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Electrically conductive polyurethane nanostructured membranes have been prepared combining the electrospinning of polymer
nanofibers (NFs) with the electrospraying of pristine multiwall carbon nanotubes (MWCNTs) in simultaneous processes. In
order to have a better understanding of the distribution of MWCNTs on the surface of the membranes, the optimization of the
electrospraying process has been carried out and the distribution of MWCNTs has been evaluated using image texture analysis
techniques. Large membranes with a volume resistivity typical of electrostatic discharge materials with a MWCNTs concentration
less than 0.3%wt (0.01mg/cm2) have been obtained and characterized with morphological (SEM and TEM) and spectroscopic
(UV-Vis, Raman) techniques.

1. Introduction

In many industrial dust collection systems, the filtration and
electrical properties of the filter media play an important role
in the performance and safety of the system. During process-
ing, electric charges can develop. If the filter media cannot
minimize and dissipate the charges, there is a chance for
their accumulation and eventually the electrostatic discharge
(ESD) can occur, leading to explosions, fires, or personal
injury from shock.

Electrostatic charge occurs in fluid systems as a result of
friction between the fluid and system components, including
filters. Charges generated by the filter can collect on the filter
element building up extremely high voltages in the order of
tens of thousands of volts. Many methods have been inves-
tigated to prevent charging and the damage that can occur if
the electrostatic discharge continues unchecked. One preven-
tative safetymeasure to reduce external discharge is the use of
grounded filter housings and pipelines; however this method
does not stop either fluid charge generation or internal dam-
age to the filter or other system components caused by spar-
king. Another method, adding antistatic additive to the liq-
uid, is restricted only to fuel applications. Other approaches
are surface modification of the filter media or incorporating

conducting materials into the construction of the filter ele-
ment.Thesemethods can eliminate direct damage to the filter
cartridges as a hinder of charge accumulation and potential
sparking: the production of a nanostructuredmembranewith
the aforementioned properties represents the aim of this
research [1].

Membranes composed of polymeric fibers of nanoscale
diameter are acquiring increasingly importance in many
research areas due to their peculiar properties. Nanofibers
exhibit better mechanical performance and more flexibility
than fibers of larger diameter. Though, the very large specific
surface area makes these structures suitable for a wide range
of applications.

One of themost economic and versatilemethods for non-
woven nanofibers production, which has gained a growing
interest in the scientific community within the last decade,
is electrospinning. The application of an electric tension to
a polymeric solution involves charges generation within the
solution itself and a subsequent emission of an electrified jet is
achieved when the electrostatic charges overcome the surface
tension. Upon solvent evaporation and stretching of the jet,
nonwoven nanofibers are collected on the support [2]. Several
parameters, such as environmental and operating conditions,

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 8362535, 11 pages
http://dx.doi.org/10.1155/2016/8362535



2 Journal of Nanomaterials

as well as the solution properties, can affect the final morpho-
logy and the related properties. However, thanks to the wide
experience gained during the last ten years of extensive
research, it is possible to predict, for example, the pore size
distribution of electrospun membranes by theoretical mod-
elling [3, 4]. As regards their applications, filtration [2–6],
technical and protective clothing industry [7], biomedical
scaffolding [8], sensors [9, 10], and functionalized mem-
branes [11–13] are just few examples of the wide range of
implementation fields of the nanofibers.

A further step in nanofibers technology has been the
realization of nanocomposites with surprising structural and
functional properties. Nanostructured systems of polymeric
fibers reinforced with ceramic and metallic nanoparticles are
widely experimented in the field of catalytic filtration [14],
sensing devices, and bone tissue regeneration too.

What, nowadays, draws the attention of experts is the use
of carbon nanotubes (CNTs) in nanocomposite technology
due to their exceptional mechanical and electrical character-
istics, low density, and high aspect ratio.

Nanocomposite nanofibers, charged with carbon nano-
tubes, can be obtained via electrospinning of a polymer/CNTs
solution (ormelt) [15–17]. A very fine dispersion ofMWCNTs
is essential to reach a percolation threshold at very low con-
tent, thus making the fibers conduct electrical current. While
in bulk composites the percolation condition, depending on
matrix properties, occurs with nanotubes concentrations of
about 1–5%, in nanofibers this value should be definitely lower
due to the monodimensionality of such systems. However,
while nanotubes are embedded in the polymer, conduction
between different fibers is limited by matrix insulating prop-
erties: just exposed nanotubes can exchange electrical charge
with the surroundings.

CNTs coated nanofibers exhibit higher electric conduc-
tivity and the stability of the system is granted by hydrophobic
interactions between nanotubes sides and polymer chains
[18]. Deep coating, possibly sonication enhanced [19], is
an easy approach to produce such systems. MWCNTs, sus-
pended in a surfactant/water solution, have better affinity
with polymer chains rather than with the solvent and are
quickly absorbed by the membrane.This method seems to be
strongly influenced by the properties (hydrophilicity, poros-
ity, NF dimensions, etc.) of the specific processed membrane
which affect the possibility to prior control the amount of
MWCNTs that will be absorbed. In order to increase the
stability of interaction between nanotubes and nanofibers,
electro-hydro-dynamic atomization (EHD) processes or
more simply electrospraying could represent a valid approach
to this purpose and it has been already explored just in a few
papers in the literature: for instance, Shi et al. [18] proposed
branch-like carboxylated MWCNTs (f-MWCNTs)/Chitosan
(CS) nanofibrous membranes for dye removal. Even though
bulk system based nanotubes-polymer composites have been
widely studied and reported in scientific literature, very few
works report about nanostructured hybridmembranes, often
describing data that are unlikely to be reproduced [20–22].

Electrically conductive membranes with a reasonable
control of the charge amount can be easily prepared through

the electrospray of a MWCNTs suspension over the electro-
spun fibers. The nanotube dose is regulated by deposition
time and flow rate of the suspension. In this work we propose
a detailed study of a process for the production of nanofiber
mats with an electrically conductive behaviour due to the
introduction of carbon nanotubes. The electrospraying pro-
cess for nanotubes deposition has been extensively investi-
gated since no detailed works about the effect of the process
parameters have been found in the scientific literature.

2. Experimental

2.1. Membrane Preparation. A commercial thermoplastic
polyurethane (Elastollan B 60D fromBASF)with elastomeric
properties was used as polymeric matrix. The polymer,
dissolved in N,N-dimethylformamide (20wt%), was electro-
spun from a syringe unsharpened needle (0.4mm – 27G) at
the rate of 1.0mL/h with an applied electric potential of 18 kV
and positioned at 200mm from the collector.

Membranes have been prepared on a rotating drum
(diameter = 80mm; length = 300mm) controlled by an inver-
ter Omron V1000 with a rotation speed that can be varied
between 100 and 5000 rpms; minimum speed was set to avoid
preferential orientation of deposited fibers.

Moreover this method requires the use of two syringe
pumps (NE300 from New Era Pump Systems, Inc.) for poly-
mer solution andMWCNTs suspension. Two voltage genera-
tors (ES60P-20W fromGammaHigh Voltage Research) have
been used in order to optimize the process parameters for
both depositions. A closed chamber and a thermohygrometer
to control environmental parameters completed the equip-
ment.

Multiwalled carbon nanotubes (MWCNTs) from Nano-
cyl (NC7000), which are produced via the catalytic carbon
vapor deposition (CCVD) process using a specific catalyst of
Fe (0.4%) and Co (0.2%) supported on Al

2
O
3
nanoparticles

(97.6%), have been used. They have low diameter (about
10 nm) and high aspect ratio (>150) with a specific area of
about 250–300m2/g according to producer data.

Pristine MWCNTs were dispersed in water and sodium
dodecyl sulfate (SDS) (0.5 wt%) at the concentration of
0.25 wt%under tip sonication (1 hour, 200W) in thermostatic
bath at 0∘C. After centrifugation at 4800 rpms for 1 h the sus-
pension was still stable without having produced a measur-
able precipitate, and this has allowed the use of those suspen-
sions for several experiments.

Developing the simultaneous approach, three different
arrangements of NFs and MWCNTs emitters have been
tested, incident (<10∘), orthogonal (90∘), and antiparallel
(180∘), as shown in Figure 1.

The processing conditions adopted for all the approaches
are reported in Table 1.

2.2. Electrospraying Optimization and Image Analysis. Poly-
meric electrospunmembranes arewidely studied systems and
optimum deposition conditions can be found for most poly-
urethane compounds and inmany previous works [23].Thus,
our efforts were focused on the study and the optimization of
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Table 1: Processing conditions for both electrospinning of TPU and electrospraying of MWCNTs.

Sample Applied voltage Flow rate Needle diameter Distance tip-collector 𝑇 RH Time
kV mL/h mm cm ∘C % h

Incident TPU 18 0.5 0.4 20 24 60 3
MWCNTs 18 1 0.4 10

Orthogonal TPU 18 0.5 0.4 20 24 60 3
MWCNTs 18 1 0.4 10

Antiparallel TPU 12 1 0.4 20 24 63 3
MWCNTs 18 1 0.4 10

(a) (b)

(c)

Figure 1: Electrospinning/electrospraying configurations.

Table 2: Parameters levels considered for process optimization.

Variable Level 1 Level 2 Level 3
Applied voltage 10 kV 15 kV 18 kV
Flow rate 2mL/h 1mL/h 0.5mL/h
Needle diameter 20G 22G 27G

carbon nanotubes electrospraying process in order to obtain
a tiny and even deposition.

Experimental parameters were investigated depositing
a known amount of MWCNTs suspension (0.167mL of a
0.25wt% suspension) on a paper sheet mounted on a drum
and varying needle diameter, applied voltage, and flow rate.
All the variables levels are reported in Table 2.

The goal of this approach is the choice of parameters
that permit us to obtain an even dark background of single
MWCNTs with a minimal presence of small macroscopic
drops.

The electrospray process produced on sheets a distribu-
tion of macroscopic drops on an even grey background due
to the deposition of well-dispersed MWCNTs.

Paper sheets, with deposited MWCNTs drops have been
digitalizedwith a high resolution scanner at 1200 dpi and grey
tones without any compression. A ruler, previously printed
on sheets, has been used to calibrate images’ scale. A square
portion 10 cm wide has been extracted from the central area
of each image and processed through the Fiji image analyser
software. Each pixel in images corresponds to an area of
about (20 ∗ 20) 𝜇m2 and the colour intensity is correlated
with the amount of carbon nanotubes deposited in there.
With the “Histogram” function it had been possible to graph
the colour intensity distribution and evaluate the threshold
between the background and the drops. The peak at higher
colour values (lighter grey tones) is related to background
contribution and the “mode” has been taken as an estimate
of average background level. A proper threshold function
has been implemented to calculate the fraction of the area
covered by drops.
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Because we were interested in background information,
images have been processed with the “Subtract Background”
utility that permit to calculate the background contribution
and to save it as a new picture.

The plot of profiles (vertical averaging) of whole images,
of related backgrounds, and of the calculated drops contribu-
tions was used to compare electrospray quality of deposition.

2.3. Characterization. Electric properties of membrane have
been evaluated through the 8009 Resistivity Text Fixture
of the Keythley 6517b Electrometer, specifically designed to
measure high resistivity material films. The probe has an
annular electrode of the diameter of 55mm and can measure
both surface and bulk resistivity. Measures were taken after
60 s of electrification time and repeated 15 times alternating
the applied potential to avoid charge accumulation.

For lower resistivity materials, a four-contacts probe has
been used to test local electric properties in combinationwith
a Keythley 2000 Multimeter. The probe, specifically realized,
is provided with piston-like electrodes, with spherical head
(𝑟 = 0.52mm) tominimize the penetration in themembrane;
the interelectrode distance is 10mm.

The amount of carbon nanotubes deposited on mem-
branes has been measured through spectroscopic method. A
membrane portion (25 cm2) from the central homogeneous
region has been dissolved in a xylene/DMF 1 : 1 emulsion
to a polymer nominal concentration of 1mg/mL. Solutions
have been analysed with a Lambda 25 UV-Vis Spectrometer
(Perkin Elmer Instruments) between 500 and 800 nm. The
tail of the strong nanotubes absorption peak (280 nm) has
been measured at 700 nm and related to the absorption
coefficient calculated after calibration with samples of known
MWCNTs concentration (1, 5, and 10mg/L) [24].Wavelength
of 700 nmhas been chosen because calibrationmeasures have
best agreement, with their mean, near that value.

Extent of the interaction between MWCNT and nanofib-
ers has been investigated trying to redisperse nanotubes from
a membrane to a SDS/water solution (1-2%w/w) through tip
sonication at the same conditions of dispersions preparation
(200W, 1 hour, 0∘C).

Scanning electron microscopy, SEM (JSM-6490, JEOL
Ltd., Japan), and transmission electron microscopy, TEM
(FEI Tecnai G12, 100KVwith TVIPS TietzF114 photocamera)
were used formorphological analysis. Sample preparation for
TEM imaging has been carried out as follows: the membrane
samples were embedded in a proper epoxy resin and slices
of 100 nm thickness were obtained by ultramicrotomy of the
cured resin. TEM analysis of the electrosprayed solutions was
carried out by deposition of a small drop of suspension on the
cupper grid commonly used as sample holder.

The surface chemistry of the materials in terms of crystal
structure has been explored by Raman spectroscopy (Micro
Raman DRX, Thermofisher) using a laser excitation wave-
length of 532 nm and 0.5mW laser to preserve sample from
damaging or laser induced heating, using 100x objective.

3. Results and Discussion

3.1. Electrospraying Optimization and Image Analysis. The
tricky step during the whole process was to achieve a uniform
distribution of nanoparticles over the nanofiber surface.
Because of this, our first technological objective dealt with
electrospraying of MWCNTs to gain a better understanding
of the process and the effect of suspension parameters on the
nanocluster distribution and uniformity. A first optical eval-
uation of the parameters effect has been depicted from the
analysis of the digitalized images shown in Figure 2 obtained
with the 27G needle (for the sake of brevity, the images
obtained for other needles sizes are reported in Figures S1 and
S2 in the Supporting Information in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/8362535).
As it can be observed, the increase of voltage, all the other
conditions being equal, generally resulted in more uniform
deposition of MCNTs spread over the collector surface. This
can be ascribed to the higher charge density of the suspen-
sion, with a consequent lower stability of the electrified jet
and higher frequency of jet fragmentation. As regards the
flow rate, its effect could not be generalized because it is
strongly related to the voltage. For every applied voltage
there is a fixed dragging rate which moves the forming-bead
toward the collector. When the feed rate of suspension is
higher, an excess of electrostatic charges will be cumulated
in the solution at the tip of the needle resulting on whipping
motion and jet splaying and consequently these instabilities
enhance beads diameter reduction. This statement found
confirmation in the run experiments at low voltage, showing
that a decrease in the flow rate not always results in the best
beads dimensions and distribution.

Looking at the needle size effect, the lower was the inner
diameter of the needle, the lower was the diameter of the
beads, and a more homogeneous distribution could be achi-
eved. The lower the needle diameter is, that is, the lower the
electrified jet diameter is, the higher its charge density is, all
the other conditions being equal. This means that it could
reach the bending instability and jet fragmentation faster,
resulting in finer particles generation.

In order to get amore objective analysis of the parameters
effects, according to the aforementioned procedure, the opti-
mization of electrospraying was carried out through image
analysis of MWCNTs drops. Figure 3 shows the plot of
profiles for different operating conditions; from this analysis
the best operating conditions, at which the contribution of
the resulting drops to the total profile was minimized, were
pointed out.

According to the obtained results, electrospraying param-
eters have been set to 18 kV of applied voltage and 1.0mL/h of
flow rate, using the 0.4mm needle (27G).

3.2. Membrane Characterization. Before going into details of
themembrane characterization, it is necessary to spend some
words about the effect of the specific configuration adopted
for membrane production, that is, the incident, orthogonal,
and antiparallel. The incident approach, in which emission
cones are almost completely overlapped, brought a strong
interaction between forming nanofibers and MWCNTs
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Figure 2: Images of the obtained samples at different electrospraying conditions, with 27G needle.

which are both positively charged.The reciprocal repulsion is
likely to make polymer and nanotubes to deposit in different
region of the drum forming completely uneven membranes
decoratedwith very large drops.The orthogonal arrangement
provides again a partial overlap of the spray cone with the
nanofiber jet near the deposition region and leads to the same,
even if minor, problem.

In the last arrangement, where the MWCNTs and poly-
mer sources are positioned at the opposite sides of the drum,
the interaction between material jets is minimized.

3.2.1. Determination of MWCNTs Concentration. Individual
MWCNTs are active in the UV-Vis region and exhibit char-
acteristic bands corresponding to additional absorption due
to 1D van Hove singularities [24]. According to the literature
[24], the absorbance of MWCNTs solutions showed a maxi-
mum between 200 and 300 nm and gradually decreases from
UV to near-IR, which is partly due to scattering, especially
in the lower wavelength range. However, the solvents used
for this analysis, that is, xylene and DMF, had a cut-off wave-
lengths (𝜆CO) at 325 nm and 300 nm [25], respectively, and
their signals overlapped the adsorption peak of nanotubes.
Only water (𝜆CO = 190 nm) and acetonitrile (𝜆CO = 200 nm)
would be the proper solvents to carry out such characteriza-
tion, but the polymer was not soluble in them.The blank used

was both a 1mg/mLTPU solution (Xylene/DMF 1 : 1) solution
and a 10mg/L SDS solution in the same solvents. Neither of
two showed absorption in the wavelength range 450–800 nm
(see Figure S3, Supporting Information) and their contribu-
tion was assumed to be negligible. Since it was not possible
to evaluate the absorption at 260 nm, the acquisitions of all
the samples have been done in the UV-Vis region, from 300
to 700 nm, and the absorbance at 700 nm has been used for
calibration.

According to the aforementioned calibration, at fixed
concentrations (Figure 4) ofMWCNTs, the consistence of the
measured signal by Lambert-Beer equation has been verified,
calculating the extinction coefficient 𝜀MWCNTs:

𝜀MWCNTs =
𝐴

[MWCNTs] ∗ 𝑏
[L/ (cm ∗mg)] , (1)

where 𝐴 is the absorbance (a.u.), [MWCNTs] is the concen-
tration of MWCNTs in the solution in [mg/L], and 𝑏 is the
path length of the beam of light through the material sample
in [cm]. Figure 4 illustrates UV-Vis spectra of MWCNTs
solutions, obtained in the same conditions. The relationship
between the absorption coefficient and the wavelength is
reported in Figure 5, wherein a mean value of 𝜀MWCNTs =
0.0436 L/(cm∗mg) was depicted from the calibration curves.
The application of (1) for the solutions obtained from the
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Figure 3: Plot of profiles (vertical averaging) of different conditions
with related backgrounds and drops contributions.

Table 3: MWCNTs concentration of the obtained samples.

Sample Mean [MWCNTs] wt% Mean [MWCNTs] mg/cm2

Incident 0.05 0.002
Orthogonal 0.4 0.016
Antiparallel 0.3 0.012

produced membranes resulted in the determination of the
MWCNTs concentration for all the tested configurations and
the results of the mean values are shown in Table 3. As it can
be observed, the membranes obtained by incident approach
reported a very low mean concentration because of the
nonuniform deposition of the MWCNTs.

3.2.2. Morphological Characterization. With the experimen-
tal settings reported in Experimental, 80 to 100mm wide
nanofibermats were produced. Depending on environmental
conditions, TPU fibers with a diameter in the range of 0.1–
10 𝜇m were obtained.

All the produced membranes were characterized by SEM
analysis in order to have a better understanding of the
morphology as a function of the process configurations. As
regards the membrane obtained by incident arrangement,
because of the nonhomogeneous MWCNTs distribution
obtained on these membranes (see Figure S4, Supporting
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Figure 5: Extinction coefficient versus wavelength for the calibra-
tion solutions.

Information), it has been decided not to consider this con-
figuration for further analysis. The micrographs of the neat
TPUmembrane as well asmembrane obtained by antiparallel
configuration are reported in Figure 6.

As it can be observed, the pristine TPU electrospun
membrane exhibited smooth and beads-free surfaces without
branch-like structures whereas the simultaneous electrospin-
ning and spraying resulted in branch-like structures. The
possible formation of such branch-like structures can be
understood by considering that, upon solvent evaporation,
TPUnanofibers solidified on the collector and theMWCNTs,
which travel in the same way, are subjected to electrostatic
adsorption over the surface. This morphology was the same
for both the orthogonal and antiparallel approaches (for the
sake of brevity, SEMmicrograph of orthogonal configuration
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(a) (b)

Figure 6: SEM micrographs of (a) pure TPU electrospun mat and (b) TPU-MWCNTs membranes by antiparallel configuration.

(a) (b)

Figure 7: TEMmicrographs of MWCNTs from suspension.

was not shown here). Single MWCNTs, characterized by a
well-visible hollow internal channel, have been reported in
the TEM micrographs of the MWCNTs suspensions (Fig-
ure 7). Looking at TPU/MWCNTs membrane obtained
by antiparallel configuration (Figure 8), the MWCNTs are
clearly visible among the fibers as well as the elliptic shapes
which represent the sections of electrospun TPU nanofibers.
At higher magnification (Figure 8(b)), it was possible to
appreciate single nanotubes bearing at the tip, rarely at an
intermediate length position, a Ni particle having a size
roughly equal to that of the internal diameter of the associated
carbon nanotubes.

Further interesting details can be depicted from Figure 9.
Thanks to the simultaneous approach, it was evident that the
nanotubes were able to create a network among the fibers
ensuring a complete connection in the whole membrane.
From the electrical point of view, this could be very important
and the electrical properties that confirmed this statement are
reported hereinafter.

3.2.3. Raman Spectroscopy. In order to ensure that sonication
did not damage and cut MWCNTs, Raman spectra of both

the pristine nanotubes NC7000 and the sonicated suspension
(CNT Sonic) were acquired and they are reported in Fig-
ure 10. As it can be observed, the mains D band (1345 cm−1)
and G band (1587 cm−1) did not show any variation of both
frequency and relative intensity, meaning that the sonication
has not damaged the nanotubes.

At 2700 cm−1, a lower relative intensity for the MWCNTs
Sonic sample could be identified as the overtone D band.

In the region of 500 cm−1 Raman shift, it was possible to
see a variation in the structure of the transitions RBM (Radial
Breathing Mode). These resonances are usually visible only
in the single wall nanotubes, because in the MWCNTs these
signals are subjected to a shielding effect due to the outer
layers [26]. However, these signals were also been reported
for the double wall nanotubes and for theMWCNTs with low
diameter, because they are generated by the inner core tubes.
Usually it is very difficult to appreciate these transitions due to
the relation between the shift of the signal and the nanotube
diameter. Consequently, the presence of such signals can be
ascribed to both the quality of the nanotubes and the effective
dispersing method that was adopted [26].
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(a) (b)

Figure 8: (a) TEMmicrographs of the TPU/MWCNTs antiparallel deposition: (b) higher mag of the interfibers portion.

Figure 9: TEM micrograph of TPU/MWCNTs antiparallel config-
uration.
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The signals which cannot be related to the nanotubes
and that were reported only in the sonicated samples (b, d,
h, and i) were conferred upon the presence of sodiumdodecyl
sulfate as surfactant. In fact, the resonance peaks (h) and (i)
recorded at 2900 cm−1 are related to C-H and ](C-H) stretch-
ing modes [27]. As regards the membranes, Figure 11 shows
the Raman spectrumof the electrospunTPUmat in compari-
son with the sonicatedMWCNTs suspension one. According
to its complex molecular structure, tentative band assign-
ments were made with reference to earlier Raman studies of
polyurethanes [28–31] and are reported in Figure 11. Raman
scattering intensity at 862 cm−1, related to the C-O-C and C-
C-C bending, was used as a reference for normalization of all
the spectra.
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Raman spectra of the obtained membranes with both
orthogonal and antiparallel configurations are reported in
Figure 12. The Raman spectra that contained both the signals
of MWCNTs and polymeric matrix were almost the same
for both the arrangements, being the slight different intensity
probably due to the different content in MWCNTs of the
membranes.

3.3. Electrical Properties. Volume resistivity (Ohm∗cm) was
measured for both the neat TPU andTPU/MWCNTs electro-
spun membranes (Table 4). For TPU-MWCNTs membranes
the measurements were carried out on both sides of the
membranes (Side 1 and Side 2).

According to the nature of the polymer itself, the results
for neat TPU confirmed the insulating properties of themate-
rial. For electrically conductive membranes, a good agree-
ment between the values calculated on both sides has been
showed and this proved that the production process could
be suitable and versatile for the production of filter ele-
ments with a good electrostatic discharge activity. The TPU/
MWCNTs antiparallel configuration showed the best perfor-
mance in terms volume resistivity, that is, 7.88𝐸 + 05 (Ω⋅cm),
although very good results are obtained also for orthogonal
approach. Moreover it has been shown that the resistivity
is still low even when doubling the membranes thickness.
Therefore, we can state that the approach here proposed is
suitable to obtain an electrically conductive membrane with

a very low content of MWCNTs and that the membranes are
homogenous through the thickness.

3.4. Stability Test. MWCNTs interaction with othermaterials
is mainly led by weak intermolecular forces. However, accor-
ding to the high surface area of the polymeric electrospun
mat, the interaction sites among MWCNTs and nanofibers
could be very high in number, resulting in a stable and strong
interaction between those materials. On the fiber surface, the
sodium sulfate group (from SDS dispersant that was used for
promoting and stabilizing the CTNs dispersion) could also
react with the residual polar groups N-H e C=O of the poly-
mer. The specific energy of dipole interaction should also be
multiplied by the number of SDSmolecules involved. Conse-
quently, the intermolecular forces, both dipole-dipole and
VanDerWaals interactions, could result in a strong and stable
adhesion of the nanotubes on the electrospun fibers.

Extent of the interaction between MWCNTs and nano-
fibers has been investigated by measuring volume resistivity
before and after the immersion and sonication of the mem-
branes in SDS/water solution.The test has demonstrated that
the stability of the MWCNTs coating on polyurethane nano-
fibers makes those systems suitable for practical applications,
even in wet environments. In fact, the results in terms of
volume resistivity showed in Table 5 for antiparallel sample
revealed a 4% variation of the volume resistivity before and
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Table 4: Resistivity measurements of TPU/MWCNTs membranes obtained with different configurations.

Thickness (𝜇m) 54 ± 6 50 ± 6 53 ± 5 101 ± 10

Configuration Neat TPU Orthogonal Antiparallel Antiparallel

Resistivity Volume (Ω⋅cm) Volume (Ω⋅cm) Volume (Ω⋅cm) Volume (Ω⋅cm)
Side 1 Side 2 Side 1 Side 2 Side 1 Side 2

Max 1.68𝐸 + 14 3.96𝐸 + 06 3.68𝐸 + 06 8.53𝐸 + 05 7.89𝐸 + 05 9.09𝐸 + 05 5.94𝐸 + 05

Min 1.64𝐸 + 14 3.60𝐸 + 06 3.41𝐸 + 06 8.40𝐸 + 05 7.84𝐸 + 05 9.01𝐸 + 05 5.76𝐸 + 05

⟨𝜌⟩ 1.66E + 14 3.80E + 06 3.54E + 06 8.46E + 05 7.88E + 05 9.50E + 05 5.83E + 05
Std. dev. 9.90E + 11 1.10E + 03 8.90E + 03 3.99E + 03 1.90E + 03 2.60E + 03 5.70E + 03

Table 5: Volume resistivity measurements before and after immer-
sion and sonication in SDS/water solution.

Volume resistivity (Ω⋅cm)
Min Max ⟨𝜌⟩ Std. dev.

Before 7.89𝐸 + 05 7.84𝐸 + 05 7.88E + 05 1.90𝐸 + 03

After 8.21𝐸 + 05 8.17𝐸 + 05 8.19E + 05 2.00𝐸 + 03

after treatment, meaning a good interaction between the
MWCNTs and the nanofibers and a negligible leaching effect.

4. Conclusions

In this study nanostructured membranes based on electro-
spun TPU fibers and electrosprayed MWCNTs were pro-
duced and characterized in two different conformations:
the simultaneous orthogonal approach and the simultaneous
antiparallel approach. Before membrane production, the
electrospraying of MWCNTs has been optimized in order to
evaluate the parameters effects on the quality of nanotubes
deposition. Thanks to image texture analysis techniques, the
best operating conditions have been selected to get a uniform
deposition and fine beads dimensions. After production,
TEM characterization of the membranes revealed that a
nanotubes network has been created within the whole mem-
brane and this network was responsible for the good electric
properties of the nanostructured membrane. The volume
resistivity moved from 1.7𝐸 + 14 (Ω⋅cm) for the neat electro-
spun TPU to 3.6𝐸+6 and 7.9𝐸+5 (Ω⋅cm) for the orthogonal
and antiparallel configurations, respectively, with a mean
MWCNTs content ranging from 0.01 to 0.02mg/cm2. These
promising results make the proposed membrane a good
candidate for preventing charging in filter media.
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