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Abstract. Poly(vinyl chloride) (PVC) and oxidized activated carbon (AC-H,0,) powders
were hot-pressed into thin-film composites (TFCs) with a composition of (PVC)go_./(AC-
H,0,),, where x = 0.2...30 wt.%. We investigated the nanostructure, morphology, and
composition of the AC-H,0, filler using scanning electron microscopy and energy
dispersive X-ray spectroscopy. Thermal analysis methods were employed to evaluate the
thermal stability of the surface carbon-oxygen groups of the AC-H,0, filler. The effect of
AC-H,0, filler content on the electromagnetic transparency of the (PVC);_./(AC-H,0,),
TFCs was evaluated at X-band microwave frequencies. Microwave transmission showed
only a weak dependence on the filler concentration. However, reflection losses varied from
—21.7 to —11.8 dB as x increased from 0.2 to 30 wt.%. Comparing analogous composites
containing initial AC revealed that filler oxidation significantly affects performance.
The difference in the average reflection loss between (PVC)/(AC-H,0,), and
(PVC)100—/(AC), TFCs ranged from —3.4 dB at x < 5 wt.% to —8.7 dB at x < 20-30%.
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1. Introduction

The rapid advances in electronics in recent years have
given rise to significant concern: the emergence of
unwanted electromagnetic radiation (EMR), which has
the potential to interfere with the proper functioning of
electronic equipment and various devices [1, 2]. This
EMR has also been found to be detrimental to the health
of living organisms [3, 4]. The proliferation of electronic
devices is increasing continuously, and this trend will
continue in the future. In response to this growing concern,

scientists have initiated efforts to develop materials
capable of shielding EMR [5, 6]. Conventionally, metals
have been used for shielding applications; however, this
has resulted in secondary EMR contamination due to
wave reflection from the metal. Therefore, there is an
urgent need to explore shielding materials (SMs) whose
action is based on absorption of microwaves to minimize
EMR contamination [7, 8]. SMs with properties such as
lightness, low thickness, high flexibility, and broadband
absorption are promising in this regard [9, 10]. Common
SMs are carbon compounds and metals incorporated into
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the polymer matrix [11, 12]. Achieving maximum
microwave absorption efficiency requires the dispersion
of different types of fillers with varying concentrations in
the polymer matrix and the use of various composite
thicknesses [13-16].

Polymer-based composites are of particular interest
among the SMs, and it is advisable to use polymers that
can not only perform the function of an inert matrix for
the introduction of various fillers but also can chemically
interact with them, performing several functions, namely
stabilizing the near-zero valence state of the filler
distributed in it, preventing the filler oxidation, etc. [17].
These advantages of polymers make the scope of their
application extremely wide, ranging from biomedical
applications to stealth technologies [18, 19]. The
practical implementation of metal-based SMs is hindered
by several significant limitations, including high density,
low corrosion resistance, and significant processing costs
[20]. These limitations preclude the application of metal-
based SMs in cases when EMR absorption is extremely
high [21]. In contrast, carbon materials (CMs) possess
distinctive mechanical properties resulting from the
carbonization of hard carbonaceous structures and
physicochemical properties tunable by variations in their
surface chemistry. Besides, CMs are characterized by a
developed porous structure with high thermal stability
and the ability to be tuned physically and chemically
[22]. The CMs showed a variety of essential properties,
including low density. They can have excellent
conductivity and superior mechanical strength and can be
prepared from raw low-cost materials of natural origin
[23, 24]. The applications of CMs are extensive,
including catalysts, adsorbents, supercapacitors, and
fillers in composites for EMR shielding [25-28]. In
addition, CMs have the potential to replace polymers in
medical nanocontainers [29]. The porosity of carbon
structures makes them good candidates for using various
fillers and modifiers, allowing for multifunctional
applications [30, 31]. The prospect of obtaining porous
CMs from natural sources is particularly encouraging, as
natural lignin/cellulose are both inexpensive and can be
produced from naturally renewable resources. Natural
carbonaceous biomaterials possess a significant number
of surface functional groups as well as small pores and
channels that can be preserved under certain conditions
during their preparation [32, 33]. Additionally, CMs
derived from raw carbonaceous biomaterials are usually
capable of chemical modification, which is important for
surface tailoring and functionalization to obtain a
functionalized surface with a set of predetermined
properties, since the introduction of functional groups or
heteroatoms into the carbon surface layer can
significantly affect not only the chemical properties of
these materials [34-36], but also the nature of the
material interaction with EMR [37-39].

This work aimed to obtain composite material based
on a polymer matrix and oxidative modified activated
carbon (AC) and to study the microwave properties of
the obtained composites.

2. Experimental
2.1. Materials

Hydrogen peroxide (H,O, 35%), hydrogen chloride
(HC1, 30%%), polyvinyl chloride (PVC, 99.89%), and
other reactants were purchased from Sigma-Aldrich.
Double-distilled water (DDW) from a water bi-distiller
was used for washing and dilution procedures. Di-butyl
phthalate (DBP, 99.89%+) plasticizer was supported by
Yuanyuci Co. (China). To prepare the required 3 v/v%
HCI and 10 v/v% H,0, water solutions, more
concentrated reagents were diluted with 18 MOhm-cm
deionized DDW prepared with the Master-Q series
deionized water system.

The carbonaceous bio-source, Prunus armeniaca L.
stones, was collected, dried, and used for the preparation
of AC by carbonization/steam activation [25]. First, the
AC powder was deashed by repeated washing with HCI
solution (3 v/v%) and then with DDW to neutralize acid
residues. The AC fraction within 0.5...1.1 mm was
separated for future studies. Oxidative modification was
performed by treating the deashed AC powder with
10 (v/v)% H,0, solution to produce AC-H,O,. The
treatment was performed by immersing 1 g of AC
powder in 100 mL of 10 (v/v)% H,0, solution in a glass
for 4 h, when the resulting AC-H,0, solid was filtered
through the filtration paper in a Biichner funnel, washed
repeatedly with DDW to a neutral pH of washing waters,
and then collected and dried in air at 120 °C.

2.2. Preparation

PVC/AC-H,0, thin film composites (TFCs) were
prepared as follows. A series of (PVC);go_/(AC-H,0,),
TFCs were hot pressed from the powders of PVC and AC
or AC-H,0,, where AC was taken in various weight
ratios to PVC, x = 0.2...30 wt.% of AC or AC-H,0,. In
the typical preparation, the deashed AC or AC-H,0O,
powder was first ground in an agate mortar. Then 0.2 g
of PVC powder was mixed with the required weighted
mass of AC or AC-H,0,. This mixture was ground again
in the same mortar to homogenize and then poured into a
mold on a (poly)amide substrate, and 70 mg of DBP was
added to plasticize the PVC. The (PVC)g_/(AC-H,0,),
TFCs or (PVC);p/(AC), TFCs were pressed at a
pressure of 10 MPa and a temperature of 175 °C for
1 min. The same procedure, without the carbon filler,
was used to prepare PVC thin films (TFs). The samples
of (PVC)lOO,x/(AC-Hzoz)x TFCS, (P\/C)l()o,x/(AC))C TFCS,
and PVC TFs were approximately 23x10x0.25 mm and
were used for further tests as in [40—43].

2.3. Characterization

Thermogravimetric analysis (TGA) of AC and AC-H,0,
fillers was performed using a Q-1500 D thermal analysis
instrument in the configuration designed by F. Paulik,
J. Paulik, and L. Erdey. The TGA was performed in an
air atmosphere, with a heating rate of 14°C-min "', within
20...900 °C [41]. Additionally, the AC and AC-H,O,
fillers were investigated by temperature-programmed
desorption mass spectrometry (TPD MS) in vacuum [25].
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The surface morphology of the samples was visualized
by scanning electron microscopy (SEM) using a Tescan
Mira 3 LMU microscope [34, 36, 39]. Energy dispersive
X-ray (EDX) microanalysis was carried out on an
INCA Energy 450 XMax 80 microanalysis system from
Oxford Instruments mounted on the microscope.

The water sorption test was carried out by
measuring the weight loss after adsorption of water
moisture on each filler powder by a standardized
desiccator method. The nitrogen adsorption-desorption
porosimeter was used to determine the porosity of AC
and AC-H,0, measuring the Brunauer—-Emmett—Teller
(BET) surface area Sger and the total pore volume V.
The types of oxygen-containing groups were determined
by the Boehm titration [41]. Fourier transform infrared
(FTIR) spectra for the (PVC);go_/(AC-H,0,), TFCs were
recorded using a Nicolet iS50 FTIR spectrometer. The
carbon surface chemistry was investigated using
attenuated total reflection (ATR) FTIR spectroscopy on a
Shimadzu Prestige 21 instrument, which was equipped
with a PIKE single reflection ATR accessory and a ZnSe
ATR crystal. For the carbon fillers, 1,000 scans were
collected with a scan step of 2 cm ', and the ATR spectra
were normalized by applying atmospheric and
spectral corrections. Finally, the microwave reflection
loss (S81;) and microwave transmission loss (S,;) of the
(PVC)190/(AC-H,0,), TFCs and PVC TFs were
measured in the X-band as in [44, 45]. Optical micro
photos of (PVC);4_/(AC-H,0,), TFCs were captured
with a Zeiss LSM 800 confocal microscope.

3. Results and discussion
3.1. SEM and SEM-EDX

In Figs la and 1b, the surface of the apricot stone is
covered with micrometer-sized, irregularly shaped, large
craters and pits, with some areas appearing darker and
more irregular. The surface is rough and uneven, with
small bumps and ridges scattered throughout. The surface
has been sputtered with gold to prevent charge collection
on the non-conductive sample surface, and the energy-
dispersive characteristics X-ray fluorescence is clearly
visible in the EDX spectra, describing the elemental
composition of the sample (see, for example, Fig. 1c).

As demonstrated in Table 1, the results of the SEM-
EDX microanalysis indicated that the carbonization of
apricot stones resulted in a reduction in oxygen and an
increase in carbon concentration within the analyzed
solid. Conversely, the oxidation of the resulting AC
exhibited the opposite effect, with an increase in oxygen
and a decrease in carbon.

3.2. Texture and surface chemistry studies

The size of AC particles was within 0.5...1.1 mm. The
water absorption capacity of AC powder was 0.42 cc'g ',
and the specific BET surface area of AC was 930 m*-g ",
and the total pore volume Vg was 0.512 cn’-g . From the
adsorption data, AC-H,0, has an Sggt of 850 m* g’1 and
Vs is 0.488 cm’ g . According to the Boehm titration,
the 2.8 and 9.5 at.% of oxygen heteroatoms are in the
carboxyl groups of 0.21 and 0.28 mmol-g', in the
anhydride/lactone groups of 0.1 and 0.26 mmol-g ', and in
the phenol groups of 0.30 and 0.52 mmol-g ', respectively.

3.3. TGA

Fig. 4 shows the TGA results of the initial AC sample
and the AC-H,0, sample prepared by oxidation of AC
with H202.

Thermograms (1) and (3) show that the thermal
decomposition of the samples is quite similar and has a
gradual character. It is obvious that both samples contain
a significant amount of adsorbed water, as evidenced by
a sharp weight loss under heating from 30 to 114 °C [46,
47]. At the same time, the AC sample contains less
adsorbed water, as it loses less weight within this
temperature range, with a difference of 2 wt.% (9.5 vs
11.5 wt.%). With further heating above 120 °C, the
weight loss of AC-H,0, is small, close to 6%, and it has
an almost a linear trend up to a temperature of 534 °C
(see thermogram 3 in Fig. 4). This weight loss is most
likely due to the cleavage of non-thermally stable
oxygen-containing groups, namely carboxyl, anhydride,
and lactone groups [47]. Upon heating up to 534 °C, the
AC exhibits better thermal stability than AC-H,0,,
showing a slightly lower weight loss effect of ~3.5%, due
to the lower concentration of surface oxygen-containing
groups in the AC sample.

At temperatures above 534°C, both samples show
an intense weight loss due to the combustion of carbon in
the presence of atmospheric oxygen. At the same time,
up to 770 °C, the AC-H,0, sample is more thermally
stable than the unmodified AC sample. This is also
clearly seen in the DTG data (thermograms 2 and 4).
Particularly, they show that the peak of the most intense
burnout of the AC sample is centered at 640 °C, while for
the oxidized AC, this peak is shifted by 20 °C to a higher
temperature (660 °C). The higher thermal stability of the
AC-H,0, sample compared to the AC sample can be
explained by two factors. Firstly, the oxidation of AC by
H,0, leads to the formation of phenolic groups on the
surface. These groups are quite thermally stable and

Table 1. Results of the SEM-EDX microanalysis of the apricot stones, initial AC, and oxidized AC-H,0, samples.

Apricot stones AC AC-H,0,
EDX spectrum Element content, at.%
C (0] C (0) C (6]
Spectrum 1 71.24 28.76 97.14 2.86 86.39 13.61
Spectrum 2 73.84 26.16 97.25 2.75 94.64 5.36
Mean 72.54 27.46 97.20 2.80 90.51 9.49
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Fig. 1. (a) High-resolution SEM image of an apricot stone sample, (b) SEM image showing the area of EDX analysis, and (c)
typical EDX spectrum obtained from the section (2) shown in (b).
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Fig. 2. (a) High-resolution SEM image of the AC sample, (b) SEM image of the AC sample showing the EDX analysis area, and (c)
typical EDX spectrum obtained from the section of AC.
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Fig. 3. (a) High-resolution SEM image of the AC-H,0, sample, (b) SEM image of the AC-H,0, sample showing the EDX analysis
area, and (c) typical EDX spectrum obtained from the section of the AC-H,0, sample.

decompose at temperatures above 650...700 °C.  3.4. FTIR ATR
Secondly, oxidation results in the transformation/removal Fig. 5 shows the FTIR ATR spectra of the AC and AC-

of the most chemically active areas of the AC surface, H,0, samples. The most intense absorption bands at
which can increase the thermal stability of the oxidized 1517 and 1548 cm™, as well as others within
carbon surface. The complete combustion of both 1600...1470 cm ', correspond to the skeletal vibrations
samples finishes at 870...890 °C. of aromatic and/or conjugated C=C bonds.
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Fig. 4. Thermogravimetric (I, 3) and differential thermogravi-
metric (2, 4) thermograms of (/, 2) AC and (3, 4) AC-H,0,.
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Fig. 5. FTIR ATR spectra of (1) AC and (2) AC-H,0,.

The carbon matrix of AC consists mainly of sz_
hybridized carbon atoms, which explains the significant
absorption within this spectral range. Oxidation of AC
with a 15% H,0, water solution has a weak effect on the
carbon surface and leads to insignificant changes in the
intensity of the absorption bands of the carbon matrix.
Presumably, during oxidation, a temporary hetero-
genization of the carbon surface layer of the AC occurs,
and some carbon atoms can be removed or transferred to
another state. The absorption bands at 1740, 1692, and
1651 cm™ are attributed to vibrations of C=0O bonds,
which are part of the anhydride, lactone, carboxyl, and
quinone groups of the AC. Oxidation of AC leads to a
redistribution and a significant increase of absorption
intensity within 1750...1650 cm ™' due to the formation of
new C=0 bonds. During oxidation, the content of car-
boxyl (1692 cm™), anhydride, and lactone (1740 cm ™)
groups demonstrates the greatest increase. Broad
absorption bands at 1188 and 1145 cm ' are associated
with vibrations of C—OH phenolic groups. The increase
in the absorption intensity is greatest within
1250...1090 cm ', indicating the preferable formation of
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Fig. 6. Typical TPD MS profiles: (a) AC and (b) AC-H,O,.

phenolic groups due to oxidation of the AC surface.
Quite intensive bands at 1065 and 970 cm™' can be
attributed to the absorption of C—O bonds, O—H groups
of acids, or C—O—C groups of surface anhydrides and
lactones. The increase in intensity of the absorption
bands at 1640...1750 and 1400...950 cm " is caused by a
significant increase in oxygen content in the oxidized AC
sample compared to the untreated AC.

3.5. TPD MS

The intensive signals of molecular ions with m/z
18 (H,0"), m/z 28 (CO"), and m/z 44 (CO,") are
observed in the TPD-MS spectra of the AC and AC-H,0,
in vacuum.

The AC sample adsorbs H,O and CO,, and both
physisorbed can be readily removed within the
temperature range of 30...100 °C (Fig. 6a). Within the
range 100...300 °C, water is bound to polar surface groups
and/or adsorbed in AC micropores. Within the same
temperature range, the decomposition of a few carboxyl
groups is observed, resulting in the release of CO,. At
temperatures exceeding 500 °C, a pronounced release of
CO and water occurs, which are byproducts of the thermal
decomposition of phenolic groups. A slight release of
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Fig. 7. FTIR spectra of (PVC);go_,/(AC-H,0,), TFCs where x =
1, 5, 10, and 20 wt.% of AC-H,0,.

CO, within 500...750 °C is attributable to the thermal
decomposition of anhydride and lactone surface groups
of AC.

For AC oxidized with H,O,, Fig.6b shows the
enhanced CO, release in the 30...300 °C range (m/z 44)
that indicates the formation of carboxyl groups during
oxidation, as also reflected in the functional group
concentrations reported in Section3.2. In addition to
carboxylic groups, the oxidation of the AC surface leads
to the formation of anhydride and lactone groups, as
evidenced by a significant release of CO, within a wide
temperature range of 500...800 °C. The presence of a
significant amount of these groups indicates a high
degree of oxidation of the AC surface by the H,O, water
solution, thereby enabling neighboring carboxyl or
carboxyl and phenolic groups to interact with each other.

For the AC-H,0, sample, surface decomposition is
largely suppressed within 250-500 °C, as evidenced by
the near-zero, plateau-like m/z intensities in Fig. 6b. This
observation indicates that oxidation treatment with H,O,
water solution, in contrast to HNO; solution, does not
involve all active centers of the AC surface. Formation of
oxygen-containing groups occurs exclusively in the most
active areas of the carbon matrix surface.

3.6. FTIR

In the spectra of (PVC);go/(AC-H,0,), TFCs, some
characteristic bands of PVC can be seen (Fig. 7). The
absorption bands were assigned as in [41]. Among the
high-frequency bands, a peak at 2911 cm ', attributed to
elastic C—H vibrations, is of particular importance. An
intense narrow band at 1718 cm™' indicates the presence
of carbonyl (C=0) in PVC macromolecules, formed by
dechlorination (oxidation) of the PVC polymer during its
thermal compression. The band at 1425 cm' s
associated with CH, deformation vibrations, and the
strong doublet IR band with a maximum at 1254 cm™ is
due to CH-Cl out-of-plane angular deformation
vibrations. The band with a maximum at 958 cm' is
attributed to C—H out-of-plane trans-strain. The intense
peak at 609 cm ! is due to elastic vibrations of the C—Cl
bond. Smaller peaks at 691 and 833 cm ' are also related
to the same bond. Some of the IR bands are due to the
DBP present in the films. These are the bands at 1073,
1120, 2872, and 2958 cm ™.

The characteristic bands of AC in the spectrum of
the AC-H,O, sample appear mainly in the short
wavelength range, where the most intense PVC bands are
found. As a result, it is not easy to distinguish the
specific bands of AC because they are superposed with
strong polymer bands. Typically, these carboxyl groups
(C-0) are always present in the AC-based carbons and
are part of carboxylic acids, aldehydes, lactones, ethers,
and other functional groups on the carbon surface. These
groups typically absorb within 1100...1450 cm .
However, the spectra of the films contain numerous
intense characteristic peaks of PVC and DBP within the
above spectral range. In the range 1500...1600 cm,
among several small peaks, some may be due to the
polyaromatic C=C elastic vibrations of sp>-hybridized
carbon atoms in the carbon matrix of the AC-H,0,
sample. The characteristic bands of PVC in the FTIR
spectra of the films, regardless of the concentration of
AC-H,0, present, usually show only slight shifts

compared to the pure PVC polymer, or sometimes no
shift at all. This indicates that there is no chemical
interaction between PVC and AC-H,0, in these TCFs.
However, there may be physical interactions such as Van
der Waals bonding.

Fig. 8. (a-d) Optical photographs of (PVC);¢o_./(AC-H,0,), TFCs, where x = 5 wt.% (a), 10 wt.% (b), and 30 wt.% (c) at 56x

magnification.
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Fig. 9. Frequency dependences of (a) reflection loss and (b)
transmission loss values of (PVC);¢_/(AC-H,0,), TFCs within
the X-band.

Fig. 8 shows typical optical photographs of
(PVO)100_/(AC-H,0,), TFCs, and Figs. 9a and 9b present
the X-band microwave properties.

A comparison of the reflection loss values within
the X-band (see Table 2) reveals that the (PVC);qo_./(AC-
H,0,), TFCs exhibit a measurable ability to reflect

microwave radiation, at least within the range of the
investigated AC-H,O, filler concentrations. The
(PVC)70/(AC-H;,0,)39 TFCs, which contain the highest
AC-H,0, concentration, exhibited the highest mean
reflection loss value of —11.8 dB. Additionally, it is
worth noting that the difference between the minimum
and maximum reflection loss values is close to 2 dB (see
Table 2). Negative mean reflection loss values generally
indicate that some portion of the incident wave was
reflected. The more negative values, the more incident
microwave energy is absorbed. More negative values
correspond to higher absorption (i.e., lower reflection),
and vice versa.

According to the data, composites with lower filler
content demonstrated more negative mean reflection loss

values (e.g., —21.7 dB), whereas higher filler
concentrations resulted in less negative numeric values
(e.g.,—11.8 dB).

With increasing concentration of carbon filler, the
electrical conductivity of TFC increases. It can cause a
mismatch in impedance between the material and free
space (typically air), leading to a higher surface reflection
and less wave penetration into the bulk, where effective
absorption usually occurs. Additionally, high con-
centrations of AC-H,0, filler in (PVC);gy_/(AC-H,0,),
TFCs may cause agglomeration of the filler, which
decreases dispersion uniformity and reduces dielectric
losses. Other contributing factors include the saturation
of conductive pathways, which limits further energy
dissipation, and the reduced dipole mobility of the
polar groups introduced during oxidation, which
diminishes polarization-related losses. Consequently,
(PVC)100_/(AC-H,0,), TFCs can change the properties
from being efficient microwave absorbers to primarily
behaving as reflectors. This behavior is particularly
pronounced when the TFC thickness is low and dielectric
or magnetic loss mechanisms are insufficient to
compensate for increased conductivity. Overall, the
observed trend — where mean reflection loss values
become less negative with increasing filler concentration
— suggests that the composites become increasingly
reflective rather than absorptive. It could be due to

Table 2. Microwave properties of (PVC);_./(AC-H,0,), TFC samples.

Reflection loss, dB Transmission loss, dB
x, wt.%

Min Mean Max Min Mean Max

0.0 -23.7 -22.8 -21.6 -0.1 0.1 -0.1
0.2 -22.4 -21.7 -20.8 -0.2 -0.2 -0.1
0.5 -22.0 -21.2 -20.3 -0.3 -0.2 -0.1
1 -22.0 -21.2 -20.3 -0.3 -0.3 0.1
5 -20.4 -19.6 -18.7 -0.4 -0.3 -0.2
10 —-18.3 -17.7 -17.0 -0.5 -0.4 -0.3
20 -14.8 —-14.5 —-14.0 -1.0 -0.9 -0.7
30 -12.3 -11.8 -11.2 -1.5 -1.2 -1.1
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Fig. 10. Comparison of (a) the mean reflection loss and (b) the
mean transmission loss for (PVC);qo_/(Filler), TFC samples,
where the filler is either AC or AC-H,0,, within the X-band.
The numeric values are plotted as a function of filler
concentration (wt.%).

increased surface reflection caused by surface impedance
mismatch and reduced internal energy dissipation
mechanisms. Transmission loss typically describes the
part of the incident power that was transmitted through a
material. More negative transmission loss values indicate
greater loss of the transmitted signal, meaning less
energy passes through the material. As shown in Table 2,
the transmission loss values become more negative
(from —0.2 to —1.2 dB) with increasing AC-H,0, filler
concentration, indicating a decrease in transmitted
microwave power. Note that the difference between the
minimum, mean, and maximum transmission loss values
is small.

Comparing transmission loss values within the
X-band range, one can ascertain that the data reveal the
well-known tendency for transmission loss values to
decrease with increasing carbon filler concentration in
conditionally radio-transparent PVC. However, since the
samples are TFCs, further studies with larger samples
and the calculations of absorption loss are necessary to
fully substantiate this phenomenon. These calculations
must consider all conditions leading to dielectric reso-
nance in relatively thick layers of the studied TFC mate-
rial. A comparative analysis of tabulated transmission

loss values revealed that all samples exhibited pre-
sumably radio-transparency in the X-band. Of particular
interest is the finding that the (PVC);¢/(AC-H,0,)39 TFC
sample with the highest AC-H,0, concentration
(30 wt.%) exhibited the most negative minimum, mean,
and maximum transmission loss values of —1.5, —1.2, and
—1.1 dB, respectively. These values indicate reduced
microwave transmission through the composite.

In the production of TFCs, the addition of AC-H,0,
as PVC filler demonstrates the influence on the
microwave properties of the resulting (PVC);g_./(AC-
H,0,), TFCs within the X-band (Table 2). Specifically,
the mean reflection loss values differ by approximately
11 dB between (PVC)ggAg/(AC—HQOQ)()'z TFCs and
(PVC)7/(AC-H,0,)39 TFCs, which have the minimum
and maximum AC-H,0, filler concentrations,
respectively. Experimental data show that transmission
loss values of EMR within the X-band can be tuned to
some extent at the preparation stage of these TFCs.

When evaluating the shielding properties of any
composite material, it is important to examine the
influence of filler concentration on interaction with EMR
within a specific frequency range. It is also important to
determine the effect of modification on filler properties,
particularly compared to unmodified AC embedded in
the same polymer matrix.

Many carbon materials, including carbon, carbon
black, graphene, carbon nanotubes, and carbon spheres,
are used as fillers in the formation of shielding material
[21, 28, 39]. However, granular AC filler is the most con-
venient to work with in terms of chemical modification.
In our previous work [41], we studied the microwave
properties of a PVC-based composite with unmodified
(pristine) AC. Comparing the data of [41] with the
present work (Table 3), it can be concluded that the mean
reflection loss values are higher for (PVC)qo/(Filler),
TFC samples when oxidized AC is used as a filler
compared to the non-modified AC, especially at the filler
concentration x above 10 wt.% (Fig. 10a, Table 3).

For high filler concentrations (x = 10...30 wt.%),
the difference in the mean reflection loss values (A,)
between the (PVC);qo_/(Filler), TFC samples with AC-
H,0, and AC fillers ranges from —4.8 to —8.7 dB, with
the maximum of -8.7dB at a 20wt% filler
concentration. These data suggest that oxidized AC is
more effective at reflecting EMR within the X-band.

Comparing the transmission loss values of EMR
through PVC-based composites with the unmodified AC
and oxidized AC (AC-H,0,), one can see that the effect
of the AC filler oxidative modification is less pronounced
in this case than in the wave reflection regime (Fig. 10D,
Table 3). This effect is negligible at low filler
concentrations. The difference in the transmission loss
values (A;) between the AC-H,0O, and AC-containing
(PVC)p_/(Filler), TFCs is only noticeable at high filler
concentrations (x > 20 wt.%). A maximum A, of +0.4 dB
is reached at an AC-H,0, filler concentration x of 20
and 30 wt.%, but this A, value can be considered
insignificant.
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Table 3. Mean reflection loss and mean transmission loss values of (PVC)qo_/(Filler), TFCs, where the filler is either AC-H,0,

or AC, and difference between them (A, and A)).

Wt % Mean reflection loss values, dB Difference Mean transmission loss values, dB Difference
T AC-H,0, | AC[41] A, AC-H,0, | AC[41] A,
0.0 -22.8 - -0.1 -
0.2 -21.7 -26.1 4.4 -0.2 -0.2 0
0.5 -21.2 -25.6 4.4 -0.2 -0.3 0.1
-21.2 -25.5 —4.3 -0.3 -0.4 0.1
5 -19.6 -23.0 -3.4 -0.3 -0.3 0
10 -17.7 -22.5 4.8 -0.4 -0.3 +0.1
20 -14.5 -23.2 -8.7 -0.9 -0.5 +0.4
30 -11.8 -19.4 -7.6 -1.2 -0.8 +0.4

As a result of this study, (PVC);n_/(AC-H,0,),
TFCs were developed, and some of them remain radio-
transparent within the X-band when filled with AC-H,0,,
due to low mean transmission loss values. Studying the
effect of the AC filler type on the microwave properties
of the obtained composites showed that the reflected
signal from the oxidized AC-based composite increases
more intensively with increasing AC-H,O, filler
concentration than with the AC filler one. The mean
reflection loss value varies depending on the AC-H,0,
filler content, indicating tunable reflective behavior.
Specifically, increasing the concentration of oxidized AC
(AC-H;0,), which is x in the (PVC);g_/(AC-H,0,),
TFCs, causes an increase in the intensity of the reflected
signal as the reflection loss values become less negative,
meaning more microwave energy is reflected. At the
same time, the mean transmission loss values slightly
decreased, as illustrated in Fig. 10b. This reduction was
only clearly noticeable at higher filler concentrations
(x >10 wt.%). In other words, transmission loss increased
meaning the numeric values became more negative (from
—0.2dB to —-1.2dB), indicating that less microwave
energy was transmitted through the composites with the
higher filler amount. At high filler concentrations in the
(PVC)g/(Filler), TFCs, the slope of the transmission
loss curve for composites containing oxidized AC is
noticeably steeper than that for those containing
unmodified AC. This trend suggests that the TFCs with
oxidized AC absorb electromagnetic radiation more
effectively, likely due to structural modifications
introduced during oxidation. Oxidation of AC is
presumed to cause significant changes in surface
chemistry, porosity, and electronic structure, which in
turn influence the interaction with electromagnetic fields
and enhance dielectric loss mechanisms. To clarify the
underlying mechanisms, further investigation is needed.
Comparative studies using AC fillers with different
degrees of oxidation are required to establish a direct
correlation between structural transformations and the
observed changes in transmission loss. These studies
would provide insight into how the oxidation-induced
structural evolution of the filler affects the electro-
magnetic performance of the PVC-based composites.

>

4. Conclusions

For the first time, thermally pressed TCFs were prepared
using oxidized AC as the filler and PVC as the polymer
matrix over a wide range of AC-H,0, filler concen-
trations, specifically from 0.2 to 30 wt.%. The resulting
films are 0.25-mm thick, flexible, and contain a carbon-
based filler characterized by a developed porous structure
and a large specific surface area. Oxidation of AC using a
solution of H,O, at the specified concentration is optimal
for these filler samples, resulting in the best ratio of
functional groups to specific surface area. SEM-EDX
analysis shows that the oxygen concentration in the
oxidized AC increases by 3.4 times compared to the
unmodified AC sample. FTIR spectroscopy shows that
the characteristic bands of PVC remain unchanged in the
FTIR spectra of the TCFs, regardless of the carbon filler
content. This minimal shift suggests that there is no sig-
nificant chemical interaction between the PVC and the
carbon filler within the TCFs. However, there may be
some physical interactions, such as van der Waals bonding.
Investigating the microwave properties of the manufac-
tured TCFs, we suggested that TCFs with oxidized AC
exhibited better electromagnetic field absorption. The
oxidation process significantly alters the structure of the
AC, which affects both microwave reflection and
transmission behavior. Our experiments show that when
oxidized AC is used as a filler in the PVC matrix, the
reflection loss values increase more rapidly with filler
concentration compared to unmodified AC, especially at
x from 10 to 30 wt.%. A similar but decreasing trend is
observed for the transmission loss values. Within the X-
band, at the highest filler concentration of 30 wt.% in the
(PVC)0o/(Filler), TFCs, the difference in the reflection
loss values A, between oxidized AC and unmodified AC
is —11.4 dB. The difference in the transmission loss values
A; is +0.4 dB. This variation of meaningful parameters
opens tuning possibilities for further applications.
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BiaacTHBOCTI TOHKMX KOMIO3UTHHX IUIIBOK MOJIBIHIIXJIOPHA/OKHMC/IeHe aKTHBOBaHe BYriisg B X aiama3oHi
MIiKpPOXBMJIb

JI.M. I'pimenko, B.€. diok, 1.0. Kutnuk, LII. Marymxko, }0.B. HockoB, H.C. HoBuuenko, P.T. Mapiiiuyk,
0.10. BoamupeBa, M.B. Makapens, B.B. Kiieniko, O.B. Micuanuyk, B.B. Jlicusak

Anoranis. 3 mopomkiB momiBiHUTXITOpHAY ([IBX) Ta oxmcHeHoro akrtmBoBaHoro Byrumii (AB-H,0,) rapsunm
npecyBaHHAM (opmyBanu ToHKOILTBKOBI kommo3utu (TIIK) ckmamy I1BX ¢, ./(AB-H,0,),, me x = 0,2...30% wMac.
Hanoctpyxrypy, Mmopdomoriro ta ckmag AB-H,0, nociimkyBanu 3a TOIOMOTOI0 CKaHYI04Y01 eIeKTPOHHOT MIKPOCKOTTi{
Ta CHEProJUCIepCiiHOl  pPEHTTeHIBCHKOi  CIEKTPOCKOmil.  MeTomamMm  TepMIYHOTO  aHANi3y  OLIHIOBAIA
TEPMOCTAOUIBHICTh MMOBEPXHEBHUX BYIJICIb-KMCHEBUX Ipyn HamoBHioBada AB-H,0,. Bmms Bmicty AB-H,O, Ha
enekrpoMaraitHy mposopicte TIIK TIBXgy/(AB-H,0,), omiHIOBaNnM Ha MIKPOXBHJIBOBHX YACTOTaX X-/iala3oHY.
[MpomyckaHHs MIKPOXBHJIb BUSIBIJIO CJIA0KY 3aJISKHICTh Bill KOHIIEHTpALlil HAIOBHIOBAYa, TOAI SIK BTPATH Ha BINOWTTS
3MiHIOBAIHCH y Mexax Big —21,7 mo —11,8 b mpwm 36impmenHi x Big 0,2 mo 30% wmac. [lopiBHAHHS 3 aHAJIOTTYHIMHA
TIIK, mo mictuim BuximHe AB, mokasaio, 110 OKMCHCHHS HAlOBHIOBaYa CYTTEBO BIUMBae Ha BiactuBocti TIIK.
Pi3HuIl y cepeaHix 3HAYCHHSX BTpAaT Ha BIZOMTTS MK 3paskamu [1BXiy_./(AB-H,0,), Ta IIBX/(AB),
konmBanacs Bifg —3,4 nb mpu x < 5% mac. mo —8,7 nb npu x = 20-30% mac.

Ki1104oBi c/10Ba: TOHKOIUTIBKOBI KOMITO3UTH, IOJI(BIHUIXIOPHI), aKTHBOBAaHE BYTULIS, OKHUCHEHHS, SKpaHyBaHHS
€JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHS, BITOUTTS MiKPOXBHIILOBOTO BUIIPOMIHIOBAHHS.
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