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Abstract: In both fundamental and applied scientific exploration, nanostructured protective
materials have garnered substantial interest owing to their multifaceted utilization in the
fields of medicine, pharmaceuticals, and electronics, among others. This study investigated
the evolution of cutting-edge materials for electromagnetic radiation attenuation, with
a specific emphasis on the incorporation of superparamagnetic magnetite nanoparticles,
Fe;0y, into composite systems. The nanoparticles were generated through chemical con-
densation, meticulously adjusting the proportions of iron salts, specifically FeSO4-7H,O
and FeCls-6H,0, in conjunction with a 25% aqueous solution of ammonia, NH;OH-H,O.
This study examined the intricate details of the crystalline structure, the precise compo-
sition of phases, and the intricate physicochemical attributes of these synthesized Fe3O4
nanoparticles. The analysis was conducted employing a suite of advanced techniques,
including scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray diffraction (XRD), and energy-dispersive analysis (EDAX). The key findings of this
research suggest that the magnetic nanoparticles generated through chemical condensa-
tion have an average size between 10 and 11 nm. This size was determined using BET
surface area measurements, which were precise to within 0.1 nm. Moreover, this study
demonstrated that incorporating superparamagnetic nanoparticles into composite materi-
als significantly reduces microwave radiation. In particular, an optimal concentration of
0.25% by weight leads to a maximum decrease of 21.7 dB in cement specimens measuring
10 mm in thickness. Moreover, a critical threshold concentration of 0.5 weight percent is
established, beyond which the interactions of nanoparticles inhibit the process of remag-
netization. These investigations demonstrate that it is feasible to pursue a route towards
the development of highly effective electromagnetic shielding materials tailored to specific
requirements for diverse applications.

Keywords: Fe3Oy4; magnetic properties; nanoparticles; electromagnetic; microwave

1. Introduction

In the contemporary era of rapid technological advancements, where electromagnetic
radiation is extensively employed in the GHz range, the issue of electromagnetic inter-
ference (EMI) has become a matter of significant concern [1]. EMI has the capacity to
cause disruptions to critical equipment and systems across various sectors, including the
medical, industrial, commercial, and military sectors, presenting risks to safety, operational
effectiveness, and data integrity [2,3]. In healthcare, for instance, EMI has the potential to
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disrupt delicate diagnostic and therapeutic instruments such as magnetic resonance imag-
ing machines and cardiac pacemakers, posing a serious threat to patient well-being [4,5]. In
industrial and commercial environments, EMI can lead to malfunctions in automated sys-
tems, communication networks, and electronic gadgets, resulting in substantial economic
losses and increased safety hazards [6,7]. The military sector also faces risks, as EMI can
compromise the operation of radar systems, navigational equipment, and communications
devices, potentially compromising national security. These challenges underscore the
critical need for innovative shielding materials capable of mitigating EMI in a wide range
of applications, thereby safeguarding critical infrastructure and ensuring the reliability of
essential systems [8,9].

The effectiveness of EMI shielding is heavily reliant on the interplay between the
protective material and electromagnetic radiation [10]. One crucial mechanism at work is
reflection, which occurs when there is an impedance mismatch between the shield and the
incident wave. This discrepancy causes a fraction of the electromagnetic energy to bounce
back from the surface of the shield, resulting in reflectivity losses [11,12]. These losses
are primarily due to the interaction between mobile charge carriers within the shielding
material and the electromagnetic field and can be quantified by calculating the ratio of the
material’s resistance to its inherent impedance [13,14].

Permittivity is a crucial property that significantly affects a material’s capacity to
attenuate electromagnetic radiation. Its significance becomes particularly pronounced
in the development of sophisticated shielding materials, specifically in the context of
nanotechnology and the production of hybrid composites [15,16].

Recent research has focused on the incorporation of advanced nanomaterials, such as
graphene, carbon nanotubes, and magnetite Fe304, into polymer matrices to significantly
enhance their EMI shielding properties. These nanoscale materials possess remarkable
electrical, magnetic, and mechanical characteristics, making them ideal candidates for de-
veloping highly effective shielding materials. Graphene and carbon nanotubes, for instance,
exhibit high electrical conductivity and a vast surface area, which facilitate improved charge
carrier mobility and increased reflection losses [17-20].

The Fe3O4 nanoparticles, in contrast, confer magnetic permeability, facilitating the
efficient absorption of electromagnetic radiation through magnetic dipole interactions.
Incorporating these nanomaterials into polymeric matrices offers a promising route to
developing advanced shielding materials with enhanced performance [21-23].

The integration of nanoparticles into polymer matrices gives rise to novel hybrid
composites with tailored electromagnetic properties. For example, polymer composites
incorporating graphene exhibit exceptional shielding capabilities owing to their unique
permittivity and conductivity, allowing for both the reflection and absorption of electro-
magnetic radiation [24-26]. Similarly, Fe304/polymer composites take advantage of the
superparamagnetic properties of magnetite nanoparticles, resulting in enhanced absorption
losses, particularly in the microwave spectrum. These developments highlight the potential
of nanomaterials to address the growing demand for lightweight, flexible, and highly
effective EMI shielding solutions in applications such as wearable electronics, aerospace
engineering, and telecommunication systems.

This study investigated the process of electromagnetic shielding to enhance the protec-
tive properties of a composite construction material. Two different synthesis methods were
employed for the preparation of magnetite (Fe30,): chemical precipitation and solution
combustion. The aim of this research was to examine the complex dynamics of how various
chemical synthesis routes affect the particle size of the resulting magnetite nanoparticles
and their shielding performance. Specifically, this study focused on analyzing the phase
composition, purity level, crystallite size, and magnetic properties of the synthesized com-
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pound, as well as the protective performance of the resulting composite building materials,
while maintaining their mechanical integrity.

2. Materials and Methods
2.1. Synthesis of Magnetite Nanoparticles with Chemical Condensation Method

Magnetite nanoparticles were synthesized through a process known as chemical
condensation, or co-precipitation [27,28]. To synthesize these nanoparticles, we used
the following equipment and materials: a thermometer, an analytical balance, a heated
magnetic stirrer, an oven for drying, a stand, a separating funnel, and heat-resistant flasks
with a capacity of one liter. Additionally, we employed highly pure chemicals such as
iron sulfate (FeSO,-7H,0), iron trichloride (FeCls-6H,0), and a 25% ammonia solution
(NH4OH-H;0). The process of synthesis commenced with the preparation of two aqueous
solutions containing iron salts. Specifically, an aqueous solution of ferrous sulfate was
prepared by dissolving 18.064 g of FeSO4-7H,0 in 325 milliliters of distilled water, resulting
in a solution with a concentration of 0.2 moles per liter. Similarly, an aqueous solution
comprising iron trichloride was obtained by dissolving 28.11 g of FeCl3-6H,O in the same
amount of distilled H,O, yielding a solution with a molarity of 0.32 moles per liter. The
prepared solutions were subsequently transferred to a thermally resistant container, where
a magnetic stir bar was employed to thoroughly agitate the contents. Throughout this
process, the temperature of the solution was maintained at 50 degrees Celsius. Thereafter,
200 milliliters of a 25% solution of ammonia (NH4,OH- - - H,O) was added to the mixture in a
series of drops using a separatory funnel. This process took approximately 20 s to complete.
Following the addition of all the ammonia solution, the mixture was stirred for an additional
20 min, allowing the reaction to fully complete the formation of magnetite nanoparticles.

The formation of magnetite nanoparticles occurs through the chemical reaction below:

FQSO4'7H20 + 2FeC136HZO + 8NH3H20 — Fe304¢ + 6NH4C1 + (NH4)2504 + 23H20 (1)

The resulting precipitate was subjected to filtration and washing with distilled wa-
ter, until the pH level reached a neutral point. Thereafter, the material was dried at a
temperature of 70 degrees Celsius within a drying chamber until all the moisture had
been expelled.

The results showed that this process resulted in the production of up to 12.3 g of
magnetite nanoparticles (Fe3O4) within the final product.

2.2. Synthesis of Magnetite Nanoparticles Using the Liquid-Phase Combustion Method

The synthesis of magnetic nanoparticles of magnetite (Fe3O,) was accomplished
through a meticulously designed liquid-phase combustion procedure, employing a judi-
cious selection of fuel and oxidizing agents in varying proportions. The initial materials
employed in this process were analytically pure ferric nitrate (Fe(INO3)3-9H,0) and citric
acid (C¢HgO7-6H,0), which were not subjected to any additional purification steps. The
precise ratio of fuel to oxidizer significantly influenced both the pH level of the initial
solution and the dispersive properties of the final product, with three distinct combinations
of ferric-nitrate-to-citric acid ratios being employed: 1:1, 1.5:1, and 2:1. This liquid-phase
combustion reaction was a result of a chemical interaction between citric acid and ferric
nitrate, as represented by the chemical equation below:

54Fe(N03)3~9H20 + 46C6H807'H20 — 18Fe3O4 +276C0O;, + 716H,0 + 81N, (2)

In each experiment, an accurately measured quantity of ferrous nitrate, Fe(NO3)3-9H,0,
and citric acid, C4gHgO7-6H,0O, in a molar ratio of 1:1, 1.5:1, or 2:1, was dissolved in
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30 milliliters of distilled water. The mixture was thoroughly stirred for a period of
twenty minutes to ensure homogeneity. The resulting solution was then transferred into a
flask with a flat base, which was sealed with a rubber stopper containing two tubes: one
for introducing argon gas and the other for evacuating any gases produced during the
reaction. Initially, the flask was flushed with argon to remove any traces of oxygen, which,
under atmospheric conditions, could interfere with the formation of Fe,O3 nanoparticles.
Maintaining an argon atmosphere throughout the process was essential to preserve the
properties of the product during cooling, as Fe,O3; nanoparticles are highly reactive and
can easily react with oxygen at elevated temperatures if not protected. To initiate the liquid-
phase combustion process, a beaker containing a homogeneous solution of iron(III) nitrate,
citric acid, and distilled water was placed in a sand bath and heated. At a temperature
of 150 °C for the 1:1 mixture and a temperature of 190 °C for the mixtures of 1:1.5 and
1:2 molar ratios, the intense evaporation of water occurred. Following the evaporation
of water and the achievement of a temperature of approximately 390 °C, a self-ignition
process commenced, culminating in the formation of a final product manifesting as a dark,
finely dispersed powder.

2.3. Device Characterization

The morphological features of the samples were analyzed using scanning electron
microscopy (SEM), specifically the FEI Quanta 200i 3D model (FEI Company, Hillsboro, OR,
USA). The crystal structure of magnetite nanoparticles was studied using X-ray diffraction
analysis on the MiniFlex 300/600. Optical images of magnetite nanoparticles were obtained
using a Leica DM 600 M microscope (Leica Microsystems GmbH, Wetzlar, Germany).
The structural and morphological characteristics of the magnetite nanoparticles were
explored using a transmission electron microscope (TEM), specifically the JEOL JEM-1011
manufactured in Tokyo, Japan. The specific surface area of the samples was determined
with the thermal desorption method for inert gases, employing the SORBTOMETR-M
device. The relative magnetic permeability of magnetite nanoparticles was evaluated
through calculations based on measurements of their magnetic moments and the intensity
of the magnetic field inside them. To explore the shielding properties of the manufactured
specimens, a sophisticated system for measuring the transmission and reflection coefficients
was employed. This system, designated as SNA 0.01-18, is based on a meticulous process of
separating incident and reflected waves, followed by an equally meticulous analysis of their
intensities [28-31]. The measurement module incorporates a 6P-23M horn antenna, which
enables both the transmission and reception of microwaves within the frequency ranges
of 0.7-2 GHz and 2-17 GHz, respectively. This configuration allows for a comprehensive
analysis of the shielding capabilities of the materials under investigation.

3. Results and Discussion
3.1. Chemical Condensation Method (CCM)
These investigations showed that the samples of magnetite nanoparticles obtained

through chemical condensation exhibit a spinel crystal structure. Table 1 presents the results
of the X-ray phase analysis. Figure 1 illustrates the results of the X-ray structural analysis.
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Table 1. X-ray diffractometric data of magnetite nanoparticles obtained with the CCM.

2-Theta (deg) D (ang.) Height (cps) FWHM (deg) Int.I(cpsdeg) Phase Name

18.50(4) 4.791(11) 71(24) 0.65(14) 65(14) Fe304(111)
30.08(3) 2.969(3) 481(63) 0.58(3) 354(22) Fe304(2.2.0)
35.521(14) 2.5252(9) 1876(125) 0.569(13) 1530(25) Fe304(3.1.1)
43.21(4) 2.0922(18) 474(63) 0.56(4) 364(21) Fe304(4.0.0)
53.60(10) 1.708(3) 201(41) 0.72(10) 220(23) Fe304(4.2.2)
57.15(4) 1.6104(10) 701(76) 0.61(3) 641(20) Fe304(5.1.1)
62.69(3) 1.4809(6) 1008(92) 0.68(2) 943(24) Fe304(4.4.0)
71.30(7) 1.3217(12) 66(23) 0.9(4) 101(24) Fe304(6.2.0)
74.16(12) 1.2776(18) 214(42) 0.78(19) 326(30) Fe304(5.3.3)
3000 (a) EZZﬁJZaQ‘ﬁFFﬁ?& 01-088.0316 ——

2000

Intensity (cps)

1000

Fe3 04, (220)

Fe3 04, (111)
Fe3 04,(222)
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FB04G3Y
Fe3 04, (6 2 0)
Fe3 04, (4 4 4)
Fe304,(351)
Fe3 04, (6 42)

(b)

JCPDS No. 19-0629

20 40 60 80

2-theta (deg)

Figure 1. X-ray diffraction pattern: (a) magnetite nanoparticles obtained with the CCM; (b) standard
PDF cards Fe3Oy: JCPDS No. 19-0629.

The findings of the X-ray diffraction analysis reveal that the specimen is composed of a
single magnetite phase (Fe304), featuring nanoparticles with a non-stoichiometric structure.
This is evident from the reduction in the crystal lattice parameter. It is plausible that the
sample also contains trace amounts of hematite (Fe;O3), although this cannot be definitively
ascertained due to their shared cubic symmetry. The diffraction pattern obtained from
the sample exhibits a background characteristic of iron-based compounds when utilizing
copper radiation. Additionally, there are crystalline phases manifested through diffraction
lines. Furthermore, an amorphous phase is indicated by a halo peaking at 18.8 degrees.
Employing the Scherrer formula, the average size of iron oxide crystallites was calculated
and found to be approximately 13 nm.

The obtained magnetite nanoparticles were examined using a microscope, as depicted
in Figure 2. These nanomagnetites exhibit a characteristic iron-black hue with a discernible
metallic sheen that remains visible at all magnification levels. This property would not
be discernible through electron microscopy, which necessitates the preliminary drying of
nanoparticles. One of the notable benefits of magnetite nanoparticles lies in their readiness
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for immediate use without the requirement for prior drying before incorporating shielding
materials. This makes them ideal for immediate application following chemical synthesis.
Prior to this study, the nanoparticles were washed with distilled water, followed by drying
at a temperature of 70 degrees Celsius under a neutral atmosphere for a duration of 48 h.

Figure 2. Optical images of magnetite nanoparticles with a magnification of 10 um.

In this investigation, TEM was employed to investigate the dimensions, structural
arrangement, and morphological features of the materials. We focused on magnetite
nanoparticles, which are depicted in Figure 3a—c. The results indicate that the average
diameter of the spherical nanoparticles measures from 16 to 125 nm. Moreover, agglom-
erations or clusters of nanoparticles were observed, potentially arising from the process
of the TEM preparation. When developing composite materials, it becomes essential to
consider the dispersion of particle sizes within the powder employed as an active com-
ponent. Figure 3d presents a histogram of the final distribution of particle sizes of the
powder obtained by measuring 30 randomly selected nanoparticles. The analysis revealed
a bimodal distribution of particles with distinct dimensions.

(a) (b)

Figure 3. Cont.
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Figure 3. TEM images of magnetite nanoparticles (a—c) obtained with the CCM and size distribution (d).

100 1w

The specific surface area of nanoparticles represents a crucial parameter that signifi-
cantly influences their reactivity. Through the measurement of this characteristic, it becomes
possible to determine the average size of these nanoparticles.

The analysis of magnetite nanoparticles produced through chemical condensation,
employing the Brunauer—-Emmet-Teller method, revealed that their specific surface area is
equivalent to 131.88 square meters per gram. These data allow us to calculate the average
size of magnetite nanoparticles using the following mathematical formula:

6

D:p*S

®)

where S is the specific surface area, m?/g; p is the theoretical density, g/m?.

The magnetic moment values of magnetite nanoparticle samples were measured using
a 14 Tesla cryogenic vibrating sample magnetometer. The results are shown in Figure 4.
These measurements demonstrate that magnetite nanoparticles undergo a transition to
a superparamagnetic state, as indicated by the absence of hysteresis in their magnetiza-
tion curve when subjected to an external field. This transition can be explained by the
formation of a single-domain structure within the nanoparticles, which leads to uniform
magnetization throughout the entire volume.

80

—a—a—0—=0—u—1
60

40

20

0

M (emu/g)
. M(emug)

-20

-15

-40
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-80
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Figure 4. Magnetic hysteresis of magnetite nanoparticles at ambient temperature.

3.2. Liquid-Phase Combustion Method

To elucidate the crystal structure of magnetite nanoparticles, X-ray diffraction analysis
was employed (see Figure 5). The impact of manipulating the ratio of fuel to oxidizer
concentration on the crystal structure and the size of crystallites was explored.
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Figure 5. (a—c) X-ray diffraction patterns of magnetite nanoparticles prepared using the solution
combustion method with fuel-to-oxidizer ratios of 1:1, 1:1.5, and 1:2, respectively.

The findings of the X-ray diffraction analysis reveal that the crystalline structure of the
samples is composed of magnetite, Fe304. The dimensions of the crystallites are influenced
by variations in the proportion of fuel and oxidizer concentrations.

The morphology and structure of magnetite nanoparticles synthesized using the
solution combustion method were studied using SEM. Figure 6 shows the SEM images
of the samples. These investigations showed that during the synthesis process, magnetite
nanoparticles tend to agglomerate and form layered structures. The amorphous phase
dominates the samples, especially in aggregates larger than 100 nm. To separate these
aggregates and ensure uniform mixing and distribution of magnetite nanoparticles in
the shielding material, we conducted a preliminary ultrasound treatment of nanoparticle
powders in an aqueous suspension of nanomagnetites.

(b)

Figure 6. (a—c) SEM images of magnetite nanoparticles prepared using the solution combustion
method with fuel-to-oxidizer ratios of 1:1, 1:1.5, and 1:2, respectively.

For clarity, the elemental composition was analyzed using EDS spectra of Fe(NO3)/CsHgOy
in a 1:1 molar ratio (Figure 7). Distinct emission lines of Fe-Kx (6.40 keV) and O-Ko
(0.53 keV) confirm the formation of Fe3O,4, with elemental ratios (Fe:O = 0.75:1.00) corre-
sponding to the theoretical stoichiometry of magnetite (Fe3O4; Fe:O = 0.75). The absence
of nitrogen signals (expected at 0.39 keV for Ko) indicates complete decomposition of the

precursor during the combustion synthesis.
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Figure 7. Elemental composition using EDS spectra of Fe(NO3)/CsHgO7 (1:1).
The specific surface area of the synthesized magnetite nanoparticle powders was
determined using the solution combustion method. Table 2 presents the results of the

specific surface analysis, accompanied by calculations of the average particle size obtained
at various stoichiometric ratios of fuel and oxidant.

Table 2. Relationship between particle size and various fuel-to-oxidant ratios.

Stoichiometric Ratio Lxrp, Nm SBET (mzlg) DT, nm Carbon Content, %
Fe(NO3;:/ 1C6H307, 20 72.203 16+1 24.37
Fe(NOSi)-{ (536H807, 18 22.240 51+2 32.70
Fe(NO%( 2CsHsO7r 13 9.204 125 + 4 38.06

The findings of the specific surface analysis using the BET method indicate that at a
1:1 ratio, the specific surface area is 72.203 square meters per gram. At a 1:1.5 ratio, this
value decreases to 22.240 square meters per gram, while at a 1:2 ratio, it further decreases
to 9.204 square meters per gram.

It was established that the structural characteristics of the synthesized nanoparti-
cles depend on the proportion of fuel and oxidant employed in the synthesis procedure.
Three specific combinations of iron nitrate and citric acid (1:1, 1.5:1, and 2:1) were examined.

The X-ray diffraction analysis revealed that the initial proportion significantly affects
the formation of Fe3O4 nanoparticles. The structural features and morphology of these
nanoparticles were investigated using optical and scanning electron microscopy. Scanning
electron microscopy demonstrated that Fe3O,4 nanoparticles have a tendency to aggregate
during synthesis, forming agglomerates with layered structures. Amorphous phases
predominate in the samples, especially in clusters exceeding 100 nm in size. The analysis of
the specific surface area, conducted using the BET method, revealed that for a 1:1 molar
ratio, the value of the specific surface area is 72.203 square meters per gram. In the case of a
1.5:1 molar ratio, this value is 22.24 square meters per gram, while for a 2:1 molar ratio, it is
9.204 square meters per gram. Based on these data, we were able to calculate the average
dimensions of magnetite nanoparticles synthesized via the solution combustion technique.
In our calculations, we assumed that these nanoparticles possessed a spherical shape. The
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average diameter of Fe304 nanoparticles was determined to be 16 nm for a 1:1 molar ratio,
51 nm for 1.5:1, and 125 nm for 2.0:1.

3.3. Investigation of the Shielding Characteristics of Cement-Based Materials Incorporating
Magnetite Nanoparticles Synthesized Through Chemical Precipitation

The instrument employed in this study is capable of measuring in the frequency ranges
of 0.7-2 GHz and 2-17 GHz, with the aid of additional converter modules. The operation
of this device is controlled using a computer via Scalar Network Analyzer software. All
data are processed and visualized in graphical form.

Microwave attenuation measurements were employed to determine the transmission
of electromagnetic waves through the specimen, providing insights into its overall attenua-
tion characteristics. Furthermore, additional measurements were conducted using a 3 mm
thick metal plate and a calibrated reference sample to comprehensively understand the
shielding properties, encompassing both reflective and absorptive components.

The results of transmission coefficient measurements for the control sample (without
magnetite nanoparticles) and the cement-based composite material containing 0.25 percent
magnetite nanoparticles are presented in Figure 8, depicted in graphical form.

Frequency, GHz
0.7 0.8 09 1.0 1.1 1.2 1.3 1.4 15 16 17 1.8 19 20

-10

U
(3]
(=}

% -21.694

Transmission coefficient, dB

—0% wt —%-0.25% wt

1
(]
Wi

Figure 8. The transmission coefficient for a standard sample and a composite material based on

cement with 0.25 percent magnetite nanoparticles was measured in the frequency range from 0.7
to 2 GHz.

As can be seen from the graph, at a frequency range from 0.7 to 2 GHz, the addition of
magnetite nanoparticles weakens the overall microwave background. The concentration of
0.25% magnetite nanoparticles makes it possible to achieve maximum attenuation of the
transmission coefficient to 21.7 dB.

Figure 9 shows the results of measurements of the transmission coefficient for a cement-
based composite material with a content of 0.5% and 1% magnetite nanoparticles in the
frequency range of 0.7-2 GHZ.

The graph clearly shows that within the frequency spectrum ranging from 0.7 to 2 GHz,
the addition of magnetite nanomaterials leads to a reduction in the overall microwave
background level.

At a concentration of 0.25% magnetite nanoparticles, the maximum attenuation of the
transmission coefficient is achieved, that is, 21.7 dB. Increasing the concentration to 0.5%
does not significantly alter the overall attenuation value.

When 0.5% of magnetite nanoparticles are present, the transmission coefficient attenu-
ation ranges from 16.787 dB at 0.75 GHz to 19.915 dB at 1.55 GHz.
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Figure 9. The transmission coefficient for a composite material based on cement incorporating 0.5-1%
magnetite nanoparticles was determined to be in the frequency range of 0.7-2 GHz.

Further increasing the concentration of nanoparticles up to 1% in the material results
in a decrease in the transmission coefficient. This suggests that the maximum shielding
effect is achieved when the concentration is 0.5%. It can be deduced that concentrations
exceeding 0.5% may lead to oversaturation and a subsequent degradation of the composite
material’s shielding properties.

Figure 9 illustrates the findings obtained through the measurement of the absorption
coefficient using a metal plate on cement-based composites with magnetite nanoparticle
concentrations of 0.5% and 1%. The measurements were conducted within the frequency
range of 0.7-2 GHz.

It was shown that the addition of magnetite nanoparticles synthesized through the
CCM process significantly enhances the shielding properties of concrete. When the concen-
tration of nanoparticles reaches 0.25%, an optimum attenuation level of 21.7 dB is achieved
at a frequency of 1.55 GHz.

By manipulating the concentration of these nanoparticles, it becomes feasible to selec-
tively attenuate specific frequency ranges. For example, with a nanoparticle concentration
of 0.5%, an attenuation of 17 dB at 11 GHz can be obtained. Furthermore, the best at-
tenuation over a broad range extending from 9 GHz to 13 GHz is also achievable at this
concentration level.

At a concentration of magnetite nanoparticles of 1%, a microwave attenuation of
16.4 dB is achieved at a frequency of 8 GHz. Within the frequency range from 7 to 8.5 GHz
and from 13 to 14 GHz, specimens containing 1% magnetite exhibit a higher attenuation of
microwave radiation compared to other specimens.

The average shielding effectiveness resulting from the addition of magnetite consis-
tently remains below 1 dB. This is primarily due to a magnetite concentration of no more
than 1 wt.% being added. Such a low additive content allows for the mechanical integrity
of cement-based composites to be retained while providing improved electromagnetic
shielding properties [28]. Thus, in comparison to traditional shielding materials which
necessitate a higher filler concentration (3-5% by weight), the reduced threshold of Fe;O4
content (0.25-0.5% by weight) presents a substantial advantage in terms of the economic
viability, manufacturability, and structural robustness of the mechanical characteristics.

It should be noted that Fe3O4 nanoparticles have magnetic losses due to their high
magnetic permeability, which allows for effective interaction with the magnetic component
of electromagnetic waves. In the frequency range of 0.7-2 GHz, ferromagnetic resonance
plays a key role in the absorption of microwave radiation [32]. This resonance occurs when
the frequency of the applied field matches the frequency of the natural processes within
the magnetic dipoles within the particles. Due to the size of the Fe304 particles that we
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synthesized, this magnetic resonance can occur in the 0.7-2 GHz range, leading to increased
energy dissipation.

This suggests that adjusting the concentration of magnetite nanoparticles allows for
the customization of shielding for specific frequencies. The measurements of reflection
using a metallic plate indicate that varying concentrations of nanomagnetite significantly
affect the absorption spectrum of microwave radiation.

The most promising results in terms of microwave absorption were obtained with
the sample containing 0.25% magnetite, which outperformed all the other specimens. It
is noteworthy that the reflection coefficient maintained a relatively steady state despite
fluctuations in the nanoparticle concentration. This observation suggests that both the

scattering and absorption processes significantly contribute to the reduction in microwave
radiation intensity.

3.4. Study of the Shielding Properties of Cement Stone with Additives of Magnetite Nanoparticles
Synthesized with Liquid-Phase Combustion

As mentioned earlier, this device allows for measurements to be made in the frequency
ranges from 0.7 to 2 GHz and from 2 to 17 GHz. The test samples were prepared with a
content of 0.5% and 1% of magnetite nanoparticles.

This measurement method is similar to that previously described for samples contain-
ing magnetite nanoparticles obtained using the CCM. For clarity, the graphs are presented in
comparison with the base sample without any magnetite nanoparticle additives. Figure 10
depicts the findings of investigations into the transmission coefficient of cement-based
composites incorporating magnetite nanoparticle additives produced through the process
of liquid-phase synthesis. These findings suggest that magnetite nanoparticles synthesized
using the solution combustion method significantly impact the shielding capabilities of
cement. Increasing the concentration up to 1%, as observed in magnetite nanoparticles
generated using the CCM, results in the deterioration of shielding properties.

Frequency, GHz
07 08 09 10 10 1.1 12 13 14 15 16 1.7 17 18 19 20

Transmission coefficient, dB
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Figure 10. The transmission coefficient of a reference sample devoid of nanomagnetic iron oxide
nanoparticles and a specimen incorporating 0.5 percent by weight of magnetite nanoparticles within
the frequency spectrum spanning 0.7-2 GHz.

Notably, the overall attenuation background at 0.5% is significantly lower for compos-
ite materials incorporating magnetite nanoparticles fabricated through solution combustion
compared to those incorporating magnetite nanoparticles created using the CC method.
The optimal shielding performance for cement stone incorporating nanoparticles synthe-
sized using the solution combustion approach was 14.4 dB, while for specimens containing
magnetite nanoparticles manufactured using the CCM and having the same magnetite
concentration and frequency, the shielding efficacy was 16.8 dB at the same frequency.
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At a frequency of 1.55 GHz, the attenuation coefficient of composite material samples
prepared using cement and magnetite nanoparticles via the CCM was 13.5 dB, while the
corresponding coefficient for cement stone containing nanoparticles obtained through the
solution combustion method was 19.9 dB.

4. Conclusions

Nanoscale magnetic particles exhibiting superparamagnetic behavior were synthe-
sized via two distinct approaches: chemical condensation and liquid-phase combustion.
Utilizing transmission electron microscopy, it was determined that the mean diameter
of the nanoparticles generated through chemical condensation amounted to 11 nm. The
surface area-to-volume ratio of these nanoparticles was subsequently measured using the
BET method.

Based on these findings, the average diameters of nanoparticles produced via chemical
condensation were calculated as D = 10 & 0.1 nm. In contrast, for nanoparticles obtained
using liquid-phase combustion, the average diameters were determined to range from 16
to 125 nm depending on the component ratio.

Unlike conventional shielding methods that use a high concentration of additives,
which can lead to brittleness, our research demonstrates the possibility of creating mi-
crowave shielding using a low concentration of Fe3O, additives. This has significant
advantages in terms of the cost, manufacturing process, and structural integrity of the
resulting composite material.

This study explored the impact of superparamagnetic particles within composite
materials, with varying concentrations, on mitigating microwave radiation.

The optimal concentration of magnetite nanoparticles within cement stone, which
achieves the maximum attenuation of microwave radiation, was identified as 0.25 weight
percent. For samples measuring 10 mm in thickness, the reduction in radiation amounted
to an impressive 21.7 dB. It was revealed that samples containing nanoscale magnetite at a
concentration of 0.5 weight percent exhibited the widest range of frequencies for the most
significant reduction in microwave intensity.
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