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Abstract: The results of the synthesis of PAN(polyacrylonitrile)-magnetite composite fibers using the
electrospinning method are presented. The electrospinning installation included a rotating drum
collector for collecting fibers. Magnetite nanoparticles were synthesized using chemical condensation
from an iron chloride solution. It was shown that homogeneous Fe304 magnetite nanoparticles
with particle sizes of 616 nm could be synthesized using this method. Magnetite nanoparticles
were investigated using X-ray diffraction analyses and transmission electron microscopy. Based on
magnetite nanoparticles, composite PAN /magnetite fibers were obtained through electrospinning.
The obtained composite fibers were investigated using scanning electron microscopy, X-ray diffraction
analyses, and elemental analyses. It was shown that the magnetite nanoparticles were uniformly
distributed on the surface of the fibers. A comparison of PAN fibers without any added magnetite to
PAN/magnetite fibers showed that the addition of magnetite led to a decrease in the value of the fiber
diameter at the same polymer concentration and under the same electrospinning process conditions.
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1. Introduction

The magnetic properties of materials are used in science and technology, including
acoustic systems, proximity sensors [1], electric machines [2], magnetic separators [3], cell
phones, cameras, etc [4—7]. Magnetic nanomaterials play an important role in nanomedicine
and have led to the development of new methods of magnetic diagnostics, such as magneto
resistive and microhall (uHall) biosensors, magnetic particle spectroscopy, etc. Magnetic
nanoparticles are also used as contrast agents in magnetic resonance tomography and as
indicator materials in magnetic particle imaging [8].

Transitioning to the nanoscale has led to the formation of a new direction in the
science of magnetic materials: magnetic nanomaterials. The composition, structure, and
properties of magnetic nanomaterials vary widely and depend on the starting materials,
synthesis methods, and practical tasks they are aimed at solving. Most commonly, magnetic
nanomaterials are synthesized from Ni, Co, and Fe. Among magnetic nanomaterials, Fe-
based compounds occupy a leading position, especially Fe30, magnetite.

According to the classification of nanomaterials based on their geometrical and struc-
tural characteristics, magnetic nanomaterials can have a 0D (zero-dimensional) structure,
such as magnetic nanoparticles and nanopowders. The review [9] represents the methods
used in the synthesis of magnetic nanoparticles, 90% of which are chemical methods. The
issues related to nanoparticle modification by organic and inorganic compounds, poly-
mers, and bioactive molecules are discussed. Further, methods of protein immobilization
using magnetic nanoparticles, mainly based on Fe3zOy, are discussed. There are methods
of achieving the simultaneous synthesis of Fe30, and Co3z04 oxides mixtures within the
flame [10]. Further, based on magnetite nanoparticles, the “core-shell” type structures
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are created. In paper [11], the synthesis of the Fe30,4/5iO, and CoFe;O4/SiO; structures
through co-precipitation or the hydrothermal synthesis of Fe304 was shown. The obtained
Fe30O4 was a coated surface with a layer of silicon dioxide, and functionalization was carried
out with 3-aminopropyl-triethoxysilane. The reduction in the saturation magnetization
of the magnetic cores was achieved through coating formation and functionalization [12].
Various magnetite-based core-shell structures are also presented in the review [13]. One of
the most intensively developing areas is the production of magnetic fluids, and recently,
magnetic nanofluids, including those based on magnetite nanoparticles [14].

One-dimensional (1D) structures include magnetic nanofibers, nanorods, nanotubes,
and other one-dimensional configurations. In paper [15], a method of obtaining oriented
porous fibers from magnetite (>96% yield) using hydrothermal methods in an aqueous
solution of citric acid with a protein addition was proposed. The obtained magnetite fibers
have a cylindrical shape with a diameter of 120 nm and are characterized by their porous
structure, with a pore size of <5 nm and a high specific surface area (123 m?/g). The
influence of synthesis conditions on the structure of the obtained fibers was studied. The
possibility of the application of magnetic fibers as an effective adsorbent for the removal
of some toxic chemical substances on the example of Cr(VI) (anions), Hg(II) (cations), and
polychlorinated biphenyl (non-polar molecules) was shown.

In addition to obtaining fibers from pure magnetite, many studies have been devoted
to obtaining magnetite-based nanofibers [16,17]. In paper [18], the results of the synthesis
of PAN/Fe304 magnetic nanofibers using the electrospinning method are presented. The
authors synthesized Fe3O4 nanoparticles with an average diameter of about 8 nm. Three
concentrations of polyacrylonitrile (PAN, from 8 to 14 wt. %) were used to study the
effect of PAN concentration on the diameter and morphology of PAN/Fe3O4 nanofibers.
Spherical nanoparticles were formed on the fiber’s surface, and the number of spheres
gradually decreased with the increasing PAN fraction. When the PAN content exceeded
14 wt. %, no formation of spherical particles was observed in the products. The effect
of the addition of LiCl to the PAN solution on the structure of the obtained fibers was
also considered.

In [19] the authors synthesized PAN/magnetite fibres by electrospinning method.
PAN solution with 14% concentration was prepared in dimethyl sulphoxide at a mass ratio
of PAN to magnetite of 1.0:1.8 respectively, and the diameter of magnetite nanoparticles
was 50-100 nm in the range. As a result, fibers with an average diameter of 100 £ 45
nm were obtained. Many globular structures were observed within their structure. The
authors studied the magnetic properties of PAN/magnetite fibers after electrospinning,
stabilization, and carbonization at temperatures of 500 and 800 °C. It was shown that their
magnetic properties (hysteresis loop, coercive field) change, which may be explained by a
change in the distance between individual particles after stabilization and carbonization
and, as consequence, the strengthening of the influence of the particles on one another.
Various additives in the composition of the PAN fibers affect the structure at the stage of
formation, as well as the processes of further processing. In [20], the effect of 1-10 wt. %
of Fe/FeO nanoparticle additives on the structure of PAN fibers after electrospinning and
during the stabilization and carbonization processes was investigated. The authors paid
much attention to the study of the carbonization process. The influence of the temperature,
heating rate, holding time, and cooling rate during carbonization on the structure of the
final PAN and Fe/FeO carbon fibers is shown.

An important task is to obtain oriented or ordered magnetic fibers. Thus, in paper [21],
the preparation of partially oriented PAN/magnetite magnetic nanofibers on the partially
conductive substrates of polypropylene and copper tape is reported. In addition to classi-
cal electrospinning, a new direction—bubble electrospinning—is being developed; some
features and examples of its implementation are presented in papers [22,23].

Two-dimensional (2D) structures—nanofilms, nanocoatings, nanosheets, etc.—are
being actively studied. Hybrid films based on sisal cellulose and magnetite nanoparticles
were obtained in [16]. Magnetite nanoparticles of a spherical shape, with an average diam-
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eter of 5.1 & 0.5 nm, were coated with oleic acid and oleylamine to prevent agglomeration.
The strength characteristics, elastic modulus, and magnetization of the films were also
determined. The influence of magnetite nanoparticles on the formation of polystyrene-
block-poly (N-isopropylacrylamide) /magnetite magnetic films was discussed in detail in
paper [24]. Films were obtained using the spray coating method. It was shown that, during
the initial stage of spray coating, the film containing 2 wt. % of magnetite demonstrated
a faster process of complete coating formation compared to the reference. The films ex-
hibit superparamagnetic properties, which make them suitable for magnetic sensors or
information storage.

Three-dimensional (3D) structures include a new achievement in the area of aerogels—
magnetic oxide-ceramic aerogel [25]. It is characterized by an ultralow density of 55 mg/mL
and contains up to 98.7% air. A detailed description of the aerogel formation mechanism is
provided, and the superparamagnetic and other properties of the material are considered.
Paper [26] details obtaining magenta aerogels based on magnetite nanoparticles through
freeze-drying Janus emulsion gels based on olive and silicone oils containing gelatin and
sodium carboxymethylcellulose. The obtained aerogels are relevant for smart supercapac-
itors, biosensors, sorption, and the separation of oil spills. The morphology of the final
structure was investigated depending on the initial compositions. In paper [27], the results
of Mossbauer’s studies of magnetic polymer nanocomposites based on magnetite and
polyvinyl alcohol were presented. For this purpose, a polymeric nanocomposite, based on
Fe;04 and polyvinyl alcohol (PVA), was synthesized using chemical coprecipitation from
FeCl3-6H,O and FeCly-4H,0 (2:1). The amount of pure iron in the mixture was varied
from 30 to 60 wt. %. It was shown that the nanocomposite based on magnetite and PVA
represents separate phases: a magnetic component close to the stoichiometric composition
of magnetite, a superparamagnetic nonstoichiometric component, and an intermediate
weakly magnetic superposition component.

Magnetite and composites based on it have found their application or are promising
for several practical applications. In particular, the shielding properties of concrete with
the addition of magnetite nanoparticles were studied in paper [28] and showed better
protection against microwave radiation in the frequency range from 0.7 to 13 GHz. The
maximum electromagnetic interference suppression efficiency was 19.9 dB at 1.5 GHz, with
a thickness of 10 mm and a magnetite content of 0.5 wt. % in the concrete.

The aim of this work was to synthesize composite fibers with magnetic properties. To
achieve this, the tasks of synthesizing magnetite nanoparticles and obtaining composite
fibers based on PAN with additives of magnetite nanoparticles were set. The novelty
and practical significance of the work lie in the development of a method of chemical
condensation for the synthesis of nanoparticles with a small dispersion in diameter and
obtaining nanofibers from PAN with a uniform distribution of magnetite nanoparticles on
the fiber surface through electrospinning.

2. Experimental Part
2.1. Synthesis of Fe304 Magnetite Nanoparticles

Magnetite Fe3O4 nanoparticles were synthesized through chemical condensation
according to earlier work [29]. For this purpose, the following were prepared: an aqueous
solution of iron (III) chloride hexahydrate (FeCl3-6H,O) at a concentration of 0.32 mol/L
and iron sulfate heptahydrate (FeSO4-7H;0) at a concentration of 0.2 mol/L. Aqueous
solutions of iron salts, each 325 mL in volume, were poured into a heat-resistant flask,
stirred with a heated magnetic stirrer (ISOLAB), and 200 mL of a 25% aqueous ammonia
solution (NH4OH-H,0O) were gradually added at a rate of 1 drop/s. The temperature of the
aqueous iron salt solution was maintained at 50 °C. The chemical reaction of the formation
of magnetite nanoparticles was as follows:

FESO4~7H20 + 2FeC136H20 + 8NH3H20 — Fe3O4¢ + 6NH4C1 + (NH4)2804 + 23H20
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Magnetite nanoparticles were extracted from the solution with a permanent mag-
net, washed several times with water to neutralize the reaction, and then dried under
normal conditions.

2.2. Preparation of PAN/Fe3Oy Solution and Obtaining of Composite Fibers

Polyacrylonitrile (with a molecular weight of 150,000 g/mol, DFL Minmet Refractories
Corp., Shijiangzhuang City, China) was used as the main fiber-forming polymer. For
this purpose, PAN and dimethylformamide (DMF, (CH3),NC(O)H, 99.9%, Sigma-Aldrich,
Darmstadt, Germany) were mixed at a ratio of 7:93 (wt.) with further homogenization for
2 h on a magnetic stirrer at a stirring speed of 100 rpm and a temperature of 70 °C. After the
solution was completely homogenized, the prepared PAN solution was mixed with small
portions of magnetite at a ratio of 20:1 (wt.). The suspension was placed in an ultrasonic
bath (Grad Technology, Moscow, Russia) for 1 h at 30 °C to achieve uniform distribution
of the magnetite nanoparticles in the polymer solution. To obtain composite PAN/FezOy
fibers, the electrospinning method was used. The schematic diagram of the unit is shown
in Figure 1 [30].

Needle

Motor speed controller

Figure 1. Scheme of the electrospinning system.

The obtained PAN/Fe30O; solution was filled into a 5 mL syringe. The electrospinning
process was performed at an ambient temperature of 20-30 °C and a humidity level of
30-50%; the voltage was 12-15 kV, the feed rate was 1.0 mL/h, the feed current was
20 mA, the collector radius was 23 cm, the distance between the needle and collector
was 12-15 cm, and the collector surface was covered with aluminum foil for nanofiber
deposition (Figure 1).

2.3. Analytical Methods of Investigation for Fe304 Magnetite Nanoparticles and Composite Fibers

The Fe3O4 nanoparticles were examined on the MiniFlex300/600 diffractometer
(Rigaku Corp., Tokyo, Japan) and the JEM-1011 transmission electron microscope (TEM)
(JEOL, Tokyo, Japan). Scanning electron microscopy (SEM) was completed using the
“Quanta 200i 3D” (FEI Company, Peabody, MA, USA) device with a built-in system of
energy-dispersive spectroscopy (EDS) and a cryogenic vibrating sample magnetometer.
The composite fibers PAN/Fe3O4 were investigated through X-ray diffraction analysis
(XRD) (using the diffractometer DRON-4M (NPO “Burevestnik”, St. Petersburg, Russia)
and SEM. For the study of the samples through XRD, the following shooting settings
were used: an X-ray tube voltage of 30 kV, tube current of 30 mA, and the step motion
of the goniometer at 0.05° 20, while measuring the intensity of the point up to 1.0. The
rotational speed of the sample in its own plane was 60 rev/min. The processing of radio-
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graphs to determine the angular position and intensity of the reflection was carried out
using the «Fpeak» program. The phase analysis used the «PCPDFWIN» program from
the PDF-2 diffractometric database. The obtained spectra were identified using the JCPDS
X-ray database.

3. Results and Discussion

Magnetite nanoparticles were surveyed using XRD, SEM, TEM, and EDS methods
and a magnetometer. Figure 2 shows the SEM image, TEM image, and particle size
distribution based on the TEM of the magnetite synthesized through chemical deposition.
The obtained magnetite nanoparticles were characterized by a small variation in diameter.
The predominant fraction of particles had sizes ranging from 6 to 16 nm, with the average
size of the particles being 12.22 nm.

184
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Figure 2. Characterization of magnetite nanoparticles: (a) SEM image; (b) TEM image; (c) particle
size distribution based on TEM.

Particles of 50 nm and larger are also provided in the image, but the authors believe
that these dimensions are due to the overlapping of the particles. The agglomeration of
magnetic particles is due to the presence of high surface energy between the prepared
magnetic nanoparticles and the presence of magnetic dipole-dipole interactions [31]. A
more detailed description of nanoparticle agglomeration processes can be found in [32]. To
determine the chemical composition of the samples of obtained magnetite nanoparticles,
elemental analysis was carried out using an energy-dispersive spectrometer. The energy-
dispersive spectrum and the results of the study of the chemical composition are shown in
Figure 3a. According to the results of the EDAX analysis, the mass fraction of iron (Fe) was
74.31% and the atomic fraction was 45.32%; the mass fraction of oxygen (O) was 25.69%
and the atomic share was 54.68%. The X-ray pattern of magnetite nanoparticles, shown in
Figure 3b, contains 9 diffraction peaks at the angles of 26 = 18.5; 30.1; 35.5; 43.2; 53.6; 57.1;
62.7;71.3, and 74.2 degrees, which correspond to the crystal planes of the magnetite phase
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(111), (220), (311), (400), (422), (511), (440), (620), and (533), respectively [33]. According to
the Scherrer equation, the average particle size, t = A/(3cos 0), can be estimated from the
CuK« (M) X-ray wavelength, Bragg angle (0), and the total peak width at half-height () in
the radians. The size of synthesized magnetite particles, using the Scherrer equation, was
10.4 nm, which did not contradict the TEM image data.
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Figure 3. (a) EDS spectrum and elemental composition, (b) X-ray diffraction pattern of mag-

netite nanoparticles.

The values of the magnetic moment of the obtained samples of magnetite nanoparti-
cles were measured on a cryogenic magnetometer. The measurement results are shown
in Figure 4. The studies performed showed that magnetite nanoparticles pass into the su-
perparamagnetic state, as indicated by the absence of hysteresis in the field magnetization
curve. The transition to the supermagnetic state is explained by the transition of mag-
netite nanoparticles to a single-domain state, and by the fact that uniform magnetization is
achieved throughout the volume.
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Figure 4. Magnetic hysteresis of magnetite nanoparticles at room temperature.

To investigate the structure and morphology, the obtained PAN/Fe30y fibers were
examined using scanning electron microscopy and EDS analysis. For comparison, PAN
fibers obtained at the same polymer concentrations and under the same conditions for the
electrospinning process, but without magnetite, were also studied. Figure 5 shows the SEM
image of the pure PAN fibers without magnetite, and Figure 6 shows PAN/Fe3Oy fibers.
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Figure 5. (a) SEM image of pure PAN fibers; (b) distribution of PAN fibers according to diameter.
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Figure 6. (a—c) SEM images of PAN/Fe3O; fibers at various magnifications; (d) distribution of
PAN/Fe30y fibers according to diameter.

PAN fibers synthesized without the addition of magnetite nanoparticles have a smooth
surface without surface defects, open porosity, and clusters. The addition of magnetite to the
solution resulted in a reduction in the diameter of the fibres formed as a result of electrospinning.
In comparison for PAN fibres the diameter is 0.924 um and for PAN/Fe30y fibres the diameter
is 0.345 pm. A similar decrease in fiber diameter with the addition of magnetite was observed
by the authors of [34], who obtained nanofibers based on polyvinyl alcohol and magnetite by
electrospinning. Further, in [35], the authors investigated the inclusion of magnetite nanoparti-
cles during the electrospinning of PAN fibers. The addition of 10, 25, and 40 wt. % of magnetite
resulted in a decrease in diameter: 165, 139, and 74 nm, respectively. The authors explain
this process through the effect of magnetite nanoparticles on the properties of the polymer
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solution and the change in conductivity, viscosity, and surface tension. The authors in [34]
experimentally found that increasing the magnetite content in the initial solution from 0.075 to
0.175 g led to a decrease in the fiber diameter from 186.5 to 131.4 nm and increases in saturation
magnetization and residual magnetization. The obtained SEM images (see Figure 6) show a
uniform distribution of magnetite nanoparticles over the entire fiber surface. Figure 7 shows
the results of the elemental analysis of the composite fibers. High carbon content (65.95 wt. %)
and a small amount of iron (9.33 wt. %) are observed, and nitrogen (17.49 wt. %) and oxygen
(7.23 wt. %) are also present.

146+

Element Wt%
C | 65.95 74.62
L g | 735 6.14
. Fe | 933 237
58
29 + Feo
o
! Fe ok
A
88 TTTN00 200 340 400 500 60 Teo 800 500 1600 1100
Energy - keV

Figure 7. EDS analysis of PAN/Fe30Oy fibers.

To detect a possible interaction between PAN polymer and magnetite nanoparticles
during solution preparation and/or during the electrospinning of the fibers, PAN/Fe304-
fibers were investigated using X-ray phase analysis.

According to the XRD results (Figure 8), it was found that the magnetite particles in
the PAN-based fibers did not undergo any chemical transformation, retained their original
chemical formula (Fe3O4) and crystal structure, and represented single-phase magnetite in
the medium of the polymer matrix. It should be noted that there were peaks corresponding
to the crystallites of silicon on the X-ray pattern since the sample was attached to a substrate
of monocrystalline silicon during the analysis.
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Figure 8. XRD patterns of PAN/Fe3O; fibers.
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Studies were performed on the synthesis of composite fibers from polyacrylonitrile
with the addition of the magnetite nanoparticles obtained through chemical condensation.
The method of electrospinning from the PAN solution in dimethylformamide with the
addition of magnetite nanoparticles was applied to form the nanofibers. Depending on the
field of practical application, composite fibers must have given characteristics of magnetite
nanoparticle diameters and fibers, magnetite particle distribution on the surface and/or
fiber structure, porosity, etc. The resulting fibers have the prospect of potential practical
applications, such as for photovoltaics and photon sensing; the absorption of microwave
and other radiation as a shield [36]; as a catalyst [37]; in wastewater treatment for heavy
metal ions and organic pollutants; for drug delivery in biotechnology and biomedicine, in
cell growth and tissue engineering; the creation of magnetic sensors [38,39]; as electrode
material for lithium metal anodes [40], in medicine as a method of cancer treatment through
magnetic hyperthermia [41], and as a biomedical adsorbent [42,43].

4. Conclusions

This study describes the results of experiments on the synthesis of magnetite nanopar-
ticles through chemical condensation. Their average size was 10-12 nm, which was con-
firmed by the results of XRD, TEM, and SEM analyses. The magnetic properties of magnetite
nanoparticles were studied. The studies performed showed that magnetite nanoparticles
passed into the super-paramagnetic state, as indicated by the absence of hysteresis in the
field magnetization curve. The transition to the supermagnetic state was explained by
the transition of magnetite nanoparticles to a single-domain state, and by the fact that
uniform magnetization was achieved throughout the volume. Magnetite nanoparticles
were used to create composite PAN/Fe3; Oy fibers by adding magnetite to the PAN solution
to obtain a homogeneous suspension. Fibers were produced from a 7 wt. % PAN/Fe;04
suspension in dimethylformamide through the electrospinning method. The SEM method
showed that the magnetite nanoparticles were uniformly distributed throughout the fiber
structure, with an average diameter of 0.345 um. A comparison of PAN fibers without
magnetite and PAN/Fe;0y fibers showed that the addition of magnetite led to decreases
in the diameters of the fibers at the same polymer concentrations and conditions of the
electrospinning process. The resulting PAN/Fe3O,4 composite fibres can be used in several
practical applications, including sensors, magnetic materials, electronics, etc.
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