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ABSTRACT

Electromagnetic interference (EMI) shields have become more important because of the detrimental
effects of electromagnetic radiation that are effective on systems, equipment, and even human health.
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High yields of conductive polypyrrole and magnetic (nano)particles (MPs) were consecutively placed
on PET nonwoven to highlight this challenge. Surface resistance was measured to identify the
influence of in-situ oxidative polymerization factors including oxidant content and MP deposition

order. The MPs' magnetic properties and morphology were examined using Vibrating Sample
Magnetometer (VSM) and Scanning Electron Microscopy (SEM). The electromagnetic shielding
effectiveness (EMSE) and the relative shielding effectiveness (Re) and absorption (Ab) within the 30
MHz-3 GHz range were used to assess the textiles' EMI shielding properties. Accordingly, the most
considerable absorption-dominant attenuation (74.7% at 2.20 GHz) and maximum EMSE value (6.60

dB) were found in the PET/PPy/Fe304 composite.

1. INTRODUCTION

The demand for life-facilitating electronic devices, such as
microwave ovens, air conditioners, office tools in the
workplace, and mobile phones, has steadily increased with
developing technology. Communication tools and devices
with many digital circuits cause energy emissions at
different frequencies into the environment. Although these
devices, which exist in all areas of our lives, make our daily
work more accessible, they also cause electromagnetic
pollution emitted by electromagnetic waves known as
"electrosmog" to the environment. For example, due to the
EM waves emitted by other devices, the electronic devices
may not operate correctly, or some malfunctions may have
occurred in commercial and military applications. It has
also been reported that EM waves can also cause acute
health risks to the human body, and depending on the
frequency, electric and magnetic field intensities, direction,
and polarization of these radiations, they can damage
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human cells at different rates [1]. When EM waves fall on
human tissue, some of the incoming waves penetrate more
profoundly, while a large part of the remainder is absorbed,
causing an increase in body temperature [2]. Consequently,
shielding is required to protect human health against such
hazards and prevent sensitive electrical devices from
suffering harmful EM radiation.

With the proper shielding or absorption of EM fields, the
EMI problem may be solved. To address this issue,
conductive polymers such as PPy, polyaniline, and
polythiophene, which are light and readily produced, are
utilized. Those polymers with tunable conductivity both
reflect and absorb radiation, and the shielding by absorption
often being more significant than reflection [3]. Thus,
conductive polymers coated on insulating substrates, such
as textile-based materials, enable them to be used as a
unique material for EMI shielding [4-16]. Kuhn et al.
observed that the conductivity of the PPy-coated fabric was
significantly influenced by the doping agents utilized and
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the extent of doping during the fabrication process. Yildiz
and colleagues conducted an experiment involving the
vapor-phase polymerization of pyrrole on cotton yarn,
utilizing different concentrations of ferric chloride as the
initiator. The PPy-coated yarn was utilized in the
production of a textile material. The experimental results
indicate that fabric treated with an initiator concentration of
0.6 mol.L* exhibited a significant EMSE of 2 dB across the
frequency spectrum ranging from 0 to 3 GHz. Using
anhydrous FeCls; as the oxidant, Kalkan Erdogan et al.
reported that the conductive PTh/PET composite fibers
could be produced by in situ chemical polymerization and
displayed an average 4 dB EMSE value between 1 and 3
GHz. Textile products such as PET, cotton, wool, viscose,
cupro, and lyocell are frequently preferred in developing
shield materials due to their outstanding properties, such as
lightweight, cost-effective, facile processing, and
availability.

EM waves can also be shielded using magnetic components
such as ferrite nanoparticles with higher dielectric constant.
These particles can also be combined with a conductive
polymer to generate unique ferromagnetic conductive
composites that impart electrical and magnetic capabilities
to the composite [17-24]. Therefore, the composite's high
conductivity and dielectric constant contribute to their
excellent EMI shielding efficiency.

EMI shielding applications may benefit from conductive
and magnetic textile composites manufactured using this
innovative approach. To do this, in this work, we utilized
PET nonwoven, a widely used industrial textile, practically
transformed into an EMI shielding composite by depositing
conductive PPy and different ferrites such as Fe3Oa,
CoFe;04, and MnFe,0s, on its surface, through facile
successive process steps. Although other studies have also
employed conductive PPy and different metal particles on
textile substrates [25-30], our work is considerably distinct
in several factors, such as selected preparation routes, usage
of various MPs, and criteria for evaluating the performance.
For example, in this study, we used a novel approach to
assure a uniform and dense deposition of components onto
the PET nonwoven, which could also be readily transferred
to industrial applications. The PPy-coated polyester fabric
may be viable for electronic component packaging. The
conductivity property of PPy renders it a potential
candidate for furnishing electrostatic discharge (ESD)
safeguarding. Electrostatic discharge (ESD) is known to
have detrimental effects on sensitive electronic
components. However, using PPy-coated polyester fabric as
an internal lining or wrapping material can effectively
disperse static charges, thereby averting any potential
damage that may arise during handling, transportation, or
storage. Using PPy-coated polyester fabric in packaging
may safeguard against electrostatic discharge, thereby
protecting electronic components from voltage spikes that
can result in malfunctions or permanent damage. Moreover,
polyester textiles' flexibility and low mass facilitate its
incorporation into diverse packaging configurations,

enabling effective and dependable packaging remedies for
electronic commodities. We kept the usage of chemical
reagents in the lowest sufficient amounts that could only be
consumed to coat the surface. With the help of this, we
intended to decrease the possible residues that would be
formed in the solution, which require more water for
elimination. In a very recent study published by our group,
we also ensured the homogenous and dense decoration of
conductive polyaniline and different ferrites onto the PP
nonwoven by utilizing that technique [31]. We could obtain
satisfactorily high conductive PP composite with the
desired properties. Thus, in this study, we intended to
transfer that experience to a new composite formed by a
relatively thick PET texture. As a result, we sought to
enhance the PET matrix's interaction with the conductive
and magnetic components. Also, we tested the composites'
EMI shielding performance in the 30 MHz to 3 GHz
frequency band, which includes the wide radio and
microwave frequencies generated by the potential everyday
electronic gadgets.

2. MATERIAL AND METHOD
2.1 Material

PET nonwoven fabric (weight 130 g/m?) was purchased
from KORDSA Company (Kocaeli, Turkey). The textiles
were washed at 40°C for 1 hour in an aqueous solution
comprising a reference detergent solution, whose details
can also be found in our previous work [31]. After the
washing procedure, the fabric samples were dried in a
vacuum oven at 50°C and then conditioned in a desiccator.
The chemicals, pyrrole (97%) (Fluka), APS (Fluka),
NH.OH solution (25%) (Atabay), NaOH (Sigma Aldrich),
HCI solution (37%) (Merck), FeCl..4H,O (Merck),
FeCls.6H.O  (Merck), CoCl2.4H0  (Merck), and
MnCl».4H,0 (Merck), were all received from the
distributors of the companies in Turkey and used without
performing further purifications.

2.2 Method
2.2.1 MPs synthesis by co-precipitation method

According to a published report in the literature, the MPs,
including Fes04, CoFe;04, and MnFe;O4, were synthesized
using the co-precipitation method [32]. Firstly, for FesO4
synthesis, 20 ml aqueous solutions of 0.30 M FeCl;.6H,0
(1.18 g) and 0.15 M FeCl,.4H,0 (0.46 g) were prepared by
dissolving in two separate beakers. Then, these solutions
were mixed in a round bottom two-necked flask with a gas
inlet at 50°C under N2 gas for 20 min. By dropwise adding
4.5 mL of NHiOH solution to the mixture, the pH was
adjusted to 11. The precipitation of the particles was
monitored by the sudden color change from bright yellow
to brownish black for 1h. After completing the reaction, the
MPs were isolated from the solution using a magnet
centrifuged four times at 8000 rpm with the distilled water
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until a neutral solution (pH 7) was obtained. The formed of
MPs is given in the supplementary file Figure 1s. The
proposed formation mechanism of FesO., which is formed
due to the alkalization of iron ions, is provided in reactions
(1-3).

Fe2* 4+ 20H™ - Fe(0H), ()

3Fe(OH), + %02 - Fe(OH), + 2Fe00H + H,0 )
Fe(OH), + 2FeO0OH — Fe;0, + 2H,0 @A)

The synthesis of the other MPs was also employed similarly
to that of FezOs, except using 0.15 M MnCl.4H.0 and 0.15
M CoCl.4H,0 aqueous solutions prepared in 0.50 M 10
mL of HCI solutions, instead of 0.15 M FeCl,.4H,0.
Briefly, after mixing Fe*® and Me*? (either Mn*2 or Co*?)
solutions by keeping Fe*3/Me*? mol ratio 2/1, the aqueous
solutions were stirred at 80°C under N2 atmosphere for 20
min. Then, by the dropwise adding of 1.5 M aqueous NaOH
solution until reaching pH 13, the precipitated CoFe,O4 and
MnFe,O, particles were isolated and washed similarly to
that of FesO4 particles.

2.2.2 Preparation of PET/PPy nonwoven composite

The thickness of the PET nonwoven was measured as 0.895
mm before the treatments. PET nonwoven fabric with a
dimension of 2x2 cm was introduced into a polymerization
tube whose temperature was set to 20°C. The fabric samples
were homogeneously impregnated with 0.15 M 1.2 mL of
pyrrole solution prepared in 0.4 M HCI solution for 150
min. The in-situ oxidative polymerization was initiated by
the dropwise adding of 1.0 mL various APS solutions
(0.025 M-0.20 M) prepared in a 0.4 M aqueous HCI
solution. After conducting in-situ polymerization for 2
hours, the PET/PPy composite removed from the medium
was carefully washed with distilled water and ethyl alcohol
to eliminate unreacted oxidant or monomer residues,
respectively. Following redoping in 0.4 M HCI solution, the
composite was dried for 24 h in a vacuum oven at 50 °C.
The composite's PPy content (%) was evaluated

gravimetrically by comparing the fabric weights before and
after polymerization.

2.2.3 Preparation of PPy and MPs deposited- PET
nonwoven composites

The conductive and magnetic composite textiles were
obtained in two distinct routes by altering the conductive
PPy and MPs' sequence. The PET nonwoven fabric was
impregnated with pyrrole monomer, followed by in-situ
polymerization with APS oxidant and deposition of
magnetic particles on the resulting PPy-PET composite. In
the process of sequential addition, MPs were added in a
specific order. PET fabric was initially saturated with MPs
through dripping and impregnation. Following a 24-hour
drying period, the PET/MP composite was impregnated
with pyrrole monomer. Then, APS was utilized as an
oxidizing agent in the in-situ polymerization process.
Briefly, In the first route, PET nonwoven texrtiles was
impregnated with magnetic particles using the drop coating
procedure. Briefly, PET nonwoven textiles were uniformly
impregnated with the 25 mg/mL aqueous MPs dispersions
and dried in a vacuum oven at 50°C. Then, on a PET/MPs
nonwoven  composite, in-situ  oxidative  pyrrole
polymerization was accomplished similarly to that of the
PET/PPy composite. The composite sample was named
PET/MPs/PPy. In the second route, PET fabric surface was
impregnated with pyrrole monomer, followed by in situ
polymerization ~with  APS  solutions of varying
concentrations. On this group, MPs were deposited after a
PET/PPy composite was generated, similar to a PET/MPs
composite. The composite sample obtained by the second
route was defined as PET/PPy/MPs. The schematic
illustration for the preparation routes of each composite was
provided in Figure.1. The thickness measurements of the
composites prepared according to the order of addition of
MPs were measured with Mitutoyo Digital Thickness
Measurement Comparator and added to Table 1 and Table
2.
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MPs impregnating
onto PET fabric

4
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Pyrrole impregnating
onto PET fabric

Pyrrole impregnating
onto PET/MP composite

In-situ pyrrole polymerization
with APS

@
In-situ pyrrole polymerization
with APS

/

MPs impregnating
onto PET/PPy

Figure 1. The preparation routes for a) PET/MP/PPy and b) PET/PPy/MP
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2.3 Characterization

The fabric thickness of each sample was measured using a
Mitutoyo digital thickness measurement comparator which
can measure as mm. Optical light microscopy of samples
were taken using Optika B-350 instrument. Water contact
angles (CAs) were measured by a contact angle
measurement device using 5 microliter water droplets.
ATR-FTIR (Attenuated Total Reflection-Fourier Transform
Infrared) Spectroscopy (BRUKER Alpha) was used to
obtain PET fabric and PET/PPy composite materials’
spectra. Depending on the magnitude of the surface
electrical resistance, the surface resistivity measurements
were performed by either a Thurlby 1503 digital multimeter
or a Keithley 6517A high resistance meter, using the two-
probe technique. The average of 10 different values
obtained from the composite's various areas was used to
calculate the composite's surface resistivity. The magnetic
hysteresis and AC susceptibility of MPs were obtained
using Cryogenic Limited's PPMS device with a NbTi
magnet. After 3 nm of Au-Pd deposition, the composites'
surface  morphologies and semi-quantitative elemental
content were taken using the Quanta 400F SEM equipment.

The EMSE measurements identified the EMI shielding
performances of the conductive and magnetic nonwoven
composites by following ASTM D 4935-18 standard. An
Agilent E5061B Network Analyzer and an Electro-Metrics
2107A test fixture were utilized during the measurement. The
EMSE of a composite was calculated according to Equation
(1), whose details were given in the literature [33].

The electric fields of the transmitted and incident
electromagnetic waves are denoted by E: and E;,
respectively. The shielding failure of a sample was
quantified using the Transmittance (T), and the shielding
(attenuation) caused by electromagnetic wave reflections
from the sample was identified by the Reflection (R¢). The
composites’ T and R magnitudes were determined using
the Network Analyzer's S parameters. The absorption-
induced attenuation (A,) was also calculated using the
composite's total Re and T values in the following Equation
(2-4):

3. RESULTS AND DISCUSSION

Figure 2 illustrates the connection between the surface
electrical resistance and PPy content of the PET/PPy fabric
composite generated by in-situ oxidative pyrrole
polymerization of PET textiles with varying APS
concentrations. Polymerizations were carried out in this
manner by adding 0.2 M pyrrole solution dropwise and an
APS-containing solution at concentrations ranging from
0.05 to 0.2 M. When the APS concentration was 0.15 M,
the composite exhibited the lowest surface resistance value.
Poor conductivity values were obtained at low APS
concentrations due to the low PPy contents of the
composite. When the APS concentration was increased to
0.15 M, the lowest surface resistivity value (the highest
conductivity) was obtained as 0.15 kQ cm?2. With the
further increment of APS concentration, the PPy content of
the composite also increased, but the surface resistivity
showed an increase as a possible result of over-oxidation
[34, 35]. Carbonyl defects caused by high oxidation disrupt
conjugation and obstruct charge transfer [36]. That is,
carbonyl is another form of structural anomaly which can
be found in PPy [37]. One possible explanation for
reducing electrical conductivity is that carbonyl groups can
arise through the process of over-oxidation of polypyrrole.
Alternatively, they can be generated as a result of chain
termination, which occurs when water molecule in APS
solution attacks the pyrrole rings through nucleophilic
attack [11, 26]. As such, carbonyl defects may be present at
the B -carbon positions located in the middle of a chain or at
the chain termini. It is evident that the disruption of
conjugation occurs at pyrrole rings that possess carbonyl
defects in both instances. As a consequence, electrical
conductivity is reduced.

After establishing the conditions for forming homogeneous PPy
coating on PET textiles, the effects of MPs deposition order were
examined. Two distinct sets were created for efficient MPs and
PPy deposition onto the PET nonwoven, comprising sequential
MPs impregnation and PET deposition, and vice versa. As a
result, the PET fabrics were impregnated with MP's dispersion in
the first consecutive batch and then coated with conductive PPy
(Table 1). After deposition of PPy onto the PET fabrics, the
composites were impregnated with the appropriate proportions of
MPs dispersions, as indicated in Table 2.

. . Ej (1) 30 2
EMSE (in decibels dB) =20 log E_
t
25
16 __
2 %
— |E|” = 2 2 2 g
Re = [ = [S11]° o1 [S22] @ g ]
2 2 2
E & 08 ¢
T=|Z = ISlzlz or |521|2 (3) =10 g
i 5
. 04
I=Ab+Re+T (4)
[} 0
[1] 0,05 01 0,15 0,2 0,25
[APS] (mol per L)
Figure 2. The changes in PPy content (%) and surface electrical resistivity
of the PET/PPy composites with the APS concentration.
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As shown in Table 1, the MPs contents (%) of
PET/Fes04/PPy and PET/CoFe,O4/PPy composites were
slightly lower than MnFe;O4 due to the comparatively
delicate Fe3O4 and CoFe;04 particle sizes in the dispersion
and therefore removed from the composites. This fact is
corroborated by the quick aggregation of MnFe,QO, particles
on the PET surface, which results in a higher MPs content
(%) for the composite. After the PPy deposition, although
the PPy contents (%) of the composites did not significantly
vary, the surface resistivity of the PET/MPs composites had
different values. Surface resistivity values (0.543 kQ cm™ —
0.939 kQ cm?) increased somewhat above those of a
PET/PPy composite (0.15 kQ cm?), possibly due to the
disruption of PPy chains caused by the MPs present on the
composite. The MPs component does not seem to affect the
conductivity value of the composites significantly. The
literature found that it has a lower surface resistance (i.e., a
greater conductivity value) than PPy/ FesO. composites that
are not coated onto the fabric [38]. It is reasonable to
conclude that as the PPy component of the composite
lowers due to the presence of ferrites, the conductivity
decreases as well.

After the first PET/MPs/PPy composite series, the second
consecutive PET/PPy/MPs series were also executed,
whose results are presented in Table 2. Accordingly, using
the subsequent MPs deposition method, the composites'
MPs contents (%) followed the same pattern as the first set;
meanwhile, the MnFe,O. particles provided the highest
MPs content (%) to the composite. It was found that when
the PPy content of the composite slightly decreased, the
amounts of MPs that entered the composite raised, and as a
result, the surface resistivity of the composite increased as
well. After the FesO4 deposition, the highest conductivity of

the composite was obtained as 0.8237 kQ cm. In general,
the composite conductivity fell as the ratio of conductive
polymer to MPs dropped, or the amounts of MPs in the
composite grew, as compatible with the literature [19].
Because of MPs' relatively lower conductivity values, MPs
had a reverse effect on the conductivity of the composites.
Thus, this may have partially hindered the creation of
conduction paths.

Upon observation of the optical microscope images in
Figure 3, it is observed that the fibers exhibit accumulations
following impregnation of the ferrites with PET fibers.
Furthermore, ferrites adhere to the fibers, resulting in a
brown-black color on the fiber's surface. In contrast, the
results of in-situ pyrrole polymerization on PET fiber reveal
a uniform dispersion of the polymer on the fibers. At higher
magnifications, the interaction between the fibers is
observed rather than on the fibers themselves, as seen in the
case of ferrites. The presence of fiber is observed to be
surrounded within them.

In Figure 4, the spectra were acquired utilizing an ATR-
FTIR Spectroscopy to employ PET fabric and PET/PPy
composite materials. Figure 4 displays the ATR-FTIR
spectra of both PET fabric in its pure form and the PET/PPy
fabric composite. The spectral bands observed at the 1715
cm? band indicate the C=0 group of PET fabric [39, 40].
The band detected at 1242cm™ can be attributed to the -
COO- stretch of the ester group. However, in PET/PPy
composite, that band almost disappeared. The existence of
PPy can be verified by the peak at 1556 cm™ that follows,
which is associated with the stretching vibration of the C=C
ring in pyrrole [41]. Also, C-H bending vibration bands
exhibited by PPy are observed at wavenumbers of 1017
cmt.

Table 1. The surface resistivity, MPs contents (%), and PPy contents (%) of the PET/MPs/PPy composites formed by sequential deposition of MPs and PPy.

THICKNESS SURFACE PPy THICKNESS SURFACE
PET/MP RESISTIVITY MPs CONTENT PET/MPs/PP RESISTIVITY
MPs TYPE (PET/MPs) (PET/MPs) CONTENT . (PET/MPs/PPy) SIS
(mm) ; (%) in PET/MPs (mm) (PET/MPs/PPy)
(MQ CM) (%) (KQ CM?)
FesO, 1.083 67.59 15.62 9.82 1.182 0.939
CoFe;0, 1.040 989.20 17.90 8.76 1.166 0.543
MnFe,0, 0.997 159.980 20.56 19.13 1.113 0.650

*The thickness of PET nonwoven fabric was ~0.895 mm

Table 2. The surface resistivity, PPy contents (%), and MPs contents (%) of the PET/PPy/MPs composites formed by sequential deposition of PPy and MPs.

PPy SURFACE THICKNESS SURFACE
WPSTYPE e (eETRPy  MPsCONTENTEe  CETERYMP Resiemvy
(%) (kQcm) (KQ CM?)
Fes04 16.17 0.142 14.97 1.049 0.8237
CoFe,0, 16.12 0.151 13.43 1.167 0.9178
MnFe,04 12.95 0.131 16.71 1.180 1.9193

*The thickness of PET nonwoven fabric was ~0.895 mm and PET/PPy was ~1.031 mm
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PET/CoFe,0O,
4x 10x

PET/Fe;O,
4x 10x

/PPy  PET/Fe;0,/PPy

PET/FezO,
10x

PET/MnFe,O,
4x 10x

PET/PPy
4x 10x

PET/PPy

Figure 3. Optical light microscopy images of pure PET nonwoven and its composites with MNPs and PPy
*The polymerization conditions at [PPy] = 0.1 M and [APS] =0.15 M

Transmittance (%)

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavelength (cm?)

Figure 4. FTIR spectrum of a) PET nonwoven fabric and b) PET/PPy composite.
*The polymerization conditions at [PPy] = 0.1 M and [APS] =0.15 M

3.1 Surface Wettability

The determination of contact angle values for different
composites of PET nonwoven fabric is a useful approach to
gain knowledge about their surface properties and
wettability features. The comparative analysis of contact
angle measurements can facilitate the clarification of the
influence of distinct variables, such as magnetic particles
and in-situ pyrrole polymerization, on the hydrophobic
properties of composite surfaces. Consequently, attempts
have been made to determine the hydrophilicity of the PET
nonwoven after the successive coating procedures using the
water contact angle measurements. In Figure 5., PET
nonwoven fabric displays a contact angle (CA) value of
160°, which is the highest among the samples. This
indicates that the fabric possesses hydrophobic

characteristics and has a low surface energy. The observed
high contact angle value implies that water droplets exhibit
a tendency to assume nearly spherical shapes on the surface
of pure PET fabric.

Ferrite nanoparticles typically exhibit slight hydrophobicity
[43] .The incorporation of FezO4 nanoparticles into PET
fabric results in a reduction of the contact angle to 136°,
which suggests an enhanced hydrophilic nature in
comparison to the unmodified PET fabric. The reduction in
contact angle indicates enhanced wettability attributed to
the existence of Fe3O4 which has the potential to alter the
surface energy of the fabric. The impregnation of ferrite
particles which is in the form of aqueous solutions onto
PET fabric surface results in a reduction of hydrophobicity,
which is attributed to the hydrophilic contribution provided
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by the ferrite nanoparticles. The same reduction pattern was
seen on the incorporation of CoFe,04 and MnFe;QO4 to the
PET fabric whose contact angle values are 119° and 109°,
respectively. The hydration of ferrite particles in aqueous
systems leads to the formation of Fe-OH groups on their
surfaces, which consequently causes a reduction in their
hydrophobic nature [44]. Also, the order of MP sizes within
the composites can offer a more comprehensive and
coherent evaluation of the contact angle measurements. The
present study indicates the sequence of nanoparticle sizes as
MnFe,0, > CoFe;Os > Fes0a. The trend of the contact
angle values in the composites, in comparison to pure PET,
is observed to follow the order of nanoparticle sizes.
MnFe,Q4 nanoparticles, which are the largest in size,
exhibit a significant influence on the contact angle, leading
to a reduction in its magnitude as compared to that of pure
PET. The observed reduction may be ascribed to the
amplified surface area and altered surface energy resulting
to the existence of larger MnFe,O. nanoparticles, thereby
enhancing its wettability. The addition of Fe;O4 onto PET
fabric surface results in the formation of nearly spherical
water droplets due to the smallest particle size of the
synthesized ferrites. This observation indicates that the
incorporation of FezO4 particles has a negligible impact on
the contact angle of the composite.

180

The in-situ polymerization of pyrrole results in a decrease
in the contact angle value of the PET/PPy composite which
is 149°. The possible explanation of this phenomenon could
be attributed to the higher doping level of the PPy chains by
the contribution of higher amounts Cl- counter dopant
anions during in-situ polymerization of pyrrole. Upon
comparing the impact of FesO, and PPy on the contact
angle of PET fabric surface, it can be said that that the
slightly hydrophobic properties and aqueous solution of
ferrites led to a greater reduction in their contact angle
values. Consequently, the PET/MP exhibited a greater
reduction in hydrophobicity. The study revealed that the
sequencing of the incorporation of polypyrrole into the PET
fabric as a composite and addition of MPs onto the PET
fabric surface exhibited similar effects with regards to the
contact angles of the composites. Figure 6 displays optical
images captured from three discrete positions of a water
droplet situated on a composite surface composed of
PET/PPy/ Fes0.. In each of the three instances, a circular
formation of water droplets with a high degree of symmetry
is seen on the surface. The observed contact angle of 140
degrees is indicative of a near superhydrophobic state.
However, upon reversing the fabric surface, it becomes
apparent that the water droplet does not exhibit a slipping
behavior.

. ettt
P
\
140 v‘*ﬁ&‘«;\_,mwg»;«a‘z.<5:lﬁ’(tg,;
120 e - “ -
3
3 -
& 10 PET
<
ko] ——PET/PPy
s 80
€
S PET/Fe304
© 6
PET/Fe304/PPy
20 PET/PPy/Fe304
——PET/CoFe204
20
—— PET/MnFe204
0
0 10 20 30 0 50 60
Time (s)
a)

6 PET/PPy

t=0s

6 PET/PPy

t=60 s

: PET/CoFe,0, PET/CoFe,0
t=0s t=60 s t=0s t=60s

PET/MnFe,0,] PET/MnFe,0,

t=0s t=60s

!ET/F%OUPP

t=0s

- N - )

b)

ET/Fe,0,/PP
t=60s

Figure 5. (a) CAs values pure PET nonwoven and its composites with MNPs and PPy. (b) their static water droplet’s images at the beginning and final states.
*The polymerization conditions at [PPy] = 0.1 M and [APS] = 0.15 M

Figure 6. Optical images from three distinct positions of a water droplet on a PET/PPy/Fe;O, composite surface.
*The polymerization conditions at [PPy] = 0.1 M and [APS] =0.15 M
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3.2 VSM results

To reveal the imparted magnetic characteristic of the MPs
that were synthesized by the co-precipitation method to the
textile composite, the VSM measurement was performed at
room temperature. The magnetic saturation values (Ms) of
FesOs, CoFe204, and MnFe;O,4 particles employed in that
study were previously found as 63.9, 16.5, and 44.2 emu
per g, respectively [31]. These values were consistent with
the values in the literature correlating the Ms values with
the MPs' particle sizes because it has been reported that Ms
values of the MPs are highly influenced by particle size and
decrease with decreasing particle size [46, 47]. The
behaviors of the MPs in the presence of a magnet are shown
in the supplementary file Figure 2s. Ferrites are a material
that exhibits magnetic properties due to its inherent
magnetization. The magnitude of magnetization indicates
the capacity of a substance to acquire magnetism when
subjected to an extrinsic magnetic field. A greater
magnetization value indicates an increased magnetic
responsiveness and a higher potential for interacting with
and reducing magnetic fields.

The comparative magnetic hysteresis results of FezO4
particles with the PET/Fes04 and PET/Fe304/PPy composites
are illustrated in Figure 7. As seen from the figure, due to the
possible lower contribution of FezOa4to the composite, the Ms
values of PET/Fe;04 (6.92 emu per g) and PET/Fes04/PPy
(0.076 emu per @) took relatively low values compared to
Fes04 particles (63.9 emu per g). This result is more than
twice as high as the value found in comparative research
published earlier in the literature [48]. The reduced
magnetism value of the PET/FesOs composite is due to a
proportionate reduction in the MPs amount contributing to
magnetism because of non-magnetic materials such as PET
fabric in the composite. Therefore, resulting in a proportional
decrease to a lower magnetism value.

In contrast to Fe;O4's Ms value of 63.9 emu per g, there was
a substantial change in the saturation magnetization of the
PET/Fes04/PPy composite that exhibited a narrow-sized-
low magnetism with a Ms of 0.076 emu per g; thus,
indicating a weak ferromagnetic activity. The magnetic
properties of PPy/FesOs as determined in the literature
without the use of PET fabric are comparable to those of
the PET/PPy/Fe;Os composite used in our investigation
[17]. This dramatic decrease in saturation magnetization
might result from MPs being encapsulated in PPy. The
polymer coating on these samples could explain these
properties, such as low coercivity and saturation
magnetization, which might be used in EMI shielding
applications. It acts as a barrier to the exchange contact
between the magnetic sublattices of the magnetic core
(Fe304) in the oxide-polymer composite. In a composite
framework, conductive polymer limited the MP's random
mobility and interactions. This observation might be
explained that magnetic FesO4 contributes more diminutive
than the other components, PET and PPy.

MPs have superparamagnetic characteristics when analyzed
with VSM. This property is owing to the particles' tiny size,
the magnetic field's high saturation magnet, and the lack of
coercive forces. Additionally, PET/FesO4 and PET/Fe304/
PPy composites have lower saturation magnetization values
than pure FesO. because of the contribution of non-
magnetic elements in the composites.

12,0 PET/Fe,0,

T

Magnetization (Emu/g)

PET/Fe,0,/PPy

-4 -1 PE) 0 0,5 10|

-60,0

Magnetic flux density (Tesla)

Figure 7. Magnetization values of Fe;O, particles and PET/ Fe;04
composite. Inset shows the magnetization of a PET/Fe;O./PPy composite.
*The polymerization conditions at [PPy] = 0.1 M and [APS] =0.15 M

3.3 SEM-EDX

Figures 8-11 depict the morphological evaluation of the
samples in the sequence of their emergence. As seen in
Figure 8, when contrasted to the PET fabrics' sleek surface,
it can be clearly evidenced that the surface of the composite
fibers was heavily coated with the PPy polymers. It is
apparent from the micrographs taken at the higher
magnifications (Figure 8d and 8e) that the PPy coat took a
dense and thick state and made a layer-like texture by
overlapping the PPy polymers to form piles on the fiber
surfaces. It is worth mentioning that PPy polymers coated
on the composite fibers developed heaps in the shape of
spherical particles both individually and in groups. This
morphology of the PPy coating on the PET surface is
consistent with the earlier reports that employed APS as an
oxidant (Figure 8e) in the literature [9]. Agglomerated
structures can be observed on certain regions of the fiber
surface. A plausible explanation for the formation of
agglomerates could be attributed to the elevated
concentration of pyrrole monomers in specific locales
within the reaction mixture [44]. Oligomers can react with
one another to contribute to forming agglomerations during
the polymerization process. Oligomers are short chains of
polymerized monomers that have undergone some degree
of polymerization but are not fully grown polymer chains.
When oligomers are present in the reaction mixture, they
can act as reactive species that can continue to polymerize
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by reacting with other oligomers or monomers. This
process is known as chain-growth polymerization. If the
reaction conditions are favorable, such as an adequate
pyrrole concentration and a suitable temperature, the
oligomers can undergo further polymerization by reacting
with other nearby oligomers or monomers. As the
oligomers react with one another, they can form larger
polymer chains, leading to the growth of agglomerations
within the reaction mixture. The agglomerations may arise
from the association of multiple oligomers or partially
polymerized chains, forming larger clusters or aggregates.

To comparatively evaluate the texture of MPs deposition
after or before the PPy coating onto the PET surface, the
SEM micrographs and EDX spectra of PET/MPs
composites were also taken. The results are represented in
Figure 9. First, it could be said that the composite
comprising MnFe;O4 particles showed symptoms of
aggregation, while FesO.and CoFe;O4 particles were spread
across the surface in a more dispersed manner. MnFe;O4
particles are also apparent on the surface, but the other MPs
are more sparsely distributed. As provided in Figures 9a-9c,
it can be understood that the individual Fe;O4 particles have
the smallest particle sizes of all the particles, leading to a
stained appearance to the PET fibers [50]. The rounded
shape of the MnFe;O, particles in the PET/
MnFe,Oscomposite (Figure 9i-9k) micrographs is also
thought to be striking. As compatible with the previous
XRD crystallite size findings, the largest particle size was
of the MPs on the PET fibers were found for MnFe,O4 with
a diameter of 30.9 nm, followed by CoFe;04 (16.4 nm) and
FesO4 (11.5 nm), respectively. Additionally, Fe, Co, and
Mn atoms were in the predicted atomic ratios (Fe/Me=2/1)
in the EDX spectra. Due to the relatively large mesh size of
the PET nonwoven fabric, the MPs are found to be deeply

embedded within its structure. While PPy exhibits an
affinity for adhering to the fiber's surface, MPs generally
tend to aggregate within the pores. Initially, the pores of the
PET nonwoven fabric surface are filled with PPy through
in-situ oxidative pyrrole polymerization. Subsequently,
adding MPs to the PPy achieves the optimal EMSE value.

When the micrographs of PET/MPs/PPy are evaluated
(Figure 10), it could be mentioned that the composite fibers
are heavily decorated by the thick layers of MPs/PPy. The
unique structure of PPy can also readily be observed in the
micrographs in Figures 10c, 10g, and 10k (at higher
magnifications), even in the presence of MPs deposition.
Also, it was possible to separate the coating texture of MPs
and PPy morphologically due to the relatively compact
structure of PPy. Consequently, it can be deduced that the
PPy polymers adhered to the PET fabric, and MPs were
placed on top of or between these PPy coating. In other
words, MPs may be incorporated in the PPy layer, or PPy
was coated on the surface of the MPs. The electrical
conductivity of PET/MP/PPy composites is hindered by the
insulating behavior of ferrite particles located on their
surface, which impedes charge transfer and blocks surface
conductivity [23]. In the EDX spectra of the PET/MPs/PPy
samples, the respective Fe, Co, and Mn atoms were all
determined, which approves the existence/contribution of
MPs in the composites. While the structure of FesO. and
CoFe;04 particles contributed to the composites was almost
identical, the MnFe,O, particles seemed to have rod-like
forms at low magnification. However, it resembles a human
tooth at higher magnification [50]. Incorporating ferrite
particles can disrupt the continuity and regularity of the
conjugated chain, leading to the obstruction of the

conducting path. In addition, the collaboration between the
ferrite particles and the PPy chain may reduce the polymer
chain's electronic density, ultimately resulting in a decline
in conductivity [51].

Figure 8. SEM micrographs of a) and b) fibers of PET nonwoven, c)-e) PET/PPy composite taken at different magnifications.
*The polymerization conditions at [PPy] = 0.1 M and [APS] =0.15 M
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4.0% Fe

PET/CoFe,0,
. 7.0% Fe
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PET/Fe;0,/PPy
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Figure 10. SEM-EDX results of PET/MPs/PPy composites a)-d) PET/Fe;O4/PPy, e)-h) PET/CoFe,O4/PPy, and 1)-1) PET/MnFe,O./PPy.
*The polymerization conditions at [PPy] = 0.1 M and [APS] = 0.15 M

Figure 11 shows sequential SEM micrographs of MPs-
impregnated PET/PPy composites. The brightness exhibited
by metallic particles serves as evidence for the existence of
ferrites on the surface of PET fabric. The micrographs show
that MPs were concentrated in some PET/PPy surface
regions without forming an interaction. The composites
exhibit a random distribution of ferrite particles, while the
PET fibers are uniformly coated with PPy. The ferrites
were observed to be either coated on the PPy, resulting in

the formation of composites with ferrite in the core, as
exemplified by PET/CoFe;O4, or formed on the PPy, as
demonstrated by PET/ MnFe;04, based on their
corresponding particle sizes. Also, impregnation of MPs
onto the PET fabric surface results in the observation in
Figure 11, which subsequently leads to a reduction in the
electrical conductivity of the composites in Table 2.
According to the results of this study, MPs' coating
morphology may also be readily distinguished from the
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texture of PET in the PET/PPy/MPs composites. Fe304 and
MnFe,0, particles could be recognized in the micrographs
at higher magnification (Figures 11c, 11k); however, the
morphological distinction of CoFe,O4 and PPy could not be
differentiated with a significant precision (Figure 11g). The
Fe, Co, and Mn atoms could also be detected in the EDX
spectra PET/PPy/MPs composites.

3.4 EMSE results

To evaluate the EMI shielding ability of the developed
composites, the EMSE measurements were carried out
between 30 MHz to 3 GHz frequency range, and the
findings are successively presented in Figures 12 and 13.
Figure 12 illustrates the significant impact of PPy on PET
fabric, which exhibits the highest degree of conductivity, on
the EMSE values. As seen in Figure 12, the PET/PPy
composite had an average 3.2 dB EMSE value (the highest
value 3.9 dB at 2.20 GHz), which translates to an average
of 71.46 % EMI attenuation through the primary absorption
mechanism (Ab: 67.9 %, Re: 3.56 %, ).When the EMSE
values of composites made with conductive polymers are
studied, it is discovered that they protect mainly through the
absorption mechanism. Due to the spherical nature of the
PPy deposited onto the PET surface (in Figure 8), the
incoming waves' energy is reduced. The aggregation of
spherical particles results in cauliflower-like formations,
which contribute to the attenuation of electromagnetic
radiation [52]. This obtained EMSE value of the PET/PPy
composite provides relatively higher protection against
EMI than a similar study employing PPy deposited-textile
composite in the literature[8].

It is noteworthy that PPy exhibits a remarkable absorption
capacity, which enables it to transform electromagnetic
energy into thermal energy via resistive heating. The
electrical conductivity of the composite is a crucial factor in
determining the effectiveness of EM shielding. In other
words, a material's electrical conductivity directly impacts
its capacity to transmit and disperse electric currents
generated by EM fields, which in turn influences its ability
to provide shielding. In EM shielding, greater conductivity
values are typically favored due to their ability to redirect
and disperse EM energy effectively. The potential of
conducting PPy to serve as a conductive pathway for the
dissipation of EM energy is the reason for its
electromagnetic shielding effectiveness. The delocalization
of electrons along the polymer chains in PPy is facilitated
by its conjugated polymer structure, leading to a notable
increase in electrical conductivity (Figure 2). The electrical
conductivity exhibited by PPy enables it to function as an
effective barrier against electromagnetic interference by
absorbing and dissipating the incoming electromagnetic
waves. That is, incorporating composites into PPy results in
creating a highly conductive path that can efficiently divert
and absorb electromagnetic energy, thereby reducing its
impact on the shielded environment. The alignment and
distribution of magnetized particles can be influenced by
the composition and structure of the ferrite composite,
thereby affecting its capacity to isolate and redirect
magnetic fields. The interaction between magnetic particles
and incident magnetic fields can be influenced by particle
size and arrangement, which can impact the shielding
performance.

PET/PPy/Fe;0,
1.6% Fc

PET/PPy/CoFe,04
3.2% Fe

1.3% Co

PET/PPy/MnFe,0,

0.6% Fe
1.0% Mn

Figure 11. SEM-EDX results of PET/PPy/MP composites a)-d) PET/PPy/Fe;O04, €)-h) PET/PPy/CoFe;04, 1)-1) PET/PPy/MnFe,0,.
*The polymerization conditions at [PPy] = 0.1 M and [APS] =0.15 M
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Figure 12. EMSE results of the composites, a) PET nonwoven and PET/PPy composite, b) Ab, Re, or T relative shielding efficiency of PET/PPy, c)
PET/MP/PPy composites, and d) PET/PPy/MP composites.

When the results of MPs incorporated-PET/PPy composites
are comparatively discussed with that of PET/PPy (Figure
12c and 12d), it was observed that the EMSE values varied
depending on the deposition order of the MPs. For example,
the PET/PPy has a lower protection value than the
composites made after the addition of MPs but a better
protection value than composites created before MPs
deposition. If each series is compared, the EMSE values of
the PET/PPY/MPs composites took relatively high values
than the PET/MPs/PPy series, indicating a better EMI
shielding performance in the selected frequency range. The
composite containing FesO, was found to have the greatest
EMSE (6.60 dB at 2.20 GHz) in the PET/PPy/MPs series.
In contrast, composite containing MnFe,0, was found to
have the highest EMSE (4.6 dB at 2.20 GHz) for the series
of initial MPs deposition (PET/MPs/PPy).

Based on these calculations, the relative shielding
efficiency (Ab and Re) and attenuation loss (T) values of
the MPs-containing composites were also determined, and
the sequential results are presented in Figure 13.
Accordingly, the PET/PPy/MPs composite series with
relatively greater EMSE values provided slightly more EMI
attenuation than other PET/MPs/PPy composites (Figure
13). At 2.20 GHz, the PET/PPy/Fe304 composite exhibits
the maximum absorption of 74.7% and reflection of 5.7%.
While the PET/PPy/MPs composite series has the highest
total attenuation value of 80.4%, the other series has a value
of approximately 50%.

PET/PPy/Fe3O4 composite gives superior protection to the
magnetic particle and polymer-coated cloth that has been
described in the literature [28]. Adding FezO4 and CoFe;04

nanoparticles to PET/PPy composites results in better levels
of EM protection than using the materials in their pure
state. It can be said that when materials containing MPs
come into contact with electromagnetic waves, they alter
the direction of these waves, diminishing them and
therefore protecting the composite. Also, the addition of
MPs to composites causes an increase in the dielectric
constant value. It has been reported that this contributes to
the rise in the absorption value by increasing the impedance
matching level [53, 54]. Another factor that increases
microwave absorption is the conversion of some of the
incoming energy into heat [55].

Although the ground fabric material differed from the
literature, we can practically make the comparison since the
magnetic components (CoFe20,) are the same. When the
results are compared with a recent study published by
Yoriik et al., it can be seen that similar results (900 MQ)
were achieved in the present investigation, 918.20 MQ (in
Table 2), which shows that cobalt ferrite has insulating
properties. Upon examination of SEM-EDX images (Figure
9-11), it is observed that the introduction of cobalt ferrite to
the composite material, followed by the in-situ
polymerization of pyrrole, leads to a reduction in the
concentration of CoFe;Os4 within the composite
(PET/CoFe,04/PPy), as compared to its subsequent
addition to the composite (PET/PPy/CoFe;Q4). The
reduction of conductivity line blockage in the composite
material led to an increase in its overall conductivity.

However, the fabric utilized in the study above exhibited
narrow pore sizes. Due to the relatively large pore sizes
employed in the present study, the ferrite particles
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aggregated within the gaps between them rather than
remaining on the surface. Following the deposition of the
conductive polymer, the ferrite particles are introduced into
the solution, facilitating the transmission of electromagnetic
(EM) waves and subsequently leading to a reduced EMSE
value (2.92 dB). However, in the opposite coating route, the
deposition PPy followed by ferrite deposition between the
gaps of PET nonwoven enabled the interaction of polymer
fibers that yields relatively higher EMI shielding (5.1 dB).

Also, Yorik et al. found that after the deposition of
CoFe;04 on the polypropylene nonwoven, it was observed
that surface resistivity was measured almost at 900 MQ
compared to the FesO0s which was nearly as 55 MQ that
reveals that the conductivity of CoFe,O, is remarkably low
to that of FesO, particles. Hence, it was observed that the
composite material incorporating FesO4 exhibited superior
efficacy in shielding against EM waves and demonstrated a
higher EMSE value.

The PET/PPy/MnFe,O4 composite and the PET/MnFe;O./
PPy composite exhibit comparable protection levels,
indicating that the sequence in which MnFe,O4 particles are
added has no significant effect on the EMSE values. This
observation may have arisen from the limited ability of
MnFe;O4 particles to adhere to the fabric surface during
composite fabrication. Inadequate PPy deposition on the
PET fabric surface can be accepted as one of the reasons
why composites formed by initial MPs addition have lower
protection values than the composites made by adding MPs
later. According to Figure 13, when the PPy amount in
PET/MPs/PPy composites declines, the Ab values also
decrease. In addition, MPs inhibit the PPy chain, reducing

conductivity and shielding value,
EMSE.

resulting in a lower

Due to the predominant presence of MnFe;O4, PPy
exhibited the most significant disruption in the conduction
pathway, resulting in the highest surface resistivity. The
initial ferrite coating series exhibited a high Mn content,
which had a detrimental impact on conductivity (Table 1).
However, the composite still demonstrated relatively high
conductivity due to the subsequent pyrrole deposition,
achieved most effectively on this fabric. Nevertheless,
within the first deposition of PPy followed by MnFe;Os, the
fabric's conductivity experienced a decline as a result of the
extensive penetration of PPy into the substrate, leading to
disruptions in the conductivity pathways (Table 2). The
PPy's ground surface exhibits the accumulation of magnetic
particles. The conductive polymer exhibits a preference for
the surface coated with ferrite.

Consequently, the present study yielded the highest PPy
content, facilitating the introduction of a more incredible
amount of ferrite with manganese. It is thought that PPy
will exhibit a higher degree of deposition, particularly in
areas with a higher concentration of manganese. However,
due to the substantial quantity of conductive polymer
present, it effectively counteracts the insulating properties
of MnFe;0.. In the context of the second deposition series
(PET/PPy/MnFe;Q4), it is observed that despite the
relatively low PPy content, a dense coating results in
insulation. This is because the surface is deposited densely,
thereby causing an interruption in the conduction paths.
Thus, this phenomenon is evident in the outcomes of the
EMSE values.
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Figure 13. Ab, Re or T relative shielding efficiency of a)-c) PET/MPs/PPy composites, and d)-f) PET/PPy/MPs composites.
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4. CONCLUSION

Through two distinct deposition procedures, it was proved
that it is possible to modify the surface of PET nonwoven
fabric with both conductive PPy and various MPs.
According to the results, the composite manufacturing
series using consecutive PPy and MPs deposition
(PET/PPyY/MPs) provided the best electrical conductivity
values compared to the composites with reverse deposition.
SEM micrographs demonstrated that altering the following
deposition sequence resulted in the morphological
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