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Abstract

In this study, we present a convenient approach for the preparation of viscose, maghemite,
goethite, and poly(methylhydro-dimethyl)siloxane hybrid materials possessing electro-
magnetic shielding properties, thermal stability, strong magnetization, and very good
hydrophobicity. The chemical compositions, morphologies, thermal properties, magnetic
measurements, wettability, and dielectric properties of the prepared composites and pris-
tine precursors were thoroughly investigated by Fourier transform infrared spectroscopy
(FTIR), scanning and transmission electron microscopy (SEM and TEM), thermal degrada-
tion (TG, DTG, and DTA), magnetic measurements (magnetization, thermomagnetic curves,
relative magnetic permeability), and dielectric spectrometry. Moreover, the electromagnetic
shielding properties of pristine viscose and the final composite were assessed.

Keywords: viscose; maghemite-goethite; polysiloxane; electromagnetic shielding

1. Introduction

Modern living involves the use of electronic devices to the greatest extent. All these
devices emit electric fields (electricity sources, electrical microtransformers) and electro-
magnetic fields (phones, GPS, Wi-Fi transmitters, smart watches, etc.). These electric and
electromagnetic fields propagate at radiowave, microwave, or electric power wave fre-
quencies (1-10'? Hz), in contrast to ionizing electromagnetic waves (considered dangerous
or even deadly), such as cosmic rays, gamma radiation, X-rays, or ultraviolet radiation
(with frequencies of 10'-10?* Hz). Exposure to these emissions can cause cancer, brain
tumors, memory loss, leukemia, sleeplessness, heart disease, etc. [1-3]. Apart from the
human health aspect, there is also the phenomenon of electromagnetic interference [4]. The
agglomeration of electronic devices in the vicinity of others could disturb their functioning
by inducing parasitic electric and electromagnetic fields. For all these reasons, it has become
necessary to develop barriers that can stop or filter part of the electromagnetic radiation
through electromagnetic shielding.

Electromagnetic shielding is the procedure by which materials prevent electromag-
netic radiation from passing through them by using reflection, absorption, and sometimes
refraction [4]. A material can shield electromagnetic radiation through three procedures:
reflection, absorption, or multiple internal reflections. For shielding with reflection radi-
ation, the material must have electric carriers such as free electrons or holes, which can
interact with the electric component of the incident electromagnetic field. The material
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needs to have electrical conductivity of about 1 S-cm. For shielding with the absorption of
electromagnetic radiation, the material is dielectric (electrically insulating material), with
high electric and /or magnetic dipoles (ferroelectric and/or ferromagnetic materials) [4,5].
Absorption loss occurs because incident electromagnetic waves induced in the medium
involve the displacement of the electron cloud, which produces ohmic losses and the heat-
ing of the material (i.e., heat loss). Ferroelectric materials have a high dielectric constant
but also dielectric losses, which directly influence the absorption phenomenon. Ferromag-
netic materials (magnetite, maghemite, and ferrite) present, as the main absorption loss
mechanism, a magnetic dissipation phenomenon, thus allowing the integration of several
complementary loss paths, ultimately increasing the total electromagnetic attenuation
capacity [6,7].

In the third case, multiple reflective shields are required in the presence of a large
interface (nanofibers, nanotubes, or nanometric pyramidal structures) or the presence of
large specific surfaces (multiple-layered materials or porous foam materials) [4].

Mathematically, the shielding effectiveness (SE) can be expressed on a logarithmic
scale [4-6]:

SE [dB] = SER + SEA + SEMR (1)

where SER is the shielding effectiveness for the reflection component; SEA is the shielding

effectiveness for absorption; SEMR is the shielding effectiveness for the multiple reflection

component; and dB is decibels, the unit of measurement for the quantitative determination
of shielding effectiveness.

In turn, the three components of shielding can be determined from Equations (2)—(4) [8-10]:

SER [dB] =

o
~10 logy l6éweOur @)

SE [dB] = —8, 68 \/towur/2 3)
SEmg = —20 logyo (1 — e 2/?) ()

where 0 = w-gg-¢” is the conductivity of the shielding material (measured in S/m), w = 27f
is the angular frequency (Hz), f is the linear frequency (Hz), ¢ is the electrical permittivity
of the free space—8.854-10712 F/m, ¢ is the absorption permittivity (loose permittivity),
Ly is the relative magnetic permeability of the shielding material, and & = /2/wuro is the
skin depth, which is defined as the distance required by the wave to be attenuated with a
value of 1/e (e: Euler constant—2.71828) or 37% of its original strength.

Most of the materials used for electromagnetic shielding are hard solids, especially
those used against ionizing radiation (lead, metal alloys, prestressed concrete, and metal
containers filled with plain water or even heavy water). To shield from radiofrequency
waves or electric fields emitted by power cables, research is focusing on thin materials that
can take the form of emitting devices. Thus, in recent years, textiles and textile materials
have become the subject of research in this regard. Natural or synthetic textile materials
do not have electromagnetic shielding qualities at any frequency of electromagnetic ra-
diation except the frequency of visible light (10'> Hz) [2]. Some textile composites may
have electromagnetic shielding properties, depending on the precursor chosen to form the
composite. In particular, it has been proven that textiles that contain metallic threads can
exhibit electromagnetic shielding by reflection, ferromagnetic particles can induce shielding
by absorption in composite textiles, and textiles that incorporate nanoparticles with specific
shapes (nanowires, nanotubes, or pyramidal structures) can exhibit shielding by multiple
reflections. Most attempts have aimed to obtain composite fabrics with metal inserts. Specif-
ically, Perumalraj and colleagues synthesized one by knitting a cotton fabric with a copper
insert [10]. The obtained shielding reached values between 31 and 32.5 dB, depending on
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the diameter of the copper wires (0.1-0.12 mm) and the thickness of the textile composite
material (0.79-0.9 mm). Ortlek and his colleagues aimed to obtain a composite material
of polyester and stainless steel, also by knitting [11]. Here, shielding values of 25-60 dB
were obtained at frequencies of 30 MHz-9.5 GHz. Wang also used cotton integrated with
stainless steel filaments and achieved 25—40 dB of noise reduction, depending on how the
filaments were arranged and oriented [12]. To obtain textile materials with multiple reflec-
tions of incident electromagnetic radiation, the most convenient material used is carbon
nanotubes. In this regard, Culica et al. created composites of viscose, oxidized viscose, and
carbon nanotubes [13]. Shielding of 60-110 dB was obtained, depending on the thickness
of the composite (1-1.5 mm), at industrial frequencies (50-55 Hz), and 25 dB at a frequency
of 106 Hz for the composite of carbon nanotubes in viscose. Meanwhile, for the composite
with oxidized viscose, the shielding decreased to 70-80 dB (50-55 Hz) and 20 dB (106 Hz).
In another work, a layer-by-layer technique was used to prepare cationic cotton coated
with graphene oxide/polypyrrole with multireflection shielding [14]. Cationic cotton was
prepared by the polymerization of 3-chloro-2-hydroxypropyltrimethyl ammonium chloride
after cleaning the fabric by ultrasonication. The average EMI SE values for one, two, three,
and four cycles of deposition were from 10 to 24.3 dB in the frequency range of 3.9-6 GHz.
Regarding composite textiles with electromagnetic shielding properties through absorption,
research is rarer and is based on the incorporation of particles with high dielectric constants
or magnetic particles into the textile matrix. Specifically, a composite was created from
viscose and barium titanate (a ferroelectric material with a high dielectric constant), which
became a felt when pressed [5]. The authors also performed a heat treatment on one of
the samples, followed by cooling in an intense electric field, which led to an increase in
electromagnetic shielding. Shielding of 18 dB was obtained for the felt loaded with 10%
ferroelectric particles, 20 dB for 20% barium titanate particles, and 22 dB for the composite
heat-treated in an intense electric field.

Another problem is the use of composite textiles outdoors during rain or in humid
environments. Most textiles, while not being strongly hydrophilic, are still not hydrophobic.
Consequently, it would be necessary to render them hydrophobic without losing their
physical properties. Polysiloxanes are used as coating agents in the textile industry due
their ability to diffuse onto the textile support’s surface and create hydrophobic coatings
on the contact surface. Polysiloxane copolymers with Si-H functional groups are used
to create hydrophobic and durable coating films through a crosslinking reaction, often
catalyzed by substances like zinc octoate or acid catalysts. In addition to the very good
hydrophobization effect, such a film also provides other properties to the solid surface,
such as a smooth and silky texture and water washing [15,16].

The aim of this work was to synthesize a ferromagnetic and highly hydrophobic
textile material in the form of a felt (from which various covers could be produced), which
could be used as an electromagnetic shield for different frequencies of incident radiation
(industrial frequencies of 50-55 Hz for power cables and electrical transformers, as well as
radiofrequencies).

2. Results and Discussion
2.1. Structural Characterization
FTIR Analysis
The structures of V, MG, PSi, and the V/MG/PSi composite were first assessed by

infrared spectroscopy. Figure 1 illustrates the infrared spectra of pure V, MG, PSi, and
V/MG/PPSi samples.
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Figure 1. Infrared spectra of V, MG, Psi, and V/MG/PSi.

For viscose (V), peaks are found at 3350 cm~! (OH stretching vibration), 2891 cm ™!
(CH symmetrical stretching), 1639 cm~! (OH bending of absorbed water), 1420 cm ™!
(HCH in-plane bending vibration and/or CHj; scissoring motion and/or CH, symmetric
bending at C6), 1367 cm ™! (CH in-plane bending), 1315 cm ™! (CH, rocking vibration at
C6), 1018 cm ! (CO at C6), 895 cm™! (COC stretching at 3-(1—4)-glycoside linkages), and
667 cm~! (5 COH out-of-plane bending) [17]. MG shows peaks at 3435 cm~! (OH stretching:
surface hydroxyl groups and Hy0), 3152 cm ! (v (OH): bulk hydroxyl stretching in goethite
structures), 2920 cm~! (H-OH: intramolecular frequencies), 1628 cm ™! (5(OH): absorbed
water), 1117 and 1047 cm ™! (Fe-O asymmetric stretching: goethite), 885 cm~! (5-OH in-
plane: goethite), 795 cem~! (5-OH out-of-plane: goethite), 579 cm~! (v(Fe-O): intrinsic
stretching—maghemite), and 399 em ™! (Top: goethite) [18]. For PSi, peaks are observed at
2964 cm~! (C-H stretching in -CHj groups), 2158 em~ ! (Si-H bending), 1261 and 800 cm™!
(Si-CHj3), and 1091 and 1032 cm ! (Si-O-Si) [19-22]. The final composite V/MG/PSi shows
peaks at 3441 cm~! (OH stretching vibration), 2963 cm~! (C-H stretching in -CHj groups:
PSi), 2924 cm~! (H-OH: intramolecular frequencies—goethite), 2872 cm ! (CH symmetrical
stretching: V), 2158 cm~! (Si-H bending: PSi), 1636 cm ! (§(OH): absorbed water), 1456 and
1422 cm~! (HCH in-plane bending vibration and /or CH, scissoring motion and/or CH,
symmetric bending at C6: V), 1261 em ™! (Si-CHj: PSi), 1097 and 1030 cm ™1 (Si-O-Si: PSi),
890 cm ! (COC stretching at 3-(1—4)-glycoside linkages: V), 804 cm ™! (5-OH out-of-plane:
goethite), and 584 cm ™! (v(Fe-O): intrinsic stretching—maghemite).

Following the ultrasonication of the V and MG mixture, and under increased tempera-
tures (up to 86 °C), the OH band located at 3350 cm ™! on V is moved to 3441 cm L. The
C-O-C band of viscose between 1018 and 998 cm ! is enlarged between 1055 and 1022 cm .
The 5-OH out-of-plane band for goethite (on MG) is moved to 804 cm~! for V/MG/PSi.
All this represents evidence for a strong interaction between MG nanoparticles and V (new
hydrogen bonds). The Si-H-specific band of the PSi copolymer is significantly reduced in
the spectrum of V/MG/PSi, indicating its oxidation and condensation (crosslinking) during
the ultrasonication treatment. For the polysiloxane copolymer (PSi), the ratio between the
heights of the peaks at 2158 cm ! (Si-H) and 1261 em ~! (Si-CH3) was equal to 0.41, which
was higher than the corresponding value determined for the V/MG/PSi composite, i.e.,
0.2 [19].
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2.2. Morphology/Dimensional Characterization
SEM was used to identify the supramolecular structures of the composite V/MG/PSi
and compare them to those of pure viscose (V). The SEM images of V and V/MG/PSi are

shown in Figure 2.

Figure 2. SEM images for pristine viscose (V) and the composite (V/MG/PSi).

Viscose fibers have diameters of approximately 10 microns. In the composite, ag-
glomerations of maghemite and goethite can be observed, and the polysiloxane covers
the viscose fibers like transparent armor. The submicron-sized maghemite and goethite
particles were analyzed by TEM microscopy (Figure 3). Maghemite nanoparticles with
approximately spherical shapes and sizes, generally less than 100 nm (some of them being
less than 50 nm), surround the goethite acicular formations, with lengths of around 100 nm

and diameters of approximately 10 nm.

Figure 3. TEM images of maghemite/goethite nanoparticles.

2.3. Thermal Properties
The thermal degradation of the precursors (V, MG) and the magnetic composite
(V/MG/PSi) was performed in an inert gas (He) atmosphere, with a flow rate of 40 mL/min
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and a heating rate of 10 °Cmin~!, in a temperature range between 30 and 680 °C. The

TG, DTG, and DTA curves recorded for V, MG, and V/MG/PSi are presented in Figure 4.
The mass losses and the main thermal parameters obtained by thermal degradation are
presented in Table 1. In the case of maghemite/goethite, as expected, no mass losses were
observed; the curve representation was created only to show its thermal stability up to a
temperature of 680 °C and for comparison with the other samples.
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Figure 4. TG, DTG, and DTA curves for V, MG, and V/MG/PSi.
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Table 1. Thermogravimetric data.

Sample Degradation Tonset Tpeak DTG A\ T10 ng Tpeak DTA
Stage °C °C wt.% °C °C °C
I 95.5
\% Residue 312 341.3 45 314 325 3414
1 0.2
MG Residue i ) 99.8 ) i )
V/MG/PSi I 301 351.3 728 320 332 351.5
Residue ’ 27.2 ’

Tonset: temperature at which thermal decomposition begins; Tpeak: temperature at which the degradation rate is
the maximum; W: mass loss; T1g and Tyg: temperatures corresponding to 10% and 20% weight loss, respectively.

The thermal degradation of viscose (V) occurs in a single degradation step that takes
place through an endothermic process at 341.3 °C, and the mass losses are significant:
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95.56 wt.%. In the case of the V/MG/PSi magnetic composite, thermal degradation occurs
in one stage, also through an endothermic process, located at 351.3 °C, with a mass loss
of 72.8 wt.%. The presence of polysiloxane on the surfaces of viscose fibers increases the
thermal stability of the composite by 10 °C (from 341 to 351 °C). The thermal stability of
the magnetic composite at temperatures at which mass losses of 10 and 20 wt% by weight
occur (T1g = 320, Tpp = 332 °C) is higher that of pure viscose (T19 = 314, Ty = 325 °C). This
may be due to the presence of polysiloxane but also to the appearance of hydrogen bonds
between viscose and goethite, as can be observed from the FTIR spectrum.

2.4. Magnetic Measurements

The magnetic properties of maghemite/goethite (MG) and the viscose (V/MG/PSi)
composite were monitored by analyzing the hysteresis loops (magnetization curves), ther-
momagnetic curves (temperature dependence of magnetization) in the temperature range
of 10-300 K, and magnetic permeability. Maghemite / goethite (Figure 5) exhibits a narrow
hysteresis curve, typical of soft ferromagnetic materials (magnetite, maghemite). The satu-
ration values of the magnetic moment are 60 emu g~ at 300 K (27 °C) and 76 emu g~ ! at
10 K (=263 °C). There are high magnetization values; consequently, the magnetic properties
are very good [18].

VIMG/PSi

Magnetization [emu/g]

y T T T T T T T T T
-20,000 -10,000 0 10,000 20,000 -20,000 -10,000 0 10,000 20,000
Magnetic Field [Oe] Magnetic Field [Oe]

Figure 5. Magnetization curves for MG and V/MG/PSi.

The variation in the magnetization of samples at different temperatures is due to
surface effects arising from crystalline symmetries and antisymmetries, the existence of
defects (voids), the reduced coordination of atoms at the surface of the ferromagnetic
material, or a higher degree of interactions between particles. All of these can influence
the electronic spin; thus, variations in magnetization occur [18]. The composite retains the
ferromagnetic aspect of the magnetization curve. The saturation values of the magnetic
moment for V/MG/PSi are 22 emu g~ ! at 300 K and 33 emu g~ ! at 10 K.

The measured magnetic permeability of MG is 875:107® H/m, and that of the
V /MG /PSi textile composite is 260-107° H/m.

The temperature dependence of magnetization, measured with the zero field cooling
(ZFC) and field cooling (FC) standards, is shown in Figure 6.

0.034

T
VIMG/PSi

0,033+
00324 H,,..=200 Oe
0.031 4
0.030 4
0.029 4

0.028 4

Magnetic moment [emu]
g
3

°
H
8

0.027 4

0.026 4

°
°
8

T T T T T T 0.025 . . 8 ; :
0 50 100 150 200 250 0 50 100 150 200 250
Temperature [K] Temperature [K]

Figure 6. Thermomagnetic curves for MG and V/MG/PSi.
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The ZFC and FC curves for MG show a characteristic that is specific to ferromagnetic
materials. Namely, in the case of ZFC, a smooth increase in the magnetic moment is
observed up to the transition temperature of 148 K, followed by a more pronounced
increase after this temperature; for the FC curve, there is a slow decrease in the magnetic
moment from 250 K to 10 K. The FC and ZFC curves for the composite are typical of
superparamagnetic materials with a blocking temperature of 45 K (—228 °C). At values
lower than this blocking temperature, the textile composite behaves like a ferromagnetic
material (a slight increase in the magnetic moment with increasing temperatures), and,
once the temperature exceeds 45 K, V/MG/PSi behaves like a paramagnetic material
(a decrease in the magnetic moment until it is canceled). At the critical temperature
(45 K), the thermal energy absorbed by the material becomes comparable to the energy
of a magnetic anisotropy barrier, which allows the material to act as a ferromagnetic
one [18,20,21]. Thus, the analyzed sample behaves like a supermagnet with a single
magnetic domain. This phenomenon can occur in magnetic particles with nanometric
dimensions but also in magnetic composites in which surface phenomena occur, such as
the appearance of hydrogen bonds between iron oxyhydroxides and the OH groups of
viscose [20]. This can positively influence the electromagnetic shielding properties, with
the incident electromagnetic radiation being composed of an electric field and a magnetic
field, the latter interfering with the paramagnetic field emitted by the shield.

2.5. Wettability Study

The wettability levels of pristine viscose (V) and the textile composite (V/MG/PSi)
were investigated by measuring the static contact angles (CAs) of two liquids, water (w)
and ethylene glycol (eg), with the prepared solid surface. The calculated average values of
the contact angle measurements are presented in Table 2.

Table 2. CAy and CAgg for V and V/MG/PSi.

Sample CAy [Degl CAg [Degl Standard Deviation [Deg]
\% 83.2 75.7 0.15-0.18
V/MG/PSi 122.5 117.8 0.14-0.19

In general, it can be considered that values of 90° represent a boundary between
a hydrophilic nature (lower values) and a hydrophobic nature (higher values) [23]. It
can be seen that viscose, prepared by pressing as a felt, is hydrophilic upon contact with
water (CAy = 83.2 < 90). In ethylene glycol, a liquid with a higher density than water
(1.11 g/cm?3), the hydrophilic quality is even more pronounced, with the contact angle
decreasing to 75.7°. The contact angle value in the case of water also correlates with those
in other studies [22,23]. In the case of the magnetic composite treated with polysiloxane,
the situation changes radically. The contact angles with water (122.5°) and ethylene glycol
(117.8°) indicate a superhydrophobic nature. Composite felts can be used in liquid media
such as water or ethylene glycol without being penetrated by them.

2.6. Dielectric Properties

The dielectric constant (¢') and absorption or loss permittivity (¢”) were determined
at room temperature in the frequency range of 10~2-10° Hz. The dielectric constants and
dielectric losses of insulating materials (like viscose) are attributed to the polarization of the
electrons and molecules, with four types of polarization: electronic (the relative, limited, and
elastic displacement of the atomic electron cloud relative to the nucleus), ionic polarization
(a deformation polarization, like the electronic one, that is more common in ionic crystals
and polymers that contain losing or terminal groups from this type of crystal or reactive
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groups), orientation polarization (also called relaxation polarization, which is characteristic
of polar dielectrics that have a spontaneous electric moment regardless of the existence
of an external electric field), and interfacial polarization (also called inhomogeneity or
migration polarization, which can occur in composite materials containing precursors
with very different dielectric properties) [24-26]. Moreover, the existence of defects in the
crystalline structure at the composite level can cause an increase in absorption permittivity,
a phenomenon that directly influences the electromagnetic absorption performance [27-29].
The variation in ¢’ and ¢ as a function of the frequency for V and the composite textile
(V/MG/PSi) is depicted in Figure 7.

14 25 4

12 — -

~———VIMG/PSi

[—vV

104 | — vimGrpsi

4 —
T T T T T T T 0 T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Logarithmic Frequency [Hz] Logarithmic Frequency [Hz]

Figure 7. Variation in ¢’ and ¢” as a function of frequency for V and V/MG/PSi.

In the case of viscose, the dielectric constant takes values from 3.8 (high frequencies)
to 8.7 (low frequencies). The dielectric constant of the composite has higher values, ranging
between 5.7 and 13.1, with the presence of iron oxides and polysiloxane causing an increase
in electronic polarization. The absorption permittivity (dielectric losses) has a lower value
than the dielectric constant in the case of viscose over the entire frequency range analyzed
(¢ varies from 1.13 at high frequencies to 2.61 at low frequencies). In the case of textile
composites, the dielectric losses radically change in value: ¢ is always higher than ¢’
(¢ ranged from 9.5 to 21.8). This phenomenon may be due to interfacial polarization or
inhomogeneities, which are usually found in composites [30].

2.7. Shielding Properties

The shielding effectiveness was calculated with Formula (3) for the viscose (V) and
textile composite (V/MG/PSi) samples. The samples were prepared in the form of felts (by
pressing) and had a thickness of 3 mm.

Regarding the shielding effectiveness (Figure 8), viscose had no shielding properties
(SE V > 0 dB) over the entire frequency range analyzed. In contrast, the textile composite
behaved as a shield against incident electromagnetic radiation, with shielding effectiveness
that varied between —1.8 dB (at a low frequency—10~2 Hz) and —40.8 dB (at 10° Hz). At
industrial frequencies (50-55 Hz), the shielding had a value of —16.9 dB, sulfficient to cover
power cables or electrical transformers (protection against electromagnetic interference).
According to the variations in the graph, it is possible that, at frequencies higher than
10° Hz, the shielding obtained will have higher values (radio- or radar-wave shielding).
For comparison, in Table 3, we present some shielding effectiveness values obtained for
textile composites cited in the literature.

Table 3. Shielding efficiency of various textile composites.

Composite

Thickness [mm] Shielding Type Shielding Value [dB] Frequency [Hz] Reference

Viscose/barium titanate (felt)
Viscose/barium titanate (felt)

3 Absorption 18-22 10*-10° [5]
3 Absorption 4-9 50-55 [5]
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Table 3. Cont.

Composite Thickness [mm] Shielding Type Shielding Value [dB] Frequency [Hz] Reference
Viscose/carbon nanotube (felt) 1-1.5 Multiple reflection 60-110 50-55 [13]
Viscose/carbon nanotube (felt) 1-1.5 Multiple reflection 25 10° [13]

Oxidized viscose/carbon nanotube (felt) 1-15 Multiple reflection 70-80 50-55 [13]
Oxidized viscose/carbon nanotube (felt) 1-15 Multiple reflection 20 100 [13]
Cotton/carbon/rubber, polyvinyl 46 Reflection and 18 10° [30]
alcohol/ glutaraldehyde (woven textile) absorption .
Cotton/silver nanoparticles (woven textile) 5 Reflection 14-19 105-10° [31]
Cotton/polyaniline/ Polypyrrole 4 Reflection 386 10° [32]
(woven textile)
Wool/polyester/gold (woven textile) 3-6 Reflection, absorption 25-50 107 [33]
Cotton/graphene oxide/polypyrrole Multiple reflection, 9
X 5 . 39 10 [14]
(woven fabrics) absorption
Viscose/ maghe_rmte / goe?hlte /poly(methylhydro- 3 Absorption 1.8-40.8 10-2-106 This work
dimethyl)siloxane
Viscose/ maghemlte / goe?hlte /poly(methylhydro- 3 Absorption 16.9 50-55 This work
dimethyl)siloxane
04
10 1 —N _
——VIMG/PSi
o
S, -20
w
(]
30
-40
T 5 T N T % T ks T X T i T
0 1 2 3 4 5 6

Logarithmic Frequency (Hz)

Figure 8. The effectiveness of electromagnetic shielding depending on the frequency variation for V
and the V/MG/PSi composite.

3. Materials and Methods
3.1. Materials

Viscose fibers (V) (Lenzing AG, Salzkammergut, Austria; linear density, 1.3 dtex; fiber
length, 39 mm); iron sulfate heptahydrate (FeSOy4-7H,O: Sigma-Aldrich, St. Louis, MO,
USA, 99% purity); sodium hydroxide pellets (Merck, Darmstadt, Germany, 99% purity);
octamethylcyclotetrasiloxane, 98% purity, np? = 1.3982, d4?° = 0.9561 (Fluka); linear
oligo-hydromethylsiloxane, 1.364% H, np?® = 1.3983, d4?° = 0.9977 (L-31, Union Carbide,
Texas City, TX, USA); hexamethyldisiloxane, 99.5% purity, np2 = 1.3774, d4,2° = 0.7636
(Fluka); a VIONIT CS 34C acid catalyst (styrene divinylbenzene sulfonic acid copolymer;
Romanian product)—an ion exchange resin based on polystyrenedivinylbenzene beads
functionalized with sulfonic groups (exchange capacity = 4.2 mval g~!, porosity = 39.42%,
granulation = 0.4-0.7 mm, specific surface = 35 m? g~1); a zinc octoate catalyst (Sigma-
Aldrich, 99% purity); toluene (Sigma-Aldrich, 99% purity); and Milli-Q ultrapure distilled
water (our laboratory) were used without further purification.

3.2. Preparation
3.2.1. Synthesis of Maghemite/Goethite Ferromagnetic Nanoparticles (MG)

MG nanoparticles were obtained according to a previously described method (chem-
ical precipitation process performed under ultrasound) [15]. Briefly, aqueous solutions
of FeSO4 (1/2 w/w) and NaOH (1/4 w/w) were prepared in ultrapure water and mixed
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(1/1 w/w ratio) in a Berzelius beaker by ultrasonic irradiation (ultrasound generator at 50%
of the maximum intensity) for 1 h. The energy dissipated in the ultrasonic bath was 109 k]
after 60 min of sonication. The sample was then centrifuged, washed with Milli-Q water,
centrifuged again, and dried in a Trade Raypa vacuum oven for 24 h at 40 °C to obtain a
dark brown powder: maghemite/goethite nanoparticles.

3.2.2. Preparation of Viscose/Maghemite/Goethite Composite (V/MG)

The V/MG composite was obtained by ultrasonicating a suspension of Vs/MG
(4/1 w/w) in distilled water for 15 min (ultrasound generator at 50% of maximum in-
tensity). During sonication, 29.3 k] of energy was dissipated in the mixture, and, at the end
of the ultrasonication period, a temperature of 86 °C was reached. The resulting V/MG
fibers, of a uniform brown color, were dried in a vacuum oven at 40 °C for 24 h.

3.2.3. Preparation of Poly(methylhydro-dimethyl)siloxane Copolymers (PSi)

The poly(methylhydro-dimethyl)siloxane copolymer (PSi) was synthesized according to
the methods described by Cojocaru et al. [21]. Copolymers (PHS) was synthesized using a
bulk heterogenous polymerization-equilibration reaction of octamethylcyclotetrasiloxane (a),
linear hydromethylsiloxane (b) and hexamethyldisiloxane (c), in the presence of styrene
divinylbenzene sulfonic acid copolymer (VIONIT CS 34C) as an acidic catalyst. The reaction
scheme for synthesis of the PSi copolymer (d) is shown in Scheme 1.

(a) (b) ()
CH, CH, CH; CH,

|
—Sli —0 + —Esli -0 —}n + H;C—Sli —0 —Sli — CH,
‘ CH, H n=47 CH, CH;

acid catalyst

A A e
H,C—Sli —o0 —Esui —oa—Esli -0 a—sli — CH,
m n
CH, CH, H CH,
(d)

Scheme 1. Synthesis of poly(methylhydro-dimethyl)siloxane copolymer.

3.2.4. Preparation of Hydrophobic Composite (V/MG/PSi)

The hydrophobic Vs/MG/PSi composite was prepared by suspending 5 g of the
Vs/MG composite in a 15 mL solution with a PSi concentration of 5% in toluene containing
a Zn octoate catalyst (PSi/catalyst = 4/1 w/w). The reaction scheme is shown in Scheme 2.
The mixture was heated at 60 “C for 24 h. Furthermore, the composite fibers were extracted
from the solution and toluene was removed at 60 *C under vacuum. The 0.12 g/g content
of polysiloxane attached to V/MG fibers was calculated using Equation (5):

Whpsiattached = Wv/mc/psi — Wy mc)/ Wy mc 5)

where Wpsiattached: Wv/MG/psi> and Wy g represent the content of the polysiloxane
copolymer attached to the composite fibers (g/g) and the weights (g) of the hydrophobized
and pristine composite samples, respectively.
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----- ; ‘
CHy CHy {H : CHy n,c—-sli —0 —Eslq —o}—Esli -0 a—sli — CH,
i i m n
™ CH, CH, o CH,
S |
T | n octoate | |
- i A "
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| H .}J | CH, CH, CH, CH,
35 = O ~{=8i = 0 F—F-5i =0 F——5i — CH.
’ I' £ | 'm |' n |' 3 V/MG/PSi
CH, CH, CH, CH,

Scheme 2. Reaction scheme for V/MG/PSi synthesis.

3.3. Equipment and Method

Ultrasound experiments were performed with a Sonics Vibracell ultrasound generator
(nominal electric power of 750 W, ultrasound frequency of 20 kHz, equipped with a display
indicating the energy delivered to the probe tip and a temperature sensor). A vacuum
oven was used to dry the samples. The centrifugation of the solutions was achieved with a
Hettich Eba 21 centrifuge (4000 rot/min). The structures of the precursors and composites
were investigated by FTIR spectroscopy on potassium bromide pellets using a Bruker
Vertex 70 spectrometer. The surface morphologies were visualized by scanning electron
microscopy (SEM) on an ESEM Quanta 200 electronic deflection microscope. Transmission
electron microscopy (TEM) analysis was carried out with a Hitachi High-Tech HT7700
instrument, operated in high-resolution mode at a 100 kV accelerating voltage. The sam-
ples were prepared by drop casting from diluted dispersions of nanoparticles in ethanol
onto carbon-coated copper grids with 300-mesh holey (Ted Pella) and dried in a vacuum.
Magnetic measurements (magnetization, thermomagnetic curves, and relative magnetic
permeability) were performed on a Quantum Design PPMSQD-9 vibrating sample mag-
netometer for an applied magnetic field in the range of —20-20 kOe. The temperature
dependence of the magnetization was followed using standard zero field cooling (ZFC)
and field cooling (FC) procedures between 10 and 300 K for the applied magnetic field
of 200 Oe. Thermal degradation was followed on an STA 449F1 Jupiter thermobalance
(Netzsch, Germany). Data collection was carried out with the Proteus® software, 8.10 SPO.
Dielectric measurements were performed on a Concept 40 Novocontrol dielectric spectrom-
eter at room temperature, with silver electrodes, in the frequency range of 10°~10~2 Hz on
cylindrical pellets (13 mm diameter, 3 mm thickness). The contact surfaces with spectrome-
ter electrodes were covered with a silver conductive paste to avoid interfacial polarization
and possible edge effects. Shielding effectiveness (SE) was calculated with Equation (3),
with the textile composite being an absorber of electromagnetic radiation. The wettability
of V, V/MG, and V/MG/Psi was investigated by measuring the contact angle of a drop
of liquid (water and ethylene glycol) placed on the surface of the sample (prepared as a
felt by pressing, as in dielectric spectrometry), using the KSV Cam 200 device from KSV
Instruments, Ltd. (Helsinki, Finland). Ten measurements were performed for each liquid
guide drop.

4. Conclusions

In this work, we used viscose as an organic matrix for the incorporation of ferromag-
netic MG using the ultrasonication process. After this, a V/MG composite was treated with
PSi and prepared in the form of a felt. The final composite, V/MG/PSi, is ferromagnetic
and superhydrophobic. The shielding values (dB) for V/MG/PSi are good considering
the thickness of the material—3 mm (40.8 dB for 106 Hz and 16.9 for 50-55 Hz). Due to
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its appearance (felt), ferromagnetic properties, and hydrophobic nature (it can take the
shape of the device to be shielded, can be perfectly packaged without stitching, and can
be used in wet or even liquid environments), this composite can be easily adapted to
various requirements, being an efficient alternative to existing electromagnetic shielding
materials. As future study perspectives, we note the following: establishing a relationship
between the thickness of the composite (which would lead to an increase in shielding) and
the appearance of the textile; the incorporation of ferroelectric particles (such as barium
titanate), which would lead to an increase in electromagnetic shielding; or the incorpora-
tion of electrically conductive particles, which would induce the appearance of shielding
by reflection.
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