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Needleless electrospinning is the process of forming thin material fibers from the open surface of its solution or melt in a strong electrostatic
field. Electrospun non-woven materials are used in various applications that require specific fiber diameters and pore size distributions. Fiber
diameter depends on the properties of the polymer solution and manufacturing conditions. A needleless electrospinning process using the
Nanospider setup was investigated using the commonly used polyamide 6 (PA6) solution in a mixture of acetic and formic acids. Polymer
solutions with different polymer concentrations were characterized by viscosity, surface tension and electrical conductivity. An increase in
polymer content in the solution resulted in the exponential increase of the solution viscosity, polynomial increase of electrical conductivity
and had almost no effect on surface tension. The effect of the polymer concentration in the solution, as well as electrospinning voltage on
fiber diameter and diameter distribution, was investigated using scanning electron microscopy images. The average fiber diameter linearly
increases with the increased polymer concentration and also demonstrates an increase with increased electrospinning voltage, although less
pronounced. Therefore, a change in the PA6 solution concentration should be used for the robust adjustment of fiber diameter, while changes

in electrospinning voltage are more appropriate for fine tuning the fiber diameter during the process of needleless electrospinning.
Keywords: needleless electrospinning, nanospider, PAG, fiber diameter, solution concentration, voltage

Highlights

*  Needleless electrospinning is used for manufacturing non-woven materials.
*  Properties of non-woven materials, e.g. fiber diameter and pore size distribution, depend on the material’s properties and the

electrospinning conditions.

* By increasing the polymer concentration, the viscosity of the solution increases exponentially, the electrical conductivity
increases polynomially and the surface tension does not change.

*  The average fiber diameter linearly increases with the increase in polymer solution concentration, as well as electrospinning
voltage; however, it is less pronounced compared to solution concentration.

*  For the robust adjustment of fiber diameter, it is practical to change the PA6 solution concentration, while for fine tuning,

voltage changes can be applied.

0 INTRODUCTION

Electrospinning is the process used to produce
polymer fibers and membranes from a polymer
solution or melt under high electrostatic forces.

Electrospun materials are used in various
applications, including textiles [1], insulation
materials, tissue scaffolds [2], patches, filters [3]
and separation membranes [4]. The functionality of
membranes for different applications is determined
by the material, physicochemical surface properties
of the fibers, fiber diameter and pore size distribution.
Within this study, we investigated how the fiber
diameter is affected by solution concentration and
electrospinning voltage.

Together with membrane thickness, the fiber
diameter determines the pore size distribution of the
membrane. Fiber diameter determines the free surface
of the membrane and pore size distribution determines
the barrier and permeability properties of the material.

Fiber diameter and its distribution are strongly
dependent on the polymer solution/melt properties
and electrospinning conditions [5] and [6]. Controlling
the fiber diameter during electrospinning allows for
the formation of membranes with selected pore size
distribution and is a crucial part of the electrospinning
process.

The formation of electrospun fibers happens
from the polymeric melt or solution between the two
electrostatically charged electrodes. This process starts
with the localization of the free charges in the polymer
solution close to the surface in the electrostatic field
[7]. As soon as the concentration of the charges is high
enough, the surface of the solution forms the so-called
Taylor cone [8] and [9]. The charge carriers continue
to concentrate on the top of the cone, and this finally
results in a jet of polymer solution being pulled by
the electrostatic field towards the receiving electrode
[7]. While the jet is travelling towards the receiving
electrode, the solvent in the solution evaporates and
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the dry fiber is deposited. The process of solvent
removal is governed by the properties of the solvent,
the distance between electrodes and the environmental
conditions during the electrospinning (temperature,
airflow, humidity) [5] and [7].

There are three main properties of the polymer
solution that are important for the electrospinning
process: viscosity, surface tension and electrical
conductivity. Their combination determines the
behavior of the solution during electrospinning and
directly affects the fiber diameter.

The viscosity of the polymer solution plays
a crucial role in the electrospinning process as it
affects the formation of the Taylor cone as well as
the stabilization of the solution jet while travelling to
the receiving electrode. During the first stage of fiber
formation, high viscosity results in energy losses, but
it also provides a more efficient process since more
material is deposited. Additionally, a high enough
viscosity of the polymer solution prevents the jet from
breaking up into droplets and therefore stabilizes the
jet [5] and [10].

Solutions with too high viscosity will not provide
any fibers and solutions with too low viscosity
will result in multiple droplets instead of a fiber
(electrospraying).

Usually, viscosity is the parameter that
significantly affects the electrospinning process and,
consequently, the thickness of the electrospun fibers.
Typically higher viscosity of the solution corresponds
to the larger fiber diameters [5], [11] and [12]. The
viscosity of the solution depends on the polymer
concentration, its molecular weight and weight
distribution, as well as molecular topology. It also
depends on the loading conditions (frequency, shear
rate) and environmental conditions (temperature,
humidity), which are related to the electrospinning
parameters.

Surface tension forces tend to reduce the surface
of the liquid per mass unit. These forces are a result of
interactions between solvent and polymer molecules
(both topology and electromagnetic potentials).
Surface tension forces (coupled with viscosity) are the
main counterforces to the electrostatic forces that are
pulling the fibers. Surface tension also determines the
behavior of the fibers while forming and moving to
the collecting electrode [5] and [12].

Electrical conductivity measures the ability of the
material to carry an electrical charge and represents an
intrinsic property of the solution. Conductivity mostly
depends on the solvent’s electrical conductivity [5],
[12] and [13]. It is also affected by the polymer’s

molecular weight, polymer’s concentration and
temperature.

While surface tension and electrical conductivity
can be changed using additives (surfactants or ionic
salt), they also affect other properties and change
the balance between surface tension, electrical
conductivity and viscosity [11] and [14]. The empirical
ranges of viscosity, surface tension and electrical
conductivity required for successful electrospinning
are defined, for example, in [5]; however, the range
of values is relatively broad and can be used only in
the needle electrospinning method. The needle or
capillary electrospinning method is a process where
one of the electrodes uses a needle through which the
polymer solution/melt is pushed into the electrostatic
field under pressure.

Needleless electrospinning, as its name suggests,
does not use a needle or nozzle to introduce the
polymer solution into the electrostatic field but instead
uses a free surface or droplets of the solution on the
electrode in the form of a rotating cylinder or string.
Such a system has been introduced to the market under
the commercial name Nanospider. The formation of
fibers in this system occurs from the bottom rotating
electrode to the top receiving electrode [15] and [16].
In this case, the process is more complex compared to
conventional needle electrospinning, as the formation
of Taylor cones happens not only on the surface of
one polymer droplet but in multiple regions on the
electrode. One critical advantage of this technology
compared to nozzle technology is increased production
capacity. Multiple fibers form at the same time without
clogging the capillaries. Needleless technology also
provides a more homogeneous electrostatic field
and the possibility to produce largeer dimensions of
electrospun material [15], [17] and [18].

The physics of needleless electrospinning
process is different compared to the capillary
method [5], [7] and [9]; as the Taylor cones form on
a free surface subjected to electrostatic field, the
shape of this surface is important. During capillary
electrospinning, a Taylor cone forms on the droplet
from the capillary, whos size is controlled by the
pressure in the capillary. In the case of Nanospider
technology, multiple Taylor cones appear on the
surface of the thin film covering the cylinder electrode
or droplets on the string electrode. The thickness of
the polymer solution film and the size and density of
droplets depend on the speed of electrode rotation and
the solution’s properties. In both cases, however, the
solution’s properties play the most crucial role in the
formation of the electrospinning surface, as well as
fiber dimensions and quality. Due to these differences
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in physics of the electrospinning process, a well-
known theory for capillary electrospinning cannot
be directly applied to needleless fiber production
technology. Differences in the shape of the solution’s
surface (a drop at the capillary or a drop on the string)
and the interplay of multiple polymer solution jets in
the electrostatic field during the material formation
requires different settings and polymer concentrations
for successful needleless electrospinning.

Within this work, the needleless electrospinning
process of polyamide 6 (PA6) dissolved in a mixture
of acetic and formic acids is investigated.

PA6 is a material widely used in a variety of
applications including the automotive and textile
industries, medicine and engineering. Its high
mechanical strength in a wet and dry state [19],
hydrophilicity and chemical resistance [20] make it
an appropriate material for desalination, textiles [21],
various filtration [22] and medical applications [23]
water purification and gas separation. Additionally,
PA6 can be modified with antibacterial/antifungal
agents [24] and is often used in electrospun form for
filtration, medical applications and textiles.

PA6 has been well studied using nozzle
electrospinning [11], [14], [22] and [25] whereas, to the
best of our knowledge, only limited research has been
done using the Nanospider needleless methodology
[21] and [24]. Researchers focused on the antibacterial
additives to PA6 and morphological properties
of the fiber’s surface depending on the distance
between clectrodes [21] and [24]. There is a lack of
information on the processing conditions of needleless
electrospinning, which is essential for fiber properties
and is the focus of this paper.

Within the paper, we conducted systematic
research of the effect of polymer solution concentration
on the critical properties of the polymer solution: its
viscosity, surface tension and electrical conductivity.
We investigated the effect of these parameters and the
electrospinning voltage on the formation of PA6 fibers
and their diameter. An electrospun material composed
of fibers with the chosen diameter is the first step
towards the production of materials with a controlled
pore size distribution, as are required in different
applications.

1 EXPERIMENTAL METHODS
1.1 Materials

Light-stabilized PA6 under the trade name Ultramid
B24 NO03 was provided through an in-kind donation by
BASF (Germany). The material has a number average
molecular weight (Mn) of 21,100 g/mol and a weight
average molecular weight (Mw) of 55,600 g/mol.
The material producer describes it as a material grade
for the production of textile fibers that is especially
suitable for high-rate spinning.

PAG6 is dissolvable in the formic acid; therefore,
for this study, a mixture of 2:1 by weight of acetic
(AA, 100 % glacial, EMSURE, Sigma-Aldrich, USA)
and formic (FA, 99 %, Carlo Erba, France) acids were
used to prepare the PA6 solutions. Both acids are weak
carboxylic acids, which only partially dissociate in the
solution. However, formic acid is a polar solvent with
low polarity, which, in combination with PA6, results
in the polyelectrolytic behavior of the solution [13].
This increases its electrical conductivity to values
high enough for electrospinning [26]. In the mixture
of acids, the formic acid acts as the aggressive PA6
solvent, while the presence of acetic acid increases
the boiling point of the solvent (118 °C for acetic acid
and 108 °C for formic). This means that the jet of the
solution during electrospinning will dry closer to the
receiving electrode at the stage when the jet trajectory
has already rotated in the normal direction to the
receiving electrode [5]. This results in a higher product
yield for Nanospider electrospinning technology.

1.2 Preparation of Solutions

The solutions for electrospinning and characterization
were prepared following the same procedure. The
components of the solution were mixed in the
following sequence: polymer granulate, formic acid
and acetic acid. Afterwards, the solution was mixed
for approximately 8 hours at 200 rpm using a magnetic
stirrer. For mixing solutions with a larger content of
the polymer, the magnetic stirrer was heated up to
50 °C. Measurements were started 48 hours after the
solutions were prepared.

The solutions were subjected to electrospinning
in a laboratory setup three times. For each of the tests,
a new batch of the solution was prepared following
the same protocol. This was done in order to avoid
the ageing of the solution and introducing the error of
solution preparation into the whole process.

Due to the smaller amount of the solution
prepared for characterization, the PA6 granulate
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was dried in order to avoid drastic errors in solution
composition due to the polyamide water uptake.
Drying was performed using a humidity analyzer
(KE-DBS60-3, KERN, Germany) for 15 minutes at
80 °C using 10 grams of polymer granulate at once.

Five solution concentrations were prepared and
their compositions are presented in Table 1.

Table 1. Solution compositions

Concentration [%] 11 12 13 14 15
PA6 mass [g] 66 72 78 84 90
FA volume [ml] 178 176 174 172 170
AA volume [ml] 356 352 348 344 340

1.3 Characterization of Solutions
1.3.1 Viscosity

Shear viscosity was measured using a rotational
rheometer (MCR 302, Anton Paar, Austria) using a
concentric cylinder in a cup. A cylinder with a 27-
mm diameter and 1-mm gap between the cylinder
and cup was used for measuring. To prevent solvent
evaporation, we used a solvent trap.

Measurements were performed at ambient
conditions by linearly increasing the shear rate from
1 1/sto 150 1/s in 180 s. Three repetitions per solution
were made.

1.3.2 Electrical Conductivity

The electrical conductivity coefficient of the
prepared solutions was measured using a Metrohm
Conductometer 912 (Switzerland) equipped with
a Pt1000 electrode (measuring ranges from 0.015
mS/cm up to 250 mS/cm), which determines the
conductivity of liquid samples between the two
platinum electrodes. Measurements were taken at
ambient conditions six times for each of the solutions,
after 120 s stabilization time.

1.3.3 Surface Tension

The surface tension coefficient was determined using
a force tensiometer (K20, Kruss, Germany) equipped
with the Wilhelmy plate, at ambient conditions.
Measurements were performed 6 times for each of
the solutions. The surface tension was determined as
average over 10 s of measurement.

1.4 Preparation of Electrospun Membranes

The electrospinning process was performed using
a Nanospider LAB (Elmarco, Czech Republic)
laboratory setup and a string electrode. As a substrate,
a polypropylene spunbonded material was used. The
distance between electrodes was fixed to 140 mm and
the speed of the substrate was set to 0.08 m/min.

All  five solutions with different PA6
concentrations were electrospun at three voltage
levels: 70 kV, 75 kV and 80 kV, respectively. The
choice of this voltage range was made based on past
experience using the Nanospider electrospinning setup
as well as available research works [21], [24] and [25].

In total, 45 membrane samples were produced: 5
different electrospun solutions at 3 different voltages
and 3 repetitions at each voltage level.

1.5 Membrane Characterization

All samples were investigated using a scanning
electron microscope (SEM) with an autoemission
cathode (MIRA II LMU, Tescan). For the SEM
analysis, three samples were taken from each of the
concentrations and voltage levels. Three different
randomly selected places were selected at each
sample, resulting in 9 testing areas per material. They
were covered with 5 nm gold coating and analyzed
using a SEM under 64.02 kx magnification. For
each location, 10 fibers were selected on the upper
surface of the electrospun mat, and their diameters
were measured, altogether resulting in 90 diameter
measurements per each of the 15 samples types
obtained via electrospinning.

The mean value of the fiber distribution was
calculated, and the width of distribution was assessed
using the uniformity coefficient [16] and [27], which is
calculated similarly to the polydispersity index as the
ratio of weight average, 4,, and number average, 4,,
analogues:

A,
Cry :A_, (D

where

2
DV Vil @
", " Y nd,

where d; is fiber diameter, and »; denotes the number
of fibers with this diameter. A uniformity coefficient
equal to 1 represents a perfectly monodisperse
distribution of fiber diameter, while a higher number
means broader fiber diameter distribution.
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2 RESULTS AND DISCUSSION
2.1 Polymer Solution Properties

Polymer solutions with different PA6 content levels
were characterized in order to determine how polymer
concentration affects viscosity, surface tension and
electrical conductivity, see Fig. 1. A combination of
these three properties determines if the solution will
form fibers in an electrostatic field and the quality of
fibers. Error bars were calculated as maximal errors
for viscosity measurements and standard deviation for
electrical conductivity and surface tension.

2.1.1 Viscosity

In the measured range of shear rates, up to 150 1/s
all materials exhibited Newtonian behavior. Within
the measured shear rates, we did not observe shear
thinning behavior, which is in line with findings in
[28]. For the analysis, the viscosity was calculated as
the average viscosity value in the measured shear rate
range.

The results of average viscosity measurements
as a function of PA6 concentration are shown in Fig.
la. The viscosity increases with PA6 concentration.
Comparing the viscosity of PA6 concentrations of 11
% and 15 %, there is an increase of 300 %.

The solutions are classified as concentrated [29]
and demonstrate an exponential increase in viscosity
with concentration (also demonstrated in [11], [14] and
[25]). This increase can be evidence of an entangled
regime of polymer chains [30]. Chain entanglements
are the overlaps of the molecular chains in the
solution, and a sufficient number of them is needed
for the solution to form fibers without defects [31].

2.1.2 Surface Tension

The surface tension of the solution is a complex
parameter that unites electrical and molecular
interactions within the solution and is important for
proper fiber formation. If the surface tension is too
high, it will prevent the Taylor cone from forming
or will result in the depositing of beads or droplets
instead of fibers or the so-called electrospraying
process. The higher the surface tension, the stronger
the electrical field required to form fibers.

Fig. 1b shows the surface tension coefficient of the
tested solutions. The surface tension of the solution did
not change significantly within the investigated range
of polymer concentrations. The maximal variation of
the average surface tension coefficient in respect of

the solution with the smallest concentration is about
1.3 %. The error of surface tension measurement
increases with polymer concentration, starting at
14 %. This might be attributed to the fast changes of
solution properties due to evaporation, which is more
pronounced in higher concentrations.
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Fig. 1. Comparison chart of a) viscosity, b) surface tension, and
¢) electrical conductivity depending on PA6 concentration in the
solution

In the literature, opposing findings on the effect
of concentration solutions on surface tension can
be found. On the one hand, researchers report an
increasing surface tension with solution concentration
[11] and [32]. However, in both cases, the investigation
was done on much higher concentrations, up to 46 %
and 20 % of Nylon-4,6 and PA6 respectively. On the
other hand, researchers report on a similar finding
to ours. Guerrini et al. [33] reported that there was
no significant influence of PA66 concentration on
the surface tension coefficient. In their case, they
investigated a concentration of between 10 % and
20 %.
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2.1.3 Electrical Conductivity

In general, solution conductivity has a smaller role
in fiber formation compared to viscosity and surface
tension, but it can still affect the fiber size within 1 to
2 orders of magnitude [31].

Electrical conductivity measurements are shown
in Fig. 1c and show an increase of the conductivity
solution concentration up to 10.5 % compared to the
11 % solution.

Similar trends and behavior were observed
by other researchers [11], [25], [32] and [34] in a
comparable range of PA solutions. In a wider range
of concentrations, researchers report an increasing
electrical conductivity up to 16 % followed by a
drop [11], which might be related to the suppression
of the charge carriers’ mobility in more concentrated
solutions.

Among all three tested solution parameters,
viscosity shows the most pronounced change with
the increase of concentration as it increases roughly
by 300 % compared to stable surface tension and a
10.4 % increase in electrical conductivity.

Solution viscosity is considered to be a governing
parameter affecting the electrospinning process

also by several other researchers [11], [14] and [35].
Considering the findings of these researchers and our
results, further analysis of the results will be done with
respect to the polymer concentration, which is directly
related the viscosity. However, the effect of increased
electrical conductivity should not be diminished, as
it results in an increased electrostatic force and plays
a decisive role in forming fibers from more viscous
solutions.

2.2 Fiber Diameter and Distribution

An analysis of fiber diameter distribution was
done on 90 diameter measurements made for each
concentration on the SEM image. One example per
solution concentration is presented in Fig. 2.

Fig. 3 shows the analysis of fiber diameter
depending on  solution  concentration  and
electrospinning voltage. Fig. 3a shows the mean fiber
diameter and Fig. 3b fiber uniformity index. Plotted
error bars are calculated as the standard deviation of
all fiber diameter measurements.

Fig. 3a demonstrates that polymer concentration
almost linearly affects the mean value of fiber
diameter and results in a maximum of 380 % increase

a) 11 % PA6, b) 12 % PAG, c) 13 % PAG, d) 14 % PAG6, and e) 15 % PA6
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Fig. 3. a) Mean value of fiber diameter in respect of the polymer solution concentration for different electrospinning voltages,
and b) uniformity index in respect of the polymer solution concentration for different electrospinning voltages

in fiber diameter for 75 kV. Error bars also increase
with increasing polymer concentration.

The effect of voltage is negligible in the polymer
solution with the lowest concentration but becomes
more pronounced in higher concentrations (14 %).
With an increase of voltage, the behavior of fiber
diameter becomes less stable (larger error bars) and
less linear (smaller R2 value), which is probably
related to the increase of Taylor cone numbers on the
free surface, since other electrospinning parameters
were not changed [17].

From Fig. 3b it is clear that the uniformity index,
Cry, of the fiber distribution drops for a concentration
increase from 11 % to 12 % and afterwards behaves
unstably, demonstrating its minimum for 14 %. This
means that 14 % of electrospun material has the
most monotonous/narrow fiber diameter distribution.
Compared to the uniformity index reported by other
researchers on different materials [16] and [36], it can
be noted that all of the obtained values show very
homogeneous distributions of fibers, since researchers
report a uniformity index in the range of 1.1 to 1.3 to
be narrow. Electrospinning voltage does not have any
consistent effect on the fiber uniformity coefficient.

From the presented results in Figs. 1 and 3, it
can be concluded that the polymer concentration and,
consequently, viscosity play a more pronounced role
in fiber creation compared to voltage. Similar findings
can be found in the literature for both needleless and
nozzle electrospinning [16], [37] and [38].

Needleless Electrospinning of PA6 Fibers: The Effect of Solution Concentration and Electrospinning Voltage on Fiber Diameter

2.3 Analysis of Defects

During the fiber electrospinning at the maximal and
minimal voltage settings (75 kV and 80 kV), defects
in fibers were noted in some cases. Select examples
are shown in SEM images in Fig. 4. These fibers were
not used for the analysis of fiber diameter presented in
the previous chapter.

Fig. 4a shows the formation of beads — a thick
lump of material. This occurred only at the low voltage
for the least concentrated solution. This phenomenon
has been observed for needle electrospinning of PA6
by other researchers [11] and [14] and can be related
to several different physical processes, for example, if
the fiber is not thoroughly dried, the relaxation process
in a solution can cause the formation of the bead at the
moment of contact with the receiving electrode when
the electrostatic force on the solution disappears.
The occurrence of beads can harm the properties of
products made from fibers. For example, when used
for filtration, beads can obstruct the media flow.

Fig. 4b shows the formation of very thin fibers
(spider nets) between the thicker fibers. This occurred
only at higher concentrations, but not regularly in all
repetitions. The appearance of spider nets is related to
an excessive amount of charges inside the solution.
In our case, to the highly reactive polar solvent —
formic acid [13] and [39]. Another important factor
is the strength of the electrostatic field that should be
high enough to activate the additional charges in the
solution [13], [39] and [40]. High values of relative
humidity for volatile solvents reduce the speed of
evaporation, and the solvent stays liquid longer, which
allows the formation of thin fibers between the primary
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a) beads, 11 % PA6, 70 kV, b) spider nets, 14 % PA6, 70 kV, and c) ribbon-like fibers, 13 % PA6, 80 kV

fibers [39] and [40]. Spider nets can be desirable
in some cases of filtration or scaffold applications
since they can increase the filtration performance or
cell proliferation. The exact mechanism of spider net
formations, as well as their stable production, is still a
matter of investigation.

Ribbon-like fibers, Fig. 4c, do not have direct
negative or positive consequences, as was the case
with the previous two irregularities. They appear due
to a too low evaporation rate during electrospinning
for concentrations higher than 13 % and result in
fibers with an uneven fiber diameter.

4 CONCLUSIONS

The paper investigates the effect of PA6 solution

concentration and electrospinning voltage on the fiber

diameter and diameter distribution manufactured
with needleless electrospinning using the Nanospider
setup. The main conclusions of our investigation are:

e Fiber diameter distribution appears to be
generally independent of solution concentration
and manufacturing conditions. All fibers exhibit a
narrow fiber diameter distribution. The uniformity
index of all investigated fibers is between 1.01
and 1.04, except for the most diluted solution
with a uniformity index of approximately 1.06.

* Increasing solution concentration linearly
increases the fiber diameter by about four times
for all voltages.

¢ Changing the electrospinning voltage has a
smaller effect. Increasing the voltage increases
the fiber diameter, however, to a lesser extent (we
measured a 35 % diameter increase).

e This leads to the final conclusion. For robust
changes of fiber diameter, it is preferable to
change the PA6 solution concentration, since

the solution concentration linearly increases
with fiber diameter. On the other hand, for the
precise control of fiber diameter, control of the
electrospinning voltage should be used.
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