www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Methods for increasing productivity
of AC-electrospinning using weir-
electrode

Ondrej Batka®1"“, Josef Skrivanek®?, Pavel Holec("?, Jaroslav Beran(??, Jan Valtera®* &
Martin Bilek®?

The presented work brings new knowledge in the field of spinning electrodes for AC-electrospinning
technology, which is used for producing nanofibrous structures using a solution of polyvinyl butyral.
It presents new types of spinning weir-electrodes and describes research on the influence of electrode
design parameters on the stability of the spinning process and the productivity of nanofiber
production. The multistage spinning electrode is presented in the ratio of stages one to five. Research
is also focused on the effect of the parameters of the electric signal used as a source for the spinning
electrode on spinning stability and productivity. Observed parameters were voltage level, frequency
and shape such as sine wave, rectangle wave and modified sine wave. An analysis of the influence of
the spinning conditions on the resulting nanofibrous structure was also performed by analyzing results
gained by SEM; the defects were investigated mainly. The results of the research presented in the
thesis open up new possibilities for follow-up research in the field of AC-electrospinning.
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Electrospinning, whose origin goes back far into history'~> and whose gradual development took place from
the end of the 19th century to the beginning of the 21st century*-!?, is currently one of the most productive
methods used in practice for industrial production of nanofibers. Nanofibrous products offer great potential
for application in many fields of human activity!*2%. This field has been developing dynamically, and the
knowledge gained is already being used in practice to a certain extent. Several nanofiber products, or devices
for their production, are already available on the market. An example is the Nanospider technology by the
Elmarco company, which is used to produce nanofibers intended for various applications worldwide. The
Elmarco company developed a new type of needle-less spinning electrode, which uses wire as the electrode
where the solution is dispensed using a moving cart, and it is mainly used for industry. However, there are other
types of spinning electrodes still commonly used in many applications, and there are many types of research on
improving productivity of needle-less electrodes®-%’, or multi-needle electrodes. One of the most common
industrial applications where nanofibers are used is the production of filter material with a high efficiency of
capturing particles with dimensions of tens or hundreds of nanometers. Another area where nanofibers are
expected is tissue engineering, where biodegradable materials are usually used to produce nanofibers?"?>. This
area is known, for example, for nanofibrous patches that prevent the anastomic leakage or wound healing®!-3
and are already subjected to in vivo tests>*>. In these cases, it is usually a nanomaterial with a flat structure. It is
usually a material made of a non-woven base fabric, on which nanofibers are applied, forming a sandwich-type
material. Another nanofibrous product in which high potential is assumed is nanofibrous yarn, for example, the
dual-functional composite yarns with a nanofibrous envelope developed at the Technical University of Liberec
(TUL)%%7. In addition, there are functionalized nanofibrous yarns that contain additives that are incorporated
among nanofibrous and thus expand their field of use®. This material is mainly used in producing filter
materials, such as filter fabrics or candle filters*®. However, it is also expected to be used in medicine in the form
of surgical threads with drugs incorporated into the nanofibers*’. This technology is based on the principle
of the Collectorless Alternative Current Electrospinning (AC-electrospinning, or ACES)*'~*’, which uses an
alternating electric current to form nanofibers. An alternating voltage is applied to the spinning electrode, and
an electric field is formed among the electrode itself and air ions. With ACES technology, the presence of an
electric-charged collector, which, in this case, arises spontaneously and repeatedly near the spinning electrode,
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is not necessary. This is how we talk about the so-called virtual collector, which is made of electrically charged
nanofiber segments. The signs of the electric charges carried bundles of nanofibers formed by the spinning
electrode alternate rapidly. Bundles of nanofibers are either positively or negatively charged, with their electric
charge corresponding to the corresponding half-wave of alternating current. The action of electric field
destabilises a surface of polymer solution, which leads to the formation of polymer nozzles and their subsequent
elongation into nanofibers. The creation and disappearance of polymer jets correspond to a change in the
polarity of the electric field. Charged nanofibrous bundles immediately behind each other attract each other and
create a nanofibrous plume formation. The resulting fibres are clustered, for example, into a linear formation
in the form of a strip, which is carried in space by the electric field in the direction of its gradient. Nanofibers
created in this way can be collected on many surfaces or objects. It is possible to apply them to a flat base textile,
as in the case of DC-electrospinning (DCES), but with advantage they can be directly transformed into a linear
structure, such as a yarn or a yarn-like structure®?’. In comparison with DCES, the ACES is more productive.
By ACES, it is possible to spin many types of polymers in solution, e.g. Polyvinyl butyral*®-*°, Polyvinialcohol?,
Polyamide**>1->* Polycaprolacton®, Polyacrylonitrile”, Lignin®®, Polyvinylpyrrolidone®-.

Motivation

Developing and optimising devices that can produce nanomaterials with the required topology and structure,
both for the laboratory test phase and for industrial use, is necessary for all the mentioned applications. The basis
of the technology is always a spinning electrode and an electric input of high electrical voltage. This research
aims to determine the influence of electrical quantities such as voltage, frequency and waveform of the electrical
signal on the productivity of nanofiber production and the quality of the resulting structure. Furthermore, it
is also an effort to influence the productivity of the nanofibres production in the form of a spinning electrode.
Finding the dependence of productivity on the mentioned parameters will lead to the efficiency of the production
process in terms of the number of nanofibers produced per unit of time; it also has an effect on the installation
space of the spinning equipment.

Compared to other technologies for the production of fibre structures, such as high-production meltblown®!-54,
electrospinning has the advantage that it is possible to incorporate various materials directly into the fibre
structure®®®>-%8 thus nanofibrous to functionalised products, for example, for wound healing®7°. The diameters
of the fibres are also more prominent in Meltblown than in electrospinning, and these are microfibers®’. Melt-
electrospinning technology is also known’!~73, where fibres are produced from a polymer melt, which is an
advantage because it does not require solvents, thus increasing ecological sustainability. Experiments show that
it is feasible with specific difficulties, but this technology has very low productivity compared to the production
of fibres from polymer solutions by electrospinning. It mainly produces microfibers, and a lot of energy is also
required to reach and maintain temperatures higher than 200 °C. The advantage of electrospinning of polymeric
solutions is the production feasibility of functionalised core-shell fibre by using coaxial electrodes’**° possibly
produced by ACES. Mixed nanofibrous materials from two or more solution materials are also feasible by
special electrodes developed for ACES®!. This paper’s novelty is the research and development of highly effective
weirelectrodes for collector-less AC electrospinning technology. The presented electrodes can efficiently produce
nanofibrous structures, mainly linear nanofibrous structures like the composite nanofibrous yarn®® and products
such as braided threads® or candle filters*® with high efficiency. The paper also reveals the dependences of
productivity and nanofibrous structure quality on many technological parameters.

Methodes

An experiment set-up

The polymeric solution of polyvinyl butyral dissolved in ethanol was used for the experiments (10% , PVB
Movital B60H in 98%_, ethanol Technisolv). The Trek 50/12 high-voltage amplifier (4) in Fig. 1 was used to
supply the voltage signal to the electrode. 1, to the input, the selected signal created by the function generator
Owon AG 1022 (6) was fed. Using this device, it is possible to bring any signal with a maximum amplitude of
50 kV; or in the range of +50 kV to the electrode. The amplifier also allows you to measure the level of output
voltage and total current through the outputs in the “OUTPUT MONITOR” Sects. (9, 10). These signals were
displayed by a Lecroy waveAce 234 oscilloscope (7), which also allows for determining different types of values
(signal amplitude, rms value, mean value). Furthermore, the signal coming out of the function generator (8)
was also measured. All productivity measurements were performed in the same way. The nanofibers produced
by the electrode (1) moved in the continuous plume (2) towards the rotating drum (3) on which they were
deposited, while the time was always measured throughout the spinning period. The manufactured sample (11)
was removed and weighed on a VWR' LA Classic balance (12). In most cases, the weight was evaluated in two
steps; immediately after finishing spinning and then after drying at the temperature of 50 °C for 30 min. The
productivity before drying and after drying in grams per minute was determined from these values. A screw
pump was used to supply the polymer solution®.

FEM model

Autodesk Simulation Mechanical 2017 FEM software was used for simulations of electric fields. The FEM model
is in Fig. 2. The task was simulated as a rotationally symmetric model, where the axis of symmetry was the axis
of the electrode. For the body of the electrode (4), the metal material with relative permittivity e= 10°, was set;
for the lid of the beaker (7), polyethene €=2,16, was specified; glass e=7,6 for the beaker (6) for the polymer
solution on the surface of the electrode (8) and in the beaker (5) e=and for the surrounding air by e=1. In all
cases, a voltage boundary condition (9) with a value of 30 kV and an electrical stiffness of 101 AV~! was imposed
on the body of the electrode. A value of 0 V and a stiffness of 10'® AV~! were entered at the outer air boundary
(3).
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Fig. 1. The principle of experiments; spinning electrode (1), plume of nanofibers (2), colecting drum (3),
amplifier Trek 50/12 (4),HV supply to electrode (5), function generator Owon AG 1022 (6), osciloscope Lecroy
waveAce 234 (7) generator output signal (8), Voltage measuring signal (9), current measuring signal (10),
sample on the colecting drum (11), weighted sample (12).

Weir-electrode
For continuous production of linear nanofibrous products, such as nanofibrous yarn by ACES was by, our team
at TUL® developed Weir-electrode, shown in Fig. 3 (a). Figure 3b) shows the principle of the overflow electrode
used for AC electrospinning. The body of the electrode (1) consists of a cylindrical part ending in a head, usually
conical in shape. Through the polymer solution inlet (2), the polymer solution flows upwards onto the transport
surface (3). Furthermore, gravity spreads over the entire surface and overflows over the spinning surface (4),
on which a dominant amount of fibres is formed, while not all the flowing solution is spun. This surface is
continuously followed by the collecting surface (5), after which the non-fibrous solution continues to flow into
the container and is subsequently pumped out. On the spinning surface, after applying a high voltage to the
body of the electrode, nanofibers are produced due to the high value of the electric field intensity on this surface,
as shown in Fig. 3c). We, therefore, refer to such an electrode as a weir-electrode because its entire surface is
flooded with solution. Soaking the whole surface is essential for the stability of AC electrospinning. When the
electrode was not flooded, and all the supplied solution was spun, the spinning surface would be clogged with
nanofibers attracted by the electrode and the process would gradually end, which can be observed in Fig. 4a),
respectively in detail A.

In Fig. 4b) stable spinning from an ideally flooded electrode can be observed. Detail B shows the formation of
a Taylor cone® precisely in the area of high electric field values. The electrode head can take on different shapes,
which affect the spinning process and the productivity of nanofiber production, which is the subject of one of
the following chapters.

Increasing productivity of weir-electrode

Effect of voltage, frequency and signal waveform on productivity

When examining the weir-electrode, the effect of electrical parameters such as voltage, frequency, and waveform
of the electrical signal applied to the single-stage spinning electrode on nanofiber productions productivity
and the nanofibers’ structure was observed. Two types of electrical voltage waveforms, sine waveform and
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Fig. 2. FEM model (a) whole FEM model, electrode assembly 1), air 2), boundary condition 3); (b) detail of
electrode assembly, electrode 4), polymeric solution in beaker 5), beaker 6), beaker lid 7), polymeric solution
on the electrode surface 8), boundary condition on electrode 9).

rectangular waveform with a duty cycle of 50%, were used. In the first part, for both mentioned courses, the
attention was focused on investigating the effect of voltage magnitude on productivity in the range of voltage
amplitudes of 30 to 50 kV for sine and 35 to 50 kV for rectangular waveform. Figure 5a) shows the dependence
of voltage productivity for both waveforms. The graph shows that the productivity increases linearly with the
voltage, and the dependence for the rectangular waveform increases with a slightly bigger slope. The square
waveform is, therefore, more beneficial for productivity, mainly because it acquires an almost constant value
in each half period, while with the sine waveform, the voltage reaches the critical value required for spinning
only after a few milliseconds. However, the disadvantage of using a rectangular waveform is that, due to the
rapid change in polarity, current peaks occur, which reduces the safety of the device, as they can induce charge
into parts of the device or the operator himself, which must be taken into account in the design of the machine.
Figure 5b) shows a record of electrical signals recorded by an oscilloscope during the experiments. It can be seen
from the figure that current peaks occur in the rectangular waveform (CH3, green). From this point of view, the
rectangular waveform is problematic.

In an attempt to limit current peaks but still use the potential of the rectangular waveform, i.e., to extend
the time of the supercritical voltage compared to the sinus waveform, a modified signal shape was proposed.
Figure 5¢) shows an example of the modified sine waveform whose part was limited to the constant value for
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Fig. 3. (a) weir-electrode, (b) half-section of weir electrode, electrode body (1), inlet (2), transport surface (3),
spinning surface (4), colecting surface (5); (c) electric field distribution on the electrodes surfaces.

R 4
Detail A

Detail B

Fig. 4. The AC-electrospinning proces; (a) unstable spinning, (b) stable spinning.

a certain period. Experiments were performed for three different voltages, namely 40 kV, 45 kV, and 50 kV
amplitude values. For each value, the duration of the constant part T, was gradually changed from 0 s to T
s, and for each such course, the productivity was measured. To display the dependence, the ratio of the time of
the constant part and the half-period is further marked as Ratio T./T, ; was introduced. Figure 5d) shows an
example of the waveform record for Ratio T /T . with value 0,5.

The graph in Fig. 6a) shows the dependence of the measured RMS electrode voltage on ratio T /T, for all
three signal amplitudes, and the graph in Fig. 6b) shows the dependence of productivity on Ratio T, /T for
all three AC amplitudes used. The graphs show that as the ratio increases, productivity increases. The graph in
Fig. 6¢) shows the dependence of the effective value of the electric current measured by the oscilloscope on ratio
T/T,5and Fig. 6¢) shows the dependence of the maximum current value (peak to peak) on ratio T/T ;. It can
be seen that the peak values with ratio T /T, ; grow non-linearly up to the maximum value, the current to which
the amplifier was limited (10 mA) when ratio T./T ; corresponds to the value 1, hence a rectangular waveform.
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Effective values also grow non-linearly, which is shown in Fig. 6d). However, it is clear from the comparison
that, especially for values close to 1, the difference between the effective and the peak value is significant, and
current peaks are also formed in these cases. The results show that the signal modified this way is usable up to
the Ratio=0,7.

Furthermore, attention was focused on the effect of the frequency of electrical voltage on productivity. Each
frequency dependence for a sinusoidal waveform was measured for three different voltages with amplitudes
of 40 kV, 45 kV and 50 kV and for a rectangular waveform at 40 kV and 45 kV. The relative humidity in the
spinning chamber was 40%, and the temperature was 25 °C. The graph in Fig. 7a) shows the dependence of
productivity on frequencies for different voltages of a sinusoidal waveform. It can be seen from the graph
that productivity increases with increasing frequency, but the difference between productivity values before
and after drying also increases. At a frequency of 125 Hz and a voltage of 40 kV, the productivity’s magnitude
after the fibres’ drying was less than half of the original value. At higher voltages, the difference is even more
significant. For example, at a frequency of 95 Hz, at a voltage of 40 kV, the difference between the values is
0.22 g/min, which corresponds to 41.5 per cent of the original value; at a voltage of 45 kV, the difference is
0.33 g/min (45.8%) and at voltage 50 kV 0.49 g/min (49.5%). It follows that at higher frequencies, the produced
nanofibrous structure contains a certain amount of solvent, which, as it turned out from the pictures taken by
SEM, can negatively affect the final structure. The images are shown in Fig. 8. At frequencies higher than 95 Hz
for voltages of 45 kV and 50 kV, the productivity measurement was no longer evaluated because there were clear
drops or even entire strips of solution directly in produced samples. It can also be observed in the SEM images
that the structure for these parameters shows significant defects. The evaluation of the quality of the resulting
structure is presented below. The graph in Fig. 7b) shows the dependence of productivity on frequency for a
rectangular waveform. In the graph, behaviour similar to that of the sinusoidal waveform can be observed; as the
frequency increases, productivity increases, and so does the difference between the value before and after drying.
At frequencies and voltages higher than those shown in the graph, drops of non-fibrous solution formed and
degraded the sample. The table in Fig. 7c) shows the nanofiber quality of voltage and frequency combinations for
sinus waveform. The quality was divided into four groups: excellent, acceptable, non-acceptable and unusable.
However, this is a subjective evaluation based on long-term practice; in particular, the number of defects and
the proportion of microfibers, which are considered undesirable in the structure of nanofiber products, are
monitored. In conclusion, suitable combinations of voltage and frequency were experimentally found, at which
point the quality of the produced nanofibrous structure was of sufficient quality. Regarding productivity, the
most suitable combination is a frequency of 70 Hz at a voltage of 50 kV when a productivity of (0,45 0,02) g/
min was achieved. It was found that with increasing frequency, the proportion of residual solvent contained in
the produced samples increases, considerably degrading the nanofibrous structure at a specific combination of
frequencies and voltages. A possible explanation for this phenomenon can be found in the study of the theory of
the formation of the Taylor cone. In the first stage of Taylor cone formation, the surface of the polymer solution
is deformed to the maximum sharpness of the cone. When a certain amount of solvent is released, a conductive
channel is briefly formed, and the charge is partially discharged. This process is repeated until the density and
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Fig. 8. SEM pictures of structure depending on voltage and frequency, scale bar is 50 um.

viscosity of the solution are optimal for the formation of a liquid jet and the formation of a Taylor cone®®*. This
process requires a specific time, which, in the case of AC-electrospinning, must be less than the half-period of
the signal. Therefore, the solution must be optimally prepared to reach this criterion. Therefore, apparently, for
higher frequencies, the solution is not optimal, and to a large extent, in some places of the polymer surface, the
solvent is sprayed, and no fibres are formed. The frequency effect was already observed in previous research in
other experiments for other polymeric solutions®>-%”. However, the problem of residual solvent and its effect on
the fibre structure was not described.

Effect of electrode geometry on productivity
The electrode with the design parameters shown in Fig. 9a) was subjected to the electric field simulation and
subsequently to the experimental productivity measurement, while the diameter of the electrode, further
diameter D and the radius of rounding, further radius R, were changed. Figure 9b) shows a set of electrodes
with different diameters D and radius R. Experiments were performed for a sinusoidal waveform of the signal
on the electrode with an amplitude of 40 kV at a relative humidity in the spinning chamber of 31% and a
temperature of 24 °C. Figure 9c) and 9 d) show the graphs of the electric field intensity dependence on radius R,
respectively diameter D. It follows from the dependence that the electric field intensity on the spinning surface
decreases with the size of the diameter D, and the radius R. Figure 9¢) and 9 f) show individually measured
dependencies of productivity. It follows from the dependences that with an increasing radius R at a constant
diameter D, the productivity decreases slightly (Fig. 9¢)) and with an increasing diameter D at a constant radius
R, the productivity increases (Fig. 9f)). Looking at the results of the simulations, a decreasing trend can also be
observed in the case of the dependence of the electric field intensity on the radius R.

In both cases, the dependence trends on the radius size decreases. However, in the case of dependence on
the diameter D, productivity, depending on the size of the diameter D, increases in contrast to electric field
intensity. The explanation could be the influence of two factors. The first is that as the diameter D increases, the

Scientific Reports|  (2024) 14:24012 | https://doi.org/10.1038/s41598-024-75946-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0 DD
=
—
o
Ly
~Xr
®D14mm ®R0,1mm
£000 e D16 mm 6000 - ®R02mm
:§\ ©D18mm SO ®R03mm
W D20 mm e~ _ ©R0,5mm
— 5500 W Rl
3 e ©D22mm g 5500 Y RO,7 mm
£ RS ®D24mm £ .'~-_’ ®R1,0mm
= %Q\\t:‘ eD26mm || E Tl ®R1,5mm
2. 500 At IR eD28mm || = 5000 Ciisange ®R2,0mm
- .
9] AR 9] =
= N N =)
[ N ©
B S 4500
o )
9 3
& e
Qe G 4000
= =
bt -
g g
[y o 3500
3000
2000
C) 0 01 020304050607 0809 1 11 12 13 14 15 16 17 18 19 2 21 d 12 u 16 18 B 2 2 2 2 30
Radius R [mm] ) Diameter D [mm]
0,215
o ® D26 mm ®RO5mm 1
®D24mm 0,205 ®R1,0mm °
02 ®D22mm ' ®R15mm °
©D20mm ®R2,0mm % °
—. 019 D18 mm = 0195 .
E . D14 mm £ .
[ ]
3 o1s W 0185 1 ! 1 |
o4 > .
2 S ouws s e b
S 017 5 ’ ° . 1
g 3 1
S 0,16 3 0165 s
<4 &
s
0,15 + + 0,155 1
.
0,14 0,145 :
04 05 06 07 08 09 1 11 12 13 14 15 16 17 18 19 2 21 f 3 14 15 1 17 18 19 20 22 2 23 24 25 26 27
e Radius R [mm] Diameter D [mm]
400 16 0,27
-2 R0,5mm . ~A
350 14 LA - -7
-2 R1,0mm N A = 0,25
<R1,5 — S~a -
= 300 2 MM 12 ~m .- .
£ R2,0mm ! E ‘)\ - 0,23 £
£ 250 e o 10 - S~ £
< R = - - <
o o R @ - ~<_ K]
£ 200 PR S s 8 A ~a 021 5.
= - g - -
3 PR e —m——- z _- z
a0 150 O S o 6 s F=1
£ ' e &= 019 3
c - |-y =3 ]
£ 100 e R € 4 °
- -
Q I S T 2 &
< 50 = — ===~ —" $-- 2 A Flow rate [g/min] 0,17
i B Productivity [g/min]
0 0 0,15
g) 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 h 100 200 300 400 500 600 700
Diameter D [mm] ) Pump speed [RPM]

Fig. 9. (a) dimensional parameters of the electrode, (b) set of testing electrodes, (c) electric field dependence
on radius R, (d) productivity dependence on radius R, (e) electric field dependence on diameter D, (f)
productivity dependence on diameter D,.

size of the spinning surface of the electrode increases, as shown in the graph in Fig. 9g), and thus, the number
of Taylor cones on the spinning surface increases and more nanofibers are produced. The second is that the
same dosing was used in all measurements. In this case, when the area increases by changing the diameter of
the electrode covered by the polymer solution, the thickness of the polymer layer will decrease. It was found
that productivity decreases with the thickness of the polymer layer on the electrode. Figure 9h) shows the
dependence of productivity on the speed of the screw pump, respectively, on the flow rate, from which it follows
that the productivity decreases with the flow rate. It can be assumed that the thickness of the polymer layer on
the spinning surface increases with the flow rate. Thus, both factors affect productivity more than electric field

strength.

Scientific Reports|  (2024) 14:24012

| https://doi.org/10.1038/s41598-024-75946-5

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Effect of multistages electrodes

Experiments were also focused on the effect of the number of stages and the spacing of individual steps on
productivity. The multistage electrodes used in the experiments were gradually created by assembling different
diameters and numbers of stages of the basic conical shape of the electrode. A total of five electrodes with
varying numbers of stages were assembled, which were immediately connected to each other. In such an
arrangement, the structurally given distance of adjacent stages was 15 mm. An electrode with two, three, four,
and five stages was assembled, and experiments for a single-stage electrode were also performed simultaneously
for comparison. For each electrode, experiments were carried out for five different electrode voltages for a sine
signal at a frequency of 50 Hz. The relative humidity in the spinning chamber was 25%, and the temperature was
23 °C. Figure 10a) - e) shows the snapshots of the experiments. It is possible to observe in the images that, in all
cases, the spinning proceeds relatively stably. For the lowest applied voltage of 40 kV, the spinning was less stable
at the last stage from the top in the case of the five-stage electrode (Fig. 10e). Similar problems with spinning
stability at the lower stage were observed for the highest voltage used, namely 50 kV. In the case of a voltage value
of 40 kV, the electric field intensity on the lower stage is not high enough. In the case of a voltage of 50 kV, with
a high probability, there is a lack of polymer solution in the last stage.

Figure 10f) shows the dependence of productivity on the number of electrode stages for all applied voltages.
The graph shows that productivity increases as the number of degrees increases. In all cases, the dependence
shows a quadratic course, which indicates that the maximum possible productivity occurs at a certain number
of degrees. This is most evident at a voltage of 40 kV for a five-stage electrode. This is because the electric field
intensity is not high enough at the last stage; difficulties with spinning stability at this stage were observed
anyway. It is also shown that the proportion of residual solvent increases with increasing number of stages.
Figure 10g) shows the dependence of productivity on voltage for all five electrodes for samples in the dried state.
Also, in this case, productivity increases linearly with voltage.

Furthermore, experiments were carried out with a two-stage and three-stage electrode, in which the spacing
between the individual stages were changed. In the case of a three-stage electrode with a spacing other than
the basic one, i.e. 15 mm, the process was unstable; the fibres were difficult to form from the lower stage or
had difficulty moving upwards to become part of the nanofiber plume. Therefore, the productivity was not
evaluated, and the experiments focused only on the two-stage electrode. Two combinations of the diameters of
the individual stages were used. In one case, the diameter of both stages was the same (22 mm); in the other,
the first stage had a diameter of 14 mm and the second 26 mm. During the initial trials, it was found that the
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variant with the same diameters was unsuitable because, at spacing larger than 25, the fibres produced in the
second stage had considerable difficulty rising upwards. This phenomenon can be observed in Fig. 11e), f).
Figure 11d) shows the process on an electrode with a spacing of 25 mm. Figure 11a), b), and c) offer a variant
of the electrode with different diameters for three different stage spacing. It can be seen that, in this case, the
fibres that are produced at the lower stage move upwards and become part of the plume. However, for electrodes
with a spacing larger than 65 mm, a loss of stability of fibre formation from the lower stage was still observed.
Furthermore, the productivity was measured for several spacing values and voltage values on the electrode for
a two-stage electrode with different diameters. The relative humidity in the spinning chamber was 35%, and the
temperature was 25 °C.

Figure 11g) shows the dependences of productivity on spacing for four different voltages. The graph shows
that productivity shows an increasing dependence on the stage spacing, but there is a specific limitation, and in
some cases, increasing the spacing is undesirable. At 40 kV and 50 kV, spinning could be stably operated with
electrodes with a spacing of up to 45 mm. In the case of a voltage of 40 kV for spacing larger than 45 mm, spinning
on the lower stage no longer occurred, and productivity was dropped. One of the possible explanations can be
that for such a low voltage, the electric field intensity at the lower stage is not high enough for the formation
of fibres. Spinning did occur in the case of a voltage of 50 kV, but the fibres produced on the lower stage had
problems progressing upwards. At 42.5 kV and 45 kV voltages, similar problems appeared only at spacings
higher than 65 mm. Spinning did occur, but frequent breakdowns in process stability were observed in the
lower stage. A more significant number of solution droplets also appeared in the produced structure; therefore,
the productivity was no longer evaluated. In this case, an insufficient amount of polymer solution affects the
spinning conditions in the lower stage.

Conlusion

The presented weir spinning electrode showed the ability to produce nanofibers from polymer solutions with
high productivity. Experiments have revealed that productivity increases with increasing electrical voltage and
frequency of the electrical signal. However, the quality of the manufactured structure is also affected by voltage
and frequencys; it is proven that with increasing voltage and frequency, the quality deteriorates and thus reduces
usability. This is due to the content of the solvent in the produced structure, which causes the dissolution of
the produced nanofibers. It should be noted that this phenomenon can be influenced by the concentration of
the solution and also by its type. The effect of frequency and voltage will differ for other materials and solvents,
requiring further extensive research. When using a rectangle waveform, there is greater productivity than with
a sine waveform at the same amplitude values. However, the disadvantage of the rectangular signal is a more
significant current load on the source due to rapid polarity changes and a higher risk of corona discharges, which
reduces the safety of operation, especially when using flammable solvents. The multistage electrodes can be used
to increase productivity, i.e., the number of spinning surfaces. However, it follows from the experiment that it
is necessary to ensure a sufficient voltage so that there is sufficient intensity of the electric field at all spinning
stages. Furthermore, it ensures a sufficient supply of polymer solution at individual stages. With many stages,
the last stages are not sufficiently supplied by polymeric solution. From this point of view, it will be necessary to
optimise the multistage electrode further so that all stages have the same conditions for spinning, especially the
same coverage with the polymer solution and the same electric field intensity. This requires extensive research
on multistage electrodes. With multistage electrodes, the spacing between individual stages also plays a role.
Increasing the spacing makes it possible to increase productivity, but even here, limits were found that are related
to the supply and, thus, to the ability of the electric wind to transport the fibres in the desired direction. It is
necessary to point out that the presented results relate to a narrow profile of the issue, especially what concerns
the type of polymer solution and, thus, its concentration. It is likely that for different solutions of different
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concentrations with different solvent systems, the behavior of the spinning process will be different, and it will
be necessary to adapt the technology adjustment in relation to the monitored parameters listed in this paper.
In the future, it is also necessary to focus on the ecological aspects of electrospinning technology. The general
effort in spinning technology emphasising sustainability and ecology is the highest possible concentration of
spun material and the lowest possible solvent concentration in the spinning solution®. The idealised state would
be 100% concentration of the spun material without solvent; in this way, a waste-free product with almost zero
emissions would be achieved. To illustrate, when spinning PVB material and the average solution concentration
is 10%_,, 90%_ of the liquid solution is converted into gaseous ethanol vapours since the inorganic solvent
ethanol is used for spinning®. Ethanol vapours are extremely flammable and explosive and must be handled
environmentally and safely. In more giant factories, having an air vent for vapours in the catalytic combustion
equipment behind the spinning box is standard practice. The vapours are burned, creating an additional
environmental burden for the air, as emissions are created during combustion, and it is also necessary to burn
life-giving oxygen as a condition for combustion. In general, it can be stated that the associated technological
operations increase the ecological and economic burden of electrospinning™.
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