x%10° 5 3729 - -1.023 - -0.023 - - - -
PU Tecoflex 6,8 2.166 - —0.845 - 0.155 - - - -
PCL MC/DMEF(75/25) 8§ x 10* 10 3.218 - —0.967 - 0.033 - - - -
PCL MC/DMF(40/60) 8 x 10* 10 2.891 4.0 —1.114 —0.83 —-0.114 - - - -
PCL (acetone) 8 x 10* 8, 10, 14 3.11 - —2.04 - —1.04 0.19 - - -
to this, Fong et al. [42] working with PEO solutions reported data according to the following equation
a linear relationship. Baumgarten [43] showed that the q=kyy VP )

diameter of the jet initially decreases as the field strength
increases and then begins to increase as the field strength
still increases. This, in fact, means an increase in volumetric
flow rate as the applied voltage increases beyond a certain
level. The phenomenon is related to the fact that increasing
the field increases the electrostatic stresses, which in turn,
draw more material out of the syringe. Doshi [44] plotted
the jet diameter at different positions along the jet. He
showed that at the capillary exit, there was a threefold
increase in the diameter resulting from less than a twofold
increase in the applied voltage in the experiments where Q
was not controlled.

Fig. 5 shows the plots of the surface charge density (q)
vs. the applied voltage for the PCL with M = 8 X 10*, C =
10%, MC/DMF = 40/60. The solid lines represent the fitted
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Fig. 5. Surface charge density (g) vs. the applied voltage (V) for the PCL
solution with M = 8 X 10* g/mol, C = 10%, MC/DMF = 40/60.

The general behavior of the surface charge density is similar
to that of the volume charge density. The average value of
pgv Was 4.0. This value is higher than that of p,,,;, which was
2.891 for the same solution. The factor k,y increased with
increasing volumetric flow rate.

3.2. Solution flow rate (Q)

Figs. 6 and 7 show characteristic plots of I and p as
functions of the volumetric flow rate Q, respectively, for
several fixed values of the applied voltage for the solutions
of PEO, PAA, PVA, PU and PCL. Both I and p, as functions
of O, exhibit a power law behavior according to Egs. (5) and

(6)
1(Q) = kipQ™ ®)
p(Q) = kpo Q' (6)

The mean values of p,, and p,, for different solutions are
given in Table 3. The value of the exponent pj,, is dependent
upon the solution. In most cases I increases, while p
decreases as a function of flow rate. The value of the
exponent p,, for all polymer solutions is negative.
According to Eq. (1), ppp = pip — 1 which is also seen in
Table 3. Ref. [17] reports that in the case of electrospraying
of 1l-octanol seeded with sulfuric acid there also exists a
power law relationship between I and Q with an exponent
value of 0.5. The values of kjy and k,, increase with
increasing the applied voltage (cf. Figs. 6 and 7).

Fig. 8 depicts the plots of the surface charge density vs.
volumetric flow rate for the same solution as that in Fig. 5.
The solid lines are fitted according to the following equation

q = kyoQ"® (7
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Fig. 6. The electric current vs. volumetric flow rate. (a) PEO, M = 6 X 10° g/mol, C = 3%, ethanol/water = 40/60; (b) PAA, M = 4.5 X 10° g/mol, C = 5%,
ethanol/water = 40/60; (c) PVA, M = 1X 10* g/mol, C = 6%, ethanol/water = 50/50; (d) PU, Tecoflex, C = 6%, THF/ethanol = 50/50; (¢) PCL, M =

8 x 10* g/mol, C = 10%, MC/DMF = 40/60.

The average value of p,o was —0.83. As in the case of the
applied voltage, the value of p,, is slightly higher than p,,.

The reason for the decrease of p as a function of Q can be
explained by analyzing the charge flow in the polymer bath.
Fig. 9 shows a schematic drawing of the polymer bath used

during the current measurements. Higher flow rates can lead
to a faster removal of the ions at the orifice side of the
polymer bath. However, this effect seems to be rather
insignificant. Indeed, below we show that the rate of
replenishment of the ion concentration at the orifice side is
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Fig. 7. The volume charge density vs. volumetric flow rate. (a) PEO, M = 6 X 10° g/mol, C = 3%, ethanol/water = 40/60; (b) PAA, M = 4.5 X 10° g/mol,
C = 5%, ethanol/water = 40/60; (c) PVA,M =1X 10* g/mol, C = 6%, ethanol/water = 50/50; (d) PU, Tecoflex, C = 6%, THF/ethanol = 50/50; (e) PCL,

M = 8% 10* g/mol, C = 10%, MC/DMF = 40/60.
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Fig. 8. Surface charge density (g) vs. volumetric flow rate (Q) for the PCL
solution with M = 8 x 10* g/mol, C = 10%, MC/DMF = 40/60.

mostly determined by the drift velocity of the ions as given
by Eq. (8) (see [45,46])

- €oZ;
d 6man

E, ®)

where vy is the drift velocity, e is the absolute value of the
charge of an electron, z; is the valence of the charge carriers
(mainly impurities in the solutions in our case), m the
solvent viscosity, a the mean radius of the charge carriers
(ions) and E the effective electric field inside the polymer
bath. |El (inside the polymer bath) was obtained exper-
imentally by measuring the voltage difference between the
electrode and a point on the nozzle where the polymer exits.
|E| was also calculated for the current setup using the finite
element method. The measured and calculated values of |E|
were of the order of l-gllz(cml’z-s) (which is 300 V/cm).
Using the following values: ¢y = 4.8 X 10710 (g"? em*?)/s

Copper wire connected
to a positive high voltage

P

Copper
brushes

Insulation
material

Rubber Copper piston

and Copper needle

Negative ions

Positive ions Applied electric field

Polymer inside the syringe

solution
Plastic syringe
Orifice (0.3mm)

Fig. 9. Sketch of the syringe bath used in the measurement of the electric
current.

(whichis 1.6 X 107" C); z; = +1; = 1072 — 10" g/(cm
s) (which is 1-1000 cP) and @ = 10 8cm, vyl is estimated
to be of the order of 1—10cm/s. This value allows for a
time delay of a few seconds before newly created ions arrive
at the orifice of the polymer bath. On the other hand, the
fluid velocity in the syringe during electrospinning was
estimated (from images taken with a high speed camera) to
be of the order of 10~ * cm/s. This is much smaller than the
drift velocity of the ions. Therefore, the rate of replenish-
ment of the ion concentration appears to be virtually
independent of Q. On the other hand, the rate of withdrawal
of the opposite charges by the electrode is obviously
dependent on the residence time of ions in contact with the
needle (Fig. 9). At higher flow rates, fewer (negative) ions
are withdrawn into the needle. Therefore, the fluid carries a
lower (positive) excessive charge at the time it arrives at the
syringe orifice. This conclusion holds even though some
ions end up at the inner wall of the syringe. As a result, the
volume charge in the jet should decrease at higher Q.

The dependence of the volume charge density and the
current on the applied voltage for a single fixed volumetric
flow rate is depicted in Fig. 10. It should be noted that the
volume charge density for the PCL and PU solutions is
much lower than for the PEO solutions. In Ref. [47] it is
suggested that the appearance of the garland structure in the
electrospinning of some PCL solutions results from a low
volume charge density in the electrospun solution, which is
supported by the present data. Also, the fact that the volume
charge density decreases as a function of the volumetric
flow rate supports this assumption. In the case of the PCL
and PU solutions, when the flow rates were drastically
increased, the low volume charge density decreased even
more, as a result. In these cases, the reduction of the electric
volume charge density allowed for the merging of different
sections of the fiber in flight, thus facilitating the formation
of garlands as in Ref. [47]. This never happens with highly
charged PEO jets.

3.3. Polymer concentration (C)
The electric current (/) as a function of polymer weight

concentration (C) is depicted in Fig. 11 for PEO. Egs. (9)
approximate the relationships obtained as

I(C) = k;eCPe. (9a)
p(C) = kP (9b)
For PEO pc=0.5—0.6. The values of k;c and k,c
increased with the applied voltage. The mean values of p.
are given in Table 3 for different solutions.

3.4. Molecular weight (M)

With respect to molecular weight, the current and
volume charge density also behave according to a power
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Fig. 10. (a) The electric current / as a function of V for different polymer
solutions. (b) Plot of p as a function of V. The volumetric flow rate (Q) in
both (a) and (b) was 200 pl/min. The data in the graph are depicted using
the following symbols: (#*) PEO (M =4X 10° g/mol), C = 1%,
ethanol/water = 40/60; (O) PVA (M= 10* g/mol), C = 6%,
ethanol/water = 50/50; (O PU (Tecoflex), C=6%,
THF/ethanol = 50/50; (<) PU (Tecoflex), C = 8%, THF/ethanol = 50/50;
(<) PAA (M =2.5%10° g/mol), C = 6%, ethanol/water = 40/60; (> )
PAA (M =45%10° g/mol), C = 5%, ethanol/water = 40/60; (®) PCL
(M = 8% 10* g/mol), C = 10%, MC/DMF = 75/25; (B)PCL (M = 8 X
10* g/mol), C = 10%, MC/DMF = 40/60; (#) PEO (M = 10° g/mol), C =
2%, C,, = 0%; (4) PEO (M = 4 X 10° g/mol), C = 1%, C, = 0%.

law [Egs. (10)] as depicted in Fig. 12

I(M) = ky M"Y (10a)

pM) = Ky M (10b)

The values of kjy, and k,, increased with the applied
voltage. The mean values of p,, are given in Table 3.

APOADOYVOAH* x -
-
N

10" 100
C-[%]

Fig. 11. The electric current vs. polymer weight concentration for PEO,
M = 4x10° g/mol at Q = 20 wl/min.

3.5. Nozzle-to-ground distance (H)

The following exponential expressions describe the
dependence of I and p on the nozzle-to-ground distance (H)

I(H) = ke, (11a)
p(H) = ke ™", (11b)
which approximates the results shown in Fig. 13. In Egs.
(11) h is a constant with the same dimension as H. The
parameter & as a function of M is shown in Fig. 14. The

following power law equation was fitted to the three points
shown in Fig. 14:

h(M) = kypyM™™ , 12)

where kj; = 43.66 and p;,;; = —0.496.
The fact that the volume charge density decreases as H

3000 . 10kV

W

®APSI DYV OA# X
-
3

1 2 3
M -[g/mol]

Fig. 12. The electric current vs. polymer molecular weight for PEO, C =
3% at Q = 60 pl/min.
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Fig. 13. The electric current vs. nozzle-to-ground distance for PEO, M =
4 10° g/mol, C = 1% at Q = 30 pl/min.

increases is a result of the decrease in the electric field
strength as H increases at a constant applied voltage.

3.6. Concentration of ethanol in solution (C,)

PEO solutions in pure water followed the power law
relationships of Egs. (3) more accurately than PEO solutions
that contain ethanol. Fong et al. [42] reported that with the
addition of ethanol to aqueous solutions of PEO, the net
volume charge density carried by the jet decreased. The
electric current / as a function of Cy is plotted in Fig. 15 and
is approximated by Eq. (13):

I(Cep) = ki, C&, (13a)
p(Cet) = kpc, Cet™s (13b)

where the average value of pc is —0.11. It is emphasized

) T
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8
<
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Fig. 14. Parameter 4 as a function of the molecular weight (M) for solutions
of PEO (C =2% and Q = 30 pl/min). The solid line corresponds to:
h(M) = 43.66 X M~°4%; the standard deviation is 5.33.
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Fig. 15. The electric current as a function of the concentration of ethanol in
PEO solutions with M = 4 X 10° g/mol, C = 1% at Q = 30 wl/min.

that as the amount of ethanol in the solution increases, the
amount of water decreases in order to keep the weight
concentration of polymer constant. Solutions were electri-
fied after preparation, and those with a higher amount of
ethanol displayed a lower volume charge density. This can
be attributed to the fact that the impurities responsible for
the charge carriers are mostly brought by water.

The results of this subsection show that the main positive
effect of ethanol in a solution undergoing electrospinning is
not created by any alteration of the charge, but arises from
an increase in the solution evaporation rate which has been
shown to facilitate nanofiber solidification.

3.7. Parameter combination

The mean experimental values of the exponents in Eqgs.
(3) through (13) are summarized in Table 3. When
combining the approximations of Eqgs. (3) through (13),
the volume charge density can be described by the following
cumulative equation:

p= kexp VPv QP CPeppr e H C:Z[Cel , (14)

where k., may depend on such parameters as the intrinsic
solution properties, temperature and humidity. Eq. (14) was
used to calculate the volume charge density for PEO
solutions using the following average values from Table 3:

py =3; Ppo = —0.8; pc=0.75; pyr =0.5; pcet

= —0.11. (15)

The value of & was found from Eq. (12). The factor k., was
estimated using the measured values of p and appeared to be
about 0.0128 with the standard deviation of 0.00556, as
shown in Fig. 16. Not all the experiments were carried out at
the same time and with exactly the same solution samples.
The jumps in the value of k., could result from variation in
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Fig. 16. The factor k., for a number of experiments. The mean value is
0.0128 and the standard deviation is 0.00556.

temperature and humidity and also from the variation in the
physical parameters between fresh and older solutions.

4. Summary

The relevant physical parameters were measured for a
number of polymer solutions (PEO, PAA, PVA, PU and
PCL in different solvents) used in the electrospinning of
polymer nanofibers. The experiments were undertaken to
determine variation of the electric current (/) and volume
charge density (p) in response to changes in the governing
parameters of the process. In the case of one PCL solution
the surface charge density ¢ was determined as well. The
governing parameters investigated include the applied
voltage (V), the solution flow rate (Q), polymer concen-
tration (C), molecular weight (M), nozzle-to-ground
distance (H), and the ethanol concentration in the solvents
(Cs) for PEO solutions. The values of the electric
permittivity, conductivity, zero-shear viscosity, surface
tension and relaxation time were also measured.

We found that the volume charge density follows power
law dependences on V, O, C, M, and C, and depends
exponentially on H. These relationships are summarized in
Egs. (3) through (13). In addition, the volume charge density
(p) decreases with increasing flow rate (Q) for all the
solutions tested. The dependences of the surface charge
density g on V and Q are similar to those for p. In contrast to
this, the electric current (/) in the jet increases with Q for
some solutions (PEO, PVA, PAA M =2.5X 10° and PU),
but decreases for the other solutions (PCL). For the solution
of PAA of M = 4.5 X 10° it appears as if the electric current
is not affected at all by the volumetric flow rate. Decrease in
p at higher values of the volumetric flow rate Q is attributed
to a low residence time of the solution near the electrode.
The fact that the volume charge density decreases
exponentially as H increases is explained by the decrease

in the electric field strength as H increases at a constant
applied voltage. The addition of ethanol to an aqueous PEO
solution decreases the volume charge density when all the
other parameters are kept constant. This shows that the main
positive effect of ethanol in a mixture undergoing electro-
spinning is not related to the volume charge density, but
rather to a higher evaporation rate, which facilitates
nanofiber solidification.
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