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Abstract⎯Nonwoven composite membranes based on polycarbonate (PC) and vinylidene f luoride/tetraflu-
oroethylene copolymer were obtained via the two-channel electrospinning method with a common collector.
Three groups of materials were studied: the first one was a polymer membrane made of a vinylidene fluo-
ride/tetrafluoroethylene copolymer, the second one was a polymer membrane based on PC, and the third
one involved a composite polymer membrane. Scanning electron microscopy studies of morphology of the
polymeric membranes showed that a composite material with a variable pore area could be obtained, which
allows selection of this parameter depending on the purpose. The resulting composite material and its con-
stituents are studied with nuclear magnetic resonance, IR spectroscopy, X-ray diffraction, and differential
scanning calorimetry. There are electrically active crystalline phases in the composite membranes. The
obtained nonwoven composite membrane formed is presented as a two-phase system without any chemical
interactions between the phases.

Keywords: electrospinning, two-nozzle electrospinning, nonwoven composite materials, vinylidene fluo-
ride/tetrafluoroethylene copolymer, polycarbonate, f luoropolymers
DOI: 10.1134/S2075113318020065

INTRODUCTION
Currently, production of semipermeable polymer

membranes and study of their structure and properties
are the most intensively developing areas of processing
of polymer materials. This is to be expected due to
large number of their applications in industry [1].
Considering that there is a variety of methods for man-
ufacturing semipermeable polymer membranes, the
membranes manufactured via electrospinning (ES)
attract special attention [2], because they have high

open porosity, a large free surface area, high strength,
etc. Electrospinning allows application of various
polymer materials for membranes production and tai-
loring of their structure and properties in wide range [3].
It should be noted that there is a constant increase in
requirements to physicochemical properties together
with technical, operational, and economic character-
istics of the polymer membranes [4]. One way to meet
these demands is production of composite polymer
membranes.
184
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Fig. 1. Schematic diagram of a two-nozzle electrospinning
setup.

Assembly collector
At present, there are two main approaches to
obtain composite membranes via ES [5]. The first one
is the use of dispersed inorganic reinforcing fillers.
The second one is the use of polymer fillers and mix-
tures of thermodynamically incompatible polymers.
In addition, the majority of technological solutions for
production of composite polymer membranes by ES
method imply use of “single-nozzle” spinning systems
[6], which limits the application of this method for
their production.

One of the promising methods to produce compos-
ite membranes is a two-nozzle electrospinning
method (Fig. 1) [7].

Independent control of ES process parameters
(type of spinning solution, applied voltage, distance to
the collector, f low rate of the spinning solution, etc.)
in each channel makes it possible to obtain a wide
range of composite membranes from various poly-
mers, including those with incompatible technologi-
cal parameters (polymer type, solvent, molecular
weight, polydispersity etc.). Wide technological possi-
bilities of this method began to attract attention of the
scientific community, as evidenced by an increase in
the number of publications devoted to this problem in
the world.

The general configuration of the systems for two-
nozzle ES [8, 9], optimal location of injection nozzles
[10], and the influence of spinning process parameters
on structure and properties of the composite mem-
branes [11, 12] are being actively studied.

Vinylidene fluoride/tetrafluoroethylene (VDFTFE)
copolymer demonstrates high electrical activity,
chemical stability and piezo-, pyro-, and ferroelectric
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
properties [13, 14]. Chemically resistant polymer
membranes formed using two-nozzle electrospinning
and obtained from vinylidene f luoride copolymers are
used for membrane distillation [15], separation of
emulsions [16], and extraction of uranium (U) from
seawater [17]. Piezo-, pyro-, and ferroelectric proper-
ties of the VDF-TFE copolymer make it possible to
produce membranes which change their properties
under external electrical, thermal, or mechanical fields.

Polycarbonate (PC) has high impact strength,
hardness, and viscosity [18]; it is also a large-tonnage
commercially available and inexpensive polymeric
material in comparison with VDF-TFE copolymer.
Composite membranes made of these polymers can
potentially improve their physical and mechanical
properties and can decrease their cost, retaining the
advantages of f luoropolymers.

The aim of this work was to develop and study the
properties of new composite membranes obtained
using two-nozzle electrospinning method. This
implies production of composites containing f luoro-
polymers, which possess some properties often not
characteristic of hydrocarbon polymers. Two poly-
meric materials, VDF-TFE and PC, were used to
obtain a composite membrane.

EXPERIMENTAL

The semipermeable polymeric membranes were
obtained on a NANON-NF-101 laboratory device
(Japan). A common cathode scheme, to which two
injection nozzles were connected, was used. The
material was collected on a drum collector. The mate-
rial was produced under the following technological
parameters: voltage of 20 kV, f low rate of polymer
solutions was 4 mL/h, drum rotation speed was 200 rpm,
and distance between needle tip and collector was
70 mm. Two spinning solutions were used: the first was
a 7% VDF-TFE copolymer solution (Galopolimer,
Russia) in acetone, whereas the second was a 12% PC
solution (TRIREX®) in trichloromethane.

Three groups of the materials were obtained in
present work: the first one was a polymer membrane
made of VDF-TFE copolymer, the second one was a
PC polymer membrane, and the third one was a com-
posite polymer membrane.

Morphology of the obtained materials was studied
by scanning electron microscopy (SEM) on a Neo-
Scope JCM-6000 microscope (JEOL, Japan) equipped
with a secondary electron detector in a low vacuum
mode. For this purpose, a thin layer of gold was
applied on the surface in an SC7640 magnetron sput-
tering system (Quorum Technologies, England). Fiber
diameter was determined from images of five different
sections of the materials samples Image J 1.38 software
(National Institutes of Health, United States) from
not less than 50 measurements.
 9  No. 2  2018
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Chemical structure of the samples was studied by
means of attenuated total reflection infrared spectros-
copy (ATR IR) using Tensort 27 spectrometer (Bruker)
equipped with a PIKE MIRacle (Bruker) console on a
ZnSe crystal. The studies were carried out within the
spectral range from 500 to 2000 cm–1 with a resolution
of 4 cm–1.

Crystal structure of the samples was studied using
X-ray diffraction on a XRD 6000 diffractometer (Shi-
madzu) with wavelength of 1.54056 Å at the following
parameters: accelerating voltage – 30 kV, beam cur-
rent – 30 mA, scanning range – 10°–30°, scanning
step – 0.02°, and acquisition time was 1 s.

Thermal properties of the samples were studied
using differential scanning calorimetry (DSC) on a
DSC 204F1 Phoenix (Netzsch) within the tempera-
ture range of 70–230°C and sample heating rate of
10°C/min. The sample weight was 3.5 ± 0.1 mg.

1H, 13C, and 19F NMR spectra of the membranes
were recorded using Avance 300 and Avance 600 pulsed
NMR spectrometers within the temperature range
from 150 to 380 K. 1H and 19F NMR spectra were
acquired by method of Fourier spectroscopy on the
Avance 300 spectrometer, whereas 13C spectra were
obtained via the proton cross-polarization method.
The 1H and 13C NMR spectra were obtained on the
Avance 600 spectrometer upon magical angle spinning
(MAS).

RESULTS AND DISCUSSION
Figure 2 shows SEM-images of the polymer mem-

branes from three groups at different magnifications.
Polymer membrane made of VDF-TFE copolymer

was presented by randomly entangled fibers with an
average diameter of 0.7 ± 0.2 μm. There is a high pack-
ing density of the fibers in the membrane (Fig. 2a).

Membrane obtained from PC solution consisted
from fibers with an average diameter of 6.7 ± 2.2 μm.
Cylindrical microfibers with an average diameter of
1.2 ± 0.4 μm fill the space between macrofibers. PC
membranes demonstrated lower packing density of
fibers and, as a result, greater porosity compared to
VDF-TFE copolymer. Pore areas in the VDF-TFE
and PC membranes were 49 ± 16 and 788 ± 373 μm2,
respectively (Fig. 2b).

There are two types of fibers in the structure of the
composite membrane (Fig. 2c). The first type involves
fibers with an average diameter of 6.3 ± 1.6 μm,
whereas the second type is presented by fibers with an
average diameter of 0.8 ± 0.6 μm, which fill the space
between fibers of the first type. Average pore area in
the resulting composite membrane was 247 ± 130 μm2.
The corresponding parameters of the membranes
obtained from individual polymers indicate that the
fibers of the first type are polycarbonate, whereas
those of the second type are f luoropolymer.
INORGANIC MAT
It is known that direct observation of the ferroelectric
properties (E–D hysteresis loops) for the VDF-TFE
copolymer is possible in electric fields with a strength
of more than 40 MV/m [19], which requires produc-
tion of homogeneous and defect-free samples that
exclude electric breakdown [20, 21]. Obtained materi-
als contain a significant amount of pores, which dra-
matically decreases their electrical strength. Polymor-
phic conformations and crystal structures characteristic
of paraelectric and ferroelectric phases in the VDF-TFE
copolymer allow them to be detected with IR spec-
troscopy, X-ray diffraction, and DSC [22].

Figure 3 shows ATR IR spectra of the samples.
The IR spectrum of the membrane obtained from

VDF-TFE copolymer solution contains several main
absorption bands. Those at frequencies of 884, 1398,
1327, and 1430 cm–1 are characteristic of the electri-
cally active TTT conformation [23, 24], the band at
821 cm–1 is typical of the electrically active T3GT3G–

conformation [25], and the band at 620 cm–1 corre-
sponds to the paraelectric TGTG– one [26]. The absorp-
tion bands corresponding to electrically active conforma-
tions demonstrate that the membrane can possess piezo-,
pyro-, and ferroelectric properties [19, 27].

Spectrum of the membrane formed from PC fibers
contains characteristic absorption bands. The band at
763 cm–1 is assigned to deformation vibrations of a C–H
group in the aromatic ring and the band at 1190 cm–1

is typical of C–O deformation vibrations in the aro-
matic ring. The band at 1504 cm–1 is ascribed to the
vibrations of a C–H group in the aromatic ring [28],
whereas the bands at 1600 and 1773 cm–1 are typical of
valence vibrations of the C=O group [29, 30].

Spectrum of the composite membrane contains all
bands characteristic of individual components. More-
over, there is an effect of addition of spectral density
for overlapping bands of individual components at 884
and 1158 cm–1. The fact that there are no shifts of the
absorption bands and that there are new bands indi-
cates that there are no chemical interactions between
the components of the composite membrane. The
bands at 1398 and 884 cm–1 indicate that the mem-
brane formed possesses piezo-, pyro-, and ferroelec-
tric properties.

Figure 4 shows X-ray diffractograms of the studied
polymer membranes.

There are several reflexes on the X-ray diffraction
pattern of the VDF-TFE polymer membrane. A halo
in the 16°–18° region corresponds to a paraelectric
α phase, whereas a small and completely distinguish-
able reflex at 18.6° is assigned to the reflection from
the (020) plane of the electrically active γ phase. In
addition, the most intensive reflex at 19.3° is charac-
teristic for reflection from the (110) and (200) planes
of the electrically active β phase [24, 28]. An intense
reflex at 19.3° indicates that macromolecules in the
membrane fibers based on VDF-TFE copolymer form
ERIALS: APPLIED RESEARCH  Vol. 9  No. 2  2018
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Fig. 2. SEM images of the polymer membranes obtained via electrospinning from (a) VDF-TFE copolymer, (b) PC, and
(c) VDF-TFE/PC composite membrane.
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crystal structures possessing piezo-, pyro-, and ferro-
electric properties. IR studies confirm these findings.

There is a broad halo at 12°–22° on the X-ray dif-
fraction pattern of the membrane obtained from PC
solution. This indicates that the macromolecules
forming the fibers in the membrane are predominantly
in the amorphous phase.

The differences observed in the crystal structure of
the samples are probably due to two main reasons: a
significant difference in f lexibility and interaction
between dipole moments of the macromolecules and
external electric field. Macromolecules of the VDF-
TFE copolymer, which have a significant dipole
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
moment and high f lexibility, exposed to high intensity
external electric field together with a spinning solution
form structures being more ordered topologically.
Intense evaporation of the solvent from the stream of
spinning solution limits the mobility of the macromol-
ecules and “freezes” the ordered structure to form
crystallites.

PC does not possess a high dipole moment or f lex-
ibility of macromolecules, which makes it difficult for
them to be located in the stream of spinning solution
exposed to an external electric field. Intense evapora-
tion of the solvent leads to amorphous structures,
“freezing” the system with high entropy.
 9  No. 2  2018
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Fig. 3. IR spectra of the samples: (1) VDF-TFE copolymer,
(2) PC, and (3) VDF-TFE/PC composite membrane.

200016001200800400

1

620

Wave number, cm–1

2

3
TGTG–

763

884 TTT

1158
1187

1222

1398 TTT
1504

1600
1773

820 T,GT,G– 1327 TTT
1430 TTT

Fig. 4. XRD patterns of the polymer membranes: (1) PC,
(2) VDF-TFE/PC composite membrane, and (3) VDF-TFE
copolymer.
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Fig. 5. DSC curves of the samples: (1) VDF-TFE copolymer,
(2) VDF-TFE/PC composite membrane, and (3) PC.
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A reflex at 19.3° was observed on the X-ray diffrac-
tion pattern of the nonwoven composite material
against the background of halo at 12°–22°. The fact
that there is no shift of this reflex and no significant
differences in the FWHM parameter were observed for
the nonwoven composite and VDF-TFE copolymer
membranes indicates that the electrically active β
phase is identical in both types of membranes. Thus,
there are no chemical interactions between the com-
ponents forming the polymer composite.

Figure 5 shows thermograms of the samples stud-
ied. VDF-TFE membranes had an intense endother-
mic effect at 144°C described earlier [32, 33]. This is
due to overlap of an endothermic effect caused by the
Curie transition and endothermic melting effect of the
crystalline phases in VDF-TFE copolymer, which has
significant residual polarization after the action of the
external electric field.

Thermogram of the PC nonwoven material shows
an endothermic transition at 146°C, which is
attributed to a transition from the glassy state to the
molten one [34]. Moreover, it should be noted that the
endothermic anomalies observed on thermograms of
PC and VDF-TFE copolymer have a different form,
which is probably due to the amorphous structure of
PC. The fact that there are no effects due to first-order
transitions on the thermogram confirms that PC mac-
romolecules in the nonwoven material do not form
crystalline structures, which is in agreement with the
results previously obtained [29].

Thermogram of the nonwoven composite material
contains an intense endothermic effect at 146°C,
which is due to superposition of melting effects of
components in the composite material. The fact that
there are no other thermal effects on the thermogram
indicates that there are no strong chemical interac-
tions between components in the composite material;
X-ray diffraction and IR spectroscopy data confirm
this fact.

19F NMR spectra of the VDF-TFE membranes
and VDF-TFE/PC composites were acquired via
Fourier pulse spectroscopy in the range of 150–380 K.
Figure 6 shows the temperature dependence of fluorine
NMR spectra for the VDF-TFE copolymer sample.

19F NMR line is greatly broadened almost through-
out the temperature range, which is due to dipole–
dipole interaction between magnetic moments of the
neighboring f luorine and hydrogen nuclei (F–F and
F–H) and due to anisotropy of the 19F chemical shift
tensors. However, at a temperature of 380 K (near the
melting point of the sample), the dipole interactions
and anisotropic part of the chemical shift tensors are
averaged owing to rapid motion of the f luorine and
proton atoms. Position of the 19F NMR lines at high
temperature, therefore, is determined only by an iso-
tropic chemical shift as in the spectra of liquid sam-
ples. High-resolution 19F NMR spectrum of the VDF-
TFE copolymer (in acetone-D6) was studied, and it
INORGANIC MAT
was found that it contains three groups of lines [35].
Isotropic part of the chemical shift depends on the
nearest environment of a resonant nucleus. There are
three different possible environments for the f luorine
ERIALS: APPLIED RESEARCH  Vol. 9  No. 2  2018
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Fig. 6. Temperature dependence for (a) 19F NMR spectra of VDF-TFE, where chemical shifts are scaled relative to trichloroflu-
oromethane (CCl3F), acquired at (1) 380, (2) 360, and (3) 160 K and (b) 19F NMR spectra of the second moments in (1) VDF-TFE
and (2) VDF-TFE/PC composite.
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atom in the CF2 dif luoromethylene unit of the copo-
lymer: (a) –CH2–CF2–CH2–, (b) –CH2–CF2–CF2–,
and (c) –CF2–CF2–CF2–. Each such group in the
spectra acquired for any liquids provides several lines
owing to influence of distant neighbors, which are not
distinguishable in the spectrum of a solid substance.
Positions of the a, b, and c peaks in the 19F spectrum
(Fig. 6a), however, precisely coincide with the centers
of gravity of the corresponding line groups in the high-
resolution spectra [35, 36] (δF(a) = –92 ± 2 ppm,
δF(b) = –113 ± 2 ppm, and δF(c) = –125 ± 2 ppm).
The integral intensity of each component in the 19F
spectrum (Fig. 6a) is proportional to the number of
CF2 dif luoromethylene units in corresponding posi-
tions (a, b, and c) in the VDF-TFE copolymer. This
allows determination of relative molar fractions of
vinylidene f luoride and tetrafluoroethylene in the
VDF-TFE copolymer according to the formula [36]
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 7. 19F NMR spectra for (1) VDF-TFE copolymer and
(2) VDF-TFE/PC composite at 380 K.
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where a, b, and c are the corresponding integral inten-
sities of the 19F NMR signals. Calculations show that
our copolymer contains 70 ± 5 mol % of VDF.

19F spectra of the VDF-TFE/PC composite mate-
rial were studied in the range of 290–390 K and were
acquired under the same conditions as for the VDF-TFE
copolymer. Figure 7 shows the 19F NMR spectra of the
VDF-TFE/PC composite material and VDF-TFE
copolymer at 380 K.

Figure 7 shows that the spectra differ only in the
presence of a broad component of the VDF-TFE
copolymer, which indicates the presence of inactive
positions of f luorine atoms, apparently belonging to
the crystalline phase of VDF-TFE. Nevertheless, we
may assume that VDF-TFE copolymer chains in the
VDF-TFE/PC composite do not undergo changes in
comparison with the original polymer; in other words,
the composite material is presented as a two-phase
VDF-TFE/PC system. Almost complete temperature
dependences of change in the second moment of the
19F NMR spectral lines of the VDF-TFE and VDF-
TFE/PC composite (Fig. 6b) confirm this finding
(the second moment is a quantitative characteristic of
spectral line width, which is due to internal interac-
tions in the substance). The second moments at low
temperatures coincide with experimental accuracy,
whereas small differences shown in Figure 6b appear
only at temperatures above room temperature. The
electronic structure and topology of f luorine atoms in
the CF2 groups, as well as mobility of f luorine atoms
in both samples, therefore, are identical. Our analysis
of integral intensities in the 19F NMR spectra shown in
Fig. 7, taking into account the weight of the correspond-
ing samples, indicates that the amount of VDF-TFE
copolymer in the VDF-TFE/PC composite is 35 ± 5%.
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CONCLUSIONS
Nonwoven composite material was obtained from

polycarbonate and vinylidene f luoride/tetrafluoro-
ethylene copolymer via two-nozzle electrospinning
with common collector. The structure of the compos-
ite material and its components was studied.

Composite structure of the obtained membrane
allows tailoring of the pores area depending on
requirements to the material.

Infrared spectroscopy, X-ray diffraction, and dif-
ferential scanning calorimetry data showed the pres-
ence of electrically active crystalline phases in the
composite membranes.

NMR, infrared spectroscopy, and X-ray diffrac-
tion data indicated that the composite nonwoven
membrane is a two-phase system without chemical
interactions between phases.
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