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Introduction

Electrospinning is one of the most
popular techniques for manufacturing
nanofibres. In this process a high voltage
is used to create an electrically charged
jet of polymer solution or melt. In the
space between the capillarity tip and
collector, the jet becomes unstable and
a rapid whipping of the jet follows. This
leads to evaporation of the solvent, leav-
ing a polymer behind. The polymer un-
dergoes stretching and at the same time
thinning as a result of whipping, and
finally fibres are collected on a grounded
collector as a randomly oriented web
of micro- or nanofibres [1 - 4]. Current
research mostly focuses on the structure
and morphology of nanofibres manufac-
tured by electrospinning. Generally, the
dependences of nanofibres structure on
polymer solutions parameters, such as
concentration, molecular weight, surface
tension, viscosity, conductivity, govern-
ing parameters, such as applied voltage,
and the distance between electrodes are
being analysed [5 - 17].

It is important to have control over the
fibre diameter which is a function of
material and process parameters. Despite
the relatively early introduction of the
electrospinning process, the effect of the
process and material parameters on fibre
formation is still under theoretical and
experimental investigation [12]. There
is no common agreement on the effect
of applied voltage on the diameter of
nanofibres [8, 13 - 17]. There are a lot of
works published in which the influence
of applied voltage on the electrospinning

The Influence of Applied Voltage
on Poly(vinyl alcohol) (PVA)

Nanofibre Diameter

Abstract

Nowadays the electrospinning process is being widely investigated due to huge interest in
nanotechnology science, but this process still has not been fully explained. So far there
has been no general agreement amongst researchers about the influence of the main
technological parameter — the influence of voltage applied on the diameter of manufactured
nanofibres. In this study nanofibres were manufactured using the electrospinning method
Jfor a 12% concentration solution of poly(vinyl alchohol) (PVA) water solution. Two sets
of experiments were performed in order to evaluate the influence of the voltage applied
on the PVA nanofibre diameters. In the first case nanofibres were collected on a PES
substratum, in the second — on a PP substratum. Next, the average nanofibre diameter
was calculated from all derivatives of the nanofibres and only from the thinnest nanofibres.
It was estimated, that the voltage applied does not have a noticeable influence on the
diameter of the manufactured nanofibres. Only the structure consisting of nanofibre mats

was influenced by the change in voltage.

Key words: electrospinning, nanofibre, applied voltage.

process and nanofibre diameter is ana-
lysed. But conclusions in these studies
are different. Gu et al. [8] reported that fi-
bre diameter did not significantly change
by altering the voltage applied. Mo et al.
[13] and Heikkila et al. [14] concluded
that nanofibre diameter tends to decrease
with an increase in the voltage applied.
Contrary to this, from the results obtained
by Zhang et al. [11] he himself noticed
that there was a slight increase in the
average diameter of PVA nanofibres with
an increase of the electric field applied.
Yordem et al. [16] reported that voltage
influences fibre diameter, but at a differ-
ent level of significance depending on the
polymer solution concentration and on
the distance between the electrode and
the collector. According to Gu et al. [§]
such inconsistency may be caused by the
difference in experimental conditions.
So, electrospinning equipment, type of
polymer solution, experimental condi-
tions, all these rates have a significant
influence on the nanofibre forming proc-
ess and the final product.

The aim of this study is to show that the
method of calculating nanofibre diameter
has a significant effect on conclusions
made after analysing the influence of
applied voltage on the diameter of PVA
nanofibres.

It should be emphasized that the depend-
encies identified are valid firstly for the
equipment used and the conditions app-
lied
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Experimental

Preparation of polymer solution

A 16 wt% PVA (molecular weight -
70.000 g/mol, degree of hydrolysis 88%)
solution was diluted with distilled water
in order to prepare a 12 wt% PVA solu-
tion. To improve the conductivity of the
PVA solution prepared, 0.5 % of phos-
phoric acid was added.

Electrospinning equipment

The substratum material was covered by
a layer of PVA nanofibres using “Nano-
spider TM” equipment (Elmarco, Czech
Republic) [18]. This method of nanofibre
production was developed at Technical
University of Liberec and patented [19].
As opposed to other electrospinning
equipment, in “Nanospider T a rotating
drum, partially immersed in a polymer
solution, is used instead of a set of nee-
dles having capillares (Figure 1). The
main advantage of this electrospinning
technology is the significant increase in
the production capacity of nanofibres.

Power supply
Positive polarity
4 0-75kV

Figure 1. Principal schema of “Nanospi-
der”T™; [) substratum material, 2) elec-
drode, 3) tray with polymer solution,
4) rotating drum.
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Figure 2. The dependence of the average value of PVA nanofibre diameter upon applied
voltage. The nanofibres were collected on substratum materials from PES and PP, at
different distances between the electrodes and using two different measuring methods.
To the PES substratum are related the dependencies 1, 2, 3 and 4, to the PP substratum
the dependency 5. The distance of 11 cm concerns the runs 1 and 3, the distance of 13 cm
concerns the runs 2, 4 and 5. Only the thinnest 20 nanofibres collected were measured
for the dependencies 3 and 4, whereas all monofibres collected were measured for the
dependencies, as well as, for 5 (but here any sticked fibres were identified).

The rotating drum was covered by a
film of polymer solution. Increasing the
applied voltage between the electrodes,
i.e. increasing the electrostatic forces, we
cause, that first of all, the hemispherical
drops are formed on the rotating drum.
A further increase in the applied voltage
caused the formation of Taylor cones
from the hemispherical drops. Only
when the electrostatic force overcame
the polymer’s surface tension, a jet of
polymer solution was ejected from the
Taylor cone. The jet moved toward
the upper electrode and was depos-
ited on the substratum material. Mean-
while, nanofibre became thinner, the
solvent evaporated and then solidified.

In all the experiments such equipment
parameters as the drum rotary speed, the
speed of feed support material were the
same, except applied voltage, distance
between electrodes and support material.
During all the experiments carried out
the temperature of the electrospinning
environment was t = 21 + 2 °C and hu-
midity y =42 £ 2%.

Characterisation techniques

The structure of PVA nanofibres mats was
determined using a JOEL 5600 scanning
electron microscope (SEM). The diam-
eter of PVA nanofibres was measured us-
ing an image analysis system LUCIA 5.0.

¥ Results and dicsussion

In our previous study [17] we analysed
the effect of applied voltage on the di-
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ameter of nanofibres spun from 12 wt%
PVA polymer solution. The nanofibres
were collected on PES spunbonded
nonwoven. In order to calculate an
average value of PVA nanofibres diam-
eter in the usual way, the diameter of
all nanofibres from every SEM image
was measured. Analysing the results,
we estimated that the average value of
nanofibre diameter increased with an
increase in voltage. The main part of the
experiment was done when the distance
between the electrodes was 11 cm, the
applied voltage was changed every 5 kV
from 45 kV to 75 kV (Figure 2, curve 1).
With an increase in the voltage applied,
the average value of nanofibre diam-
eter increased by 25% (average rela-
tive error & = 12 %, at confidence level
te =95 %). When the distance between the
electrodes was 13 cm, the voltage app-
lied was increased from 55 kV to 75 kV
(Figure 2, curve 2), and the average value
of nanofibre diameter increased by 18%
& = 10%). However, while analysing the
structure of PVA nanofibre mats on the
PES substratum, we observed that the
increase in applied voltage caused an
increase in the amount of stick nanofi-
bres (Figure 3.1), which subsequently
causes an increase in the average value
of the diameter of PVA nanofibres (all
derivatives of nanofibres secondary
formed were measured). We assumed
that if the aim of the research was to
define the distribution of nanofibre diam-
eter on substratum, then all derivatives of
nanofibre — single and stick nanofibres
- should be measured (Figure 3). But

if one is interested in the technological
process of nanofibre manufacture, such a
method is not informative. The reason is
that in such a case it is possible to know
what the diameters of nanofibres layered
on a substratum material are, but not
what the diameter of nanofibres formed
via electrospinning process directly from
rotating drum is. When there are a lot of
stick nanofibres on substratum material,
and a researcher is not interested in the
structure of the mat, but in the character-
istics of manufactured nanofibres, it is
better not to measure all nanofibres, but
only thein ones, i.c., eliminate all stick
nanofibres which are much thicker than
most nanofibres.

In Figure 2 dependences of nanofibre di-
ameter upon applied voltage are present-
ed. We can identify two charactereistic
groups of dependencies. The first group
of runs with moderate slopes includes the
dependencies 1 and 2 obtained for the
PES substratum (at 11 mm and 13 mm
distance between the electrodes) when
the diameter of all fibres and sticked fibre
derivatives was measured.

The second group of that dependencies
includes the runs 3 and 4 taken at similar

Figure 3. SEM images of mat from nano-
fibres, number 1 indicate stick nanofibres,
2 indicate single nanofibre.
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Figure 4. PVA nanofibres collected on: a) PES substratum and b) PP substratum diameter distribution.

conditions as dependencies 1 and 2 but
while the diameter of only the 20 thi-
nnest fibres was measured, as well as the
dependency 5 obtained while measuring
the diameter of all fibres, but collected on
a PP substratum when no sticked fibres
were observed.

The above-mentioned dependencies all-
ow to state that the increase in applied
voltage causes an increase in the amount
of stick nanofibres. But an increase in
the applied voltage does not have an
influence on the diameter of thinnest
PVA nanofibres. Thus it is possible to
conclude that an increase in applied
voltage does not significantly influence
nanofibre diameter at the moment when
they are formed, but has an influence on
the structure of nanofibre mat i.e., on the
amount of stick nanofibres.

It is obvious that stick nanofibres are con-
sidered as a defect of the electrospinning
process. There might be several reasons
that cause the formation of stick nanofi-
bres: a too high concentration of polymer
solution, too small distance between
electrodes (the solvent does not have
time to evaporate and, consequently,
nanofibres that cover substratum material
stick to each other), not suitable substra-
tum material for electrospinning, etc.

For further research we have chosen
substratum material — a spunbond web
of PP filaments. The thickness and area
density of the spunbonds of PES and PP
filaments were the same. From curve 5
Figure 2, we can see that the increase in
applied voltage (from 60 kV to 75 kV)
does not influence the PVA nanofibre
diameter, even when all nanofibres from
every SEM image were measured. When
analysing the structure of PVA nanofibre

mats, it was noticed that there are much
more single nanofibres collected on the PP
spunbond web and that is why the diam-
eter of nanofibres almost does not change
while changing the applied voltage.

In Figure 4 the distribution of the nanofi-
bre diameters of fibres collected on two
different substratums is presented; in
both cases the diameters of all nanofibres
from every SEM image were measured.
There are few peaks in the histogram
(Figure 4.a) of PVA nanofibres collected
on the PES substratum, when the interval
of nanofibre diameters varies between
(1) 200 - 220 nm, frequency distribution
w=14.55%,(ii)300 - 320nm,w=12.73%,
(iii) 420 -440 nm, w = 10.91%. Such
a type of mathematical statistical dis-
tribution of the results is not known.
Therefore it is possible to assumed that
thicker nanofibres are formed due to the
influence of some additional factors,
i.e., much thicker nanofibres are formed
not directly from the rotating drum, but
later, when they are moving to the upper
electrode. From the histogram presented
in Figure 4.b, we can see that there
are two peaks: (i) when the interval of
PVA nanofibres diameter 200 - 220 nm,
w = 23.33%, and (ii) 240-260 nm,
w =20%. Values of these peak diameters
are very close and can be treated as one
peak. Such a distribution of results is very
close to the well known y2 or log normal
distribution. It means that nanofibres of
such diameters can be directly formed on
the rotating drum. In this case there are
no stick nanofibres collected on PP spun-
bond, consequently there are not so many
peaks in the histogram. From all these re-
sults, we can say that at 13 cm distance
between electrodes with an  applied
voltage of 75 kV, from 12% concentra-
tion of PVA solution, mostly nanofibres
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whose diameters vary within the range of
200 - 260 nm are formed. If it is possible
to create such experimental conditions,
which do not let nanofibres stick, the
substratum material will be covered by
nanofibres  of near similar diameter,
even when the applied voltage is high.

Hence this study can partially explain
why different researchers analysing the
influence of the same factor on nanofi-
brous structure present quite different
conclusions. The electrospinning proc-
ess is very sensitive and may depend on
insignificant change in experimental con-
ditions. The influence of the substratum
material on the character of nanofibres
spun by electrospinning from a rotating
drum observed by as, should be the sub-
ject of further investigations.

Conclusions

1. According to the aim of the research
work carried out, the measurement
of nanofibre diameter methodology
should be chosen. If the electrospinn-
ing process is being investigated, stick
nanofibres should be eliminated from
the measurements. Whereas if the
structure of the final product is be-
ing investigated, all, both single and
stick nanofibres, should be taken into
account.

2. Applied voltage does not have a sig-
nificant influence on the diameter of
PVA nanofibres formed directly from
arotating drum. It only influences the
structure of nanofibre mat, i.e., an in-
crease in the applied voltage causes an
increase in the amount of nanofibres.
After the elimination of stick nanofi-
bres on the PES substratum, it was
indicated that voltage applied does
not have a significant influence on
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the nanofibre formation process. The
same was stated when analysing the
diameter of nanofibres collected on
the PP substratum; in this case all
nanofibres were measured, because
any stick nanofibres were visible on
the substratum. Thus the elimination
of stick nanofibres is a proper method
for analysing the nanofibre formation
process. It is possible to reduce the
proclivity of nanofibres to stick via the
exchange of substratum material.

. When the applied voltage is 75 kV

and the distance between electrodes
is 13 c¢m, from a 12% wt PVA solu-
tion, mostly nanofibres of 200-260 nm
diameters are formed.
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