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Abstract
Electrospinning can be used to create nanofiber mats from diverse polymers which can be used
as filters etc. Depending on the spinning parameters, also nano-membranes, i.e. non-fibrous
mats, can be produced as well as mixtures from both morphologies. The ratio of membrane
to fibrous areas can be tailored by the distance between the high voltage electrode and substrate. Here the impact of the mat morphology on the water vapour permeability through
polyacrylonitrile nanofiber mats with different membrane-like areas is shown, allowing for
tailoring the permeability between 0.1 Pa · m²/W and more than 10 Pa · m²/W. In this way
it is possible to create the finest filters as well as nearly impenetrable thin membranes with
the same technology.
Key words: electrospinning, water vapour permeability, polyacrylonitrile, nanofiber mat,
nano-membrane.

Introduction
RESEARCH & DEVELOPMENT

Electrospinning is a technology allowing for the creation of fine fibers with
diameters between some ten and several
hundred nanometers, sometimes a few
micrometers. The electrostatic forces in
a strong electric field draw a molten or
dissolved polymer to a substrate, at the
same time stretching and drying the polymer so that the finest fibers are formed
and finally placed on the substrate. Diverse polymers, polymer blends and other materials can be used to create such
nanofiber mats [1-3], amongst which is
a broad variety of biopolymers, as well
as typical industrially used polymers
such as polyacrylonitrile (PAN), polyamides, polyesters, etc.
Nanofibers created by electrospinning
have round cross-sections in most cases, whose diameters can be changed by
modifying the polymer solid content in
the solution/melt as well as other spinning and solution parameters [4, 5]. Besides this typical form, flat ribbons can
also be produced [6, 7]. Pure droplets [8]
or combinations of droplets and fibers
are also possible results of the electrospinning process [4, 9].
Finally it is possible to create mixtures
of fibers and membranes or pure membranes. In a former project, the feasibility
of creating mats with tailored fiber/membrane area ratios was investigated, especially for chitosan/poly(ethylene glycol)
(PEG) blends, finding that the chitosan:
PEG ratio was crucial for mat morphology [10, 11]. Another way to intentionally
create membrane areas is adding sur-
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factants to reduce the surface tension of
the spinning solution and thus avoid fiber
formation [12].
An interesting material for possible
use in filters etc. is PAN, which is not
water-soluble and can thus be utilised
without a further stabilisation step. For
PAN, by changing the distance between
the high voltage electrode and substrate,
the morphology can be varied from pure
nanofibers for large distances to pure
membranes for small distances [13]. This
finding can be attributed to the flight time
of the fibers – if this time is reduced, the
solvent is not completely evaporated before the substrate is reached, and the still
partly dissolved fibers can unite to finally
form a fine membrane instead of single
fibers.
This effect means not only that the distance chosen between the high voltage
electrode and substrate is relevant for
the resulting morphology, i.e. the ratio of membrane to nanofiber areas, but
also that deviations from the middle of
the substrate – where the distance to the
high voltage electrode is smallest – to the
borders can also be expected. However,
in scientific literature only a few reports
about examinations of this effect can be
found. Niu et al., e.g., calculated the influence of different fiber generator geometries, amongst which they also investigated cylinders with different diameters.
They found that the electric field intensity in the middle area increased with a decreasing cylinder diameter, i.e. it should
be highest for a thin wire, while at the
same time the discrepancies along the
whole substrate increased [14]. Wang et
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iate distances (Fig. 1b). Apparently it is possible to tailor the desired fiber: membrane

varying this parameter.
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al. used a simulation to optimise the electric field in a series of modelled designs,
starting from a cylindrical spinneret [15].
Fractal spinnerets were optimised by
simulations and found to achieve more
homogeneous electric field distributions
than recent needleless electrospinning
technologies [16]. Earlier research concentrated on replacing single needle
technology – which results in the most
non-uniform electrical field distribution
– by a flat spinneret to gain more uniform
nanofiber mats [17]. Other simulations
revealed that even along a cylinder used
as a spinneret, the electric field was not
constant, but concentrated along the cylinder ends [18].
The inhomogeneity of the electrospun
nanofiber mat in terms of thickness, morphology, porosity and mechanical properties was also compared for stationary and
dynamic collectors, showing that irrespective of the collector template design,
there was a significant inhomogeneity
for the stationary mode, which could be
significantly improved by using the dynamic mode and a sophisticated template
design [19]. Taking the capillary tubes in
a multicapillary head into account, the
electric field distribution was modelled
and experimentally verified by measuring the transverse fiber dimensions and
shape of the fiber cross-sections [20].
Generally a review article stated just recently that the pore diameters in different
places of nanofiber mats are very unequal, making it necessary to investigate
not only one or a few areas of the mat to
detect its morphology, but several more
points [21] This is understandable due to
simulations showing the spatial variation
of the electrostatic field for one electrode
[22-25] or multiple capillaries [26-27] as
well as to the above-mentioned models
of diverse needleless geometries. Taking
into account these findings, we took care
FIBRES & TEXTILES in Eastern Europe 2019, Vol. 27, 1(133)
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mentioned
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on the
relative humidity
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urethane coating [29]. For a membrane
contentwater
in thevapour
spinning solution,
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areas are
consisting of hollow fibers,
A PANsmall
solution
for spinning
wasoften
pre-visible in “pure
permeability was investigated in depend- pared with 14 % solid content in DMSO
nanofiber mats (cf. Fig. 1a), so that the membrane area for a typical electrospinning s
ence on the operating
temperature and (dimethyl sulfoxide) by stirring for
other operating parameters
Linking
is often[30].
not exactly
zero. 2 hours at room temperature. This conthe inter-fiber junction points after the centration was found ideal in previous
spinning process by exposing the nano- tests to avoid clogging of the nozzle as
fiber mat to a solvent vapour was shown well as electrospraying, as opposed to
to not significantly reduce the water va- electrospinning.
pour permeability [31]. The effect of
fluorination on water vapour permeation Investigation of the nanofiber mat morwas studied for polyurethane nanofiber phologies was performed by means of
mats [32]. The influence of modification a confocal laser scanning microscope
of the nanofiber web density on water (CLSM) VK-9000 (Keyence) with
resistance combined with water vapour a nominal magnification of 2000 x, using
and air permeability was investigated for three areas per sample.
layered fabric structures consisting of
electrospun nanofiber mats and different A Permetest skin model (built by Sensubstrates [33]. However, investigations sora Textile Measuring Instruments and
of the transition between the nanofiber Consulting, Czech Republic) was used to
mat and the membrane in terms of water measure the water vapour resistance [34]
vapour permeability cannot be found in in three areas per sample.
literature.
The software ImageJ 1.51j8 (from National Institutes of Health, Bethesda
Materials and methods
(MD), USA) was applied to determine
The wire-based electrospinning machine the ratio of membrane/nanofiber areas in
“Nanospider Lab” (Elmarco, Czech Re- CLSM images.
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Figure 2. Correlation between: a) membrane ratio and electrode-substrate distance and b) absolute evaporation resistance and membrane
ratio (i.e. the membrane area divided by the whole area) in PAN nanofiber mats.

Results and discussion
Varying the distance between the electrodes results in nearly perfect nanofiber mats for the largest possible distance
(Figure 1.a), nearly complete membranes without holes for the smallest
possible distance (Figure 1.c) and diverse mixtures of both morphologies for
intermediate distances (Figure 1.b). Apparently it is possible to tailor the desired
fiber-to-membrane ratio by varying this
parameter.
Figure 2.a depicts the influence of the
electrode-substrate distance on the membrane ratio of the nanofiber mats. Besides
measurements in the middle of the sample, i.e. on the direct line between both
electrode wires, measurements along the
borders were made for which the distances between the substrate and high voltage
electrode were calculated along the direct
connection lines between the respective
positions on the substrate and wire. Although the newly formed nanofibers can
be expected to impinge on the substrate
under different angles and despite electric fields being known to vary along the
substrate area, combining all these measurements in one correlation works unexpectedly well.
An approximately linear decrease in the
membrane ratio with increasing distance
is visible until at ~ 230 cm distance the
membrane areas vanish nearly completely. It should be mentioned that depending
on the relative humidity in the spinning
chamber and the solid content in the spinning solution, small membrane-like areas
are often visible in “pure” nanofiber mats
(cf. Figure 1.a), so that the membrane
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area for a typical electrospinning situation is often not exactly zero.
Figure 2.b shows measurements of the
absolute evaporation resistance and
membrane part of the nanofiber mats,
as determined from 3 CLSM images per
sample. Please note that the y-axis is
scaled logarithmically. Generally a linear
correlation can be estimated in this graph,
indicating an exponential correlation between the absolute evaporation resistance
and membrane ratio. Nevertheless it must
be mentioned that while the absolute
evaporation resistance of most samples
has relatively small standard deviations,
evaluations of the CLSM images with respect to the membrane ratios show partly
large error bars, especially for membrane
fractions around 0.2-0.8. This finding can
be attributed to partly irregular nanofiber
mats, exhibiting differing morphologies
on the small dimensions visible in each
CLSM image.

Conclusions
In conclusion, PAN nano-mats with
different ratios of nanofibers and
membrane-like areas were prepared.
The membrane:nanofiber ratio could be
tailored by modifying the distance between the high voltage electrode and
substrate. Measuring the water vapour
permeability showed an approximately
exponential correlation between the absolute evaporation resistance and membrane ratio. The water vapour permeability could be varied by more than two
orders of magnitude, showing possibilities to tailor this value by modifying the
electrospinning parameters.
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