
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
17

/2
02

5 
6:

03
:2

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A magnetic X-ba
aCatalysts and Organic Synthesis Research L

University of Science and Technology, Tehr

iust.ac.ir; Fax: +98-21-73021584; Tel: +98-2
bDepartment of Physics, Iran University of

13114, Iran

† Electronic supplementary information (
XRD pattern, SEM image, and DLS c
nanoparticles. See DOI: https://doi.org/10

Cite this: RSC Adv., 2023, 13, 6643

Received 31st December 2022
Accepted 20th February 2023

DOI: 10.1039/d2ra08339f

rsc.li/rsc-advances

© 2023 The Author(s). Published by
nd frequency microwave
nanoabsorbent made of iron oxide/halloysite
nanostructures combined with polystyrene†

Diana Fallah Jelodar,a Mojtaba Rouhi,b Reza Taheri-Ledari, a Zoleikha Hajizadeha

and Ali Maleki *a

A novel nanocomposite has been designed and fabricated through an in situ polymerization process, based

on iron oxide nanoparticles (Fe3O4 NPs), halloysite nanotubes (HNTs), and polystyrene (PS). The prepared

nanocomposite (formulated as Fe3O4/HNT-PS) has been fully characterized through various methods,

and its applicability in microwave absorption was investigated by using some single-layer and bilayer

pellets containing nanocomposite and resin. The efficiency of the Fe3O4/HNT-PS composite with

different weight ratios and pellets with the thickness of 3.0 and 4.0 mm were examined. Vector network

analysis (VNA) revealed that the microwave (12 GHz) can be noticeably absorbed by Fe3O4/HNT-60% PS

particles in a bilayer structure with 4.0 mm thickness and 85% resin of the pellets, resulting in

a microwave absorption value of ca. −26.9 dB. The observed bandwidth (RL < −10 dB) was about 1.27

GHz, where ca. 95% of the radiated wave is absorbed. Ultimately, due to low-cost raw materials and high

performance of the presented absorbent system, the Fe3O4/HNT-PS nanocomposite and the

construction of the presented bilayer system can be subjected to further investigations to test and

compare with other compounds for industrialization.
1. Introduction

With the passage of time and in accordance with the brilliant
advances in energy technology, the problems facing human
beings are becomingmore complex. Today, extensive utilization
of wireless devices such as telecommunication networks, radar
and electronic equipment, has led researchers to pay more
attention to electromagnetic interference (EMI).1–4 Hence, in
order to reduce the dangers of EMI (especially microwave
contamination), efficient absorbent systems are developed.5–8

As the most well-known species, coating materials including
magnetic particles,9 carbon-based nanostructures,10 metal/
carbon composites,11 and metal oxides,12 have shown great
capability to absorb microwave energy and reduce their reec-
tion and transmission in a certain frequency range depending
on their exclusive electrical and magnetic characteristics.13 The
most important electrical and magnetic mechanisms that are
suggested for the microwave absorption are dielectric
aboratory, Department of Chemistry, Iran
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polarization and magnetic resonance of the absorbent system,
respectively.14 The desirable results for magnetic or dielectric
loss can be achieved by simultaneous application of magnetic
and carbon-based materials.15 Also, improvement of microwave
absorption and overlap of defects can be achieved by combining
these materials.16,17 Some composite structures such as Fe–
Fe3C-MWCNT and FeCo-CNTs are introduced for improving the
absorption properties in a certain bandwidth.18–21

Metals with exclusive features such as good microwave
absorption capability, high bandwidth values, low price and
high temperature stability, are considered as the most efficient
materials for EMI shielding purposes.22,23 However, their heavy
weight and prone to corrosion lead researchers to look for better
alternatives.24–27 Therefore, materials that include high band-
width, lightness, low cost, thermal and chemical stabilities are
highly considered for the EMI aims.28–31 Combination of
magneto-electric materials with other species which include
unique physicochemical properties can also be a good strategy
for studying the EMI shielding.32 Among all species utilized in
composite systems, polystyrene (PS) (as a non-conductive poly-
mer33) has been utilized in the composite microwave absorbent
system.34 PS is an appropriate agent for integration of the tar-
geted components in the same composite system. Asmentioned
before it, the electric, magnetic and conduction loss are three
fundamental parameters in the microwave absorption
process.14 Utilization of the PS in the composite systems also
limits the conditions to a couple modes; electric loss and
RSC Adv., 2023, 13, 6643–6655 | 6643
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magnetic loss. In the same line, the PS is selected in this
research to lead the conditions to a true comparison between
two other components involved in the composite system. In
a pioneering work in the eld of the absorbent composites,
Heidari et al.35 studied electromagnetic wave absorption prop-
erties of ZnO, Fe3O4 and graphene oxide in a PS-based
composite system containing 7 wt% graphene oxide, which
resulted in a higher amount of loss (−7.2 dB at 7.15 GHz).
Although, the PS seems to be a conductive agent due to the
presence of benzene ring and carbon double bonds at its
structure, it is not able to conduct electricity because of its high
energy gap in comparison with the conventional conductive
materials such as metals.36

As another suitable ingredient for designing a substantial
microwave absorbent system, iron oxide nanoparticles (Fe3O4

NPs) can be mentioned.37–40 There are so many advantages for
the use of Fe3O4 NPs, as follows; nontoxicity,41 biodegradability
and biocompatibility,42 capability to be covalently functional-
ized,43 well structural stability,44 recyclability,45 low-cost and
convenient preparation methods,46 tiny size (average diameter:
40 nm),47 and super-paramagnetic behavior.48 As well, the Fe3O4

NPs with an appropriate band gap value (ca. 2.5 eV) has shown
great compatibility with the other active components in the
microwave absorption process.49 As an instance, Huang et al.
reported a strategy to easily prepare an iron-based magnetic
carbon microtube nanocomposite (formulated as CNT/Fe3O4),
which demonstrated a reection loss of −40 dB at 10.64 GHz,
and an effective absorbing bandwidth of 4 GHz with a thickness
of 2.0 mm.50 As a suitable substrate for the composition of Fe3O4

NPs, the materials with alumina and silica network (like hal-
loysite nanotubes, abbreviated as HNTs) are effective for
microwave absorption, too.51–53 Due to the presence of silicon
and especially aluminum, this type of materials is effective in
increasing the microwave absorption capability.54 Moreover, its
unique structure (mineral nanotubes with high surface area)
would be appropriate for incorporation of the magnetite
nanoparticles through a layer-by-layer manner, which is effec-
tive in increasing of the EMI.55,56

In studies and researches, all factors must be sequentially
examined to achieve the desired results. In our previous
projects,37,53 studies were accomplished on the effects of poly-
pyrrole (as a conductive polymer), Fe3O4 magnetic nano-
particles, and HNTs as a mineral aluminosilicate. In current
research, considering the mentioned three main mechanisms
of microwave absorption (dielectric loss, magnetic loss, and
conduction loss), the purpose is to specically limit conduction
loss by the use of non-conductive PS. Since HNT inherently
includes high porosity, the PS polymer and Fe3O4 nanoparticles
could be incorporated into the rolled tubular structure of the
HNTs through a layer-by-layer pattern, which may increase the
efficiency of the system.37 Also, the Fe3O4 magnetic nano-
particles have been inserted into the composite structure
because they induce magnetic loss without any role in two other
waves' absorption mechanisms.14 To investigate the effects of
the various ratio of the involved ingredients on efficiency of the
nanocomposite, two types of composite with different weight
ratio of PS were prepared via the explained procedure; Fe3O4/
6644 | RSC Adv., 2023, 13, 6643–6655
HNT-60% PS and Fe3O4/HNT-72% PS. Also, the single-layer and
bilayer structures were prepared and studied under the same
conditions. Concisely, it was observed that a reection loss
value of −26.9 dB over the bilayer sample of Fe3O4/HNT-60% PS
with 4.0 mm thickness and bandwidth (RL < −10 dB) was about
1.27 GHz, with a microwave absorption performance of 95%.
2. Experimental
2.1. Materials & equipment

2.1.1. Preparations. All solvents and reagents including
ammonia, styrene, and octanol were purchased fromMerck and
Sigma Aldrich without further purication. Also, the iron salts
(FeCl3$6H2O and FeCl2$4H2O), benzoyl peroxide (BPO, 72%
purity & synthesis-grade), and sodium dodecyl sulfate (SDS,
90% purity & technical-grade) were provided from Merck and
used without further purication. Halloysite nanotubes (HNTs,
Technical Grade, CAS:1332-58-7) was prepared from Sigma
Aldrich.

2.1.2. Characterizations. Fourier transform infrared (FTIR)
spectra were recorded on a FTIR-8400 Shimadzu Spectrum
Scanner, Japan. The size and morphology of the solid-sate
particles were studied with a scanning electronic microscopy
(FESEM) (KYKY EM8000f, China), with a Numerix DXP-X10P
attached capable to perform energy-dispersive X-ray (EDX)
analysis. The structural stability and thermal resistance of the
samples were investigated by thermogravimetric analysis (TGA)
over a Bahr-STA 504 instrument (USA). A vibrating-sample
magnetometer (LBKFB model-magnetic kavir, Iran) was
applied to determine the magnetic saturation of the prepared
magnetic samples. The microwave absorption properties were
measured by Vector Network Analysers (Agilent Technologies,
E5071C, USA) in the X-band range, which as a spectrophotom-
eter, can determine the amount of microwave absorption and
its percentage through direct irradiation of themicrowave to the
samples in the form of tablet.
2.2. Preparation methods

2.2.1. Preparation of Fe3O4/HNTs. The preparation of
Fe3O4/halloysite nanotubes was carried out according to the co-
deposition procedures given in the last reports.57–59 Firstly, in
a round-bottom ask (500 mL), 0.1 g of HNTs was dispersed in
200 mL of distilled water, via ultrasonication in a cleaner bath
(50 kHz, 100 W L−1). Next, 1.65 g (6.1 mmol) of FeCl3$6H2O and
0.430 g (2.1 mmol) of FeCl2$4H2O were added into the aqueous
mixture of HNTs, and stirred for 30min at 80 °C. Then, 20mL of
ammonia solution (25%) was added into the mixture through
a dropwise manner. The nal mixture was injected into
a container with two inlets; one end of which was connected to
a refrigerant containing N2 gas inlet, and the other end was
poured through an ammonia-containing syringe. While addi-
tion of a drop of ammonia solution, black particles were
immediately appeared conrming successful formation of
Fe3O4 nanoparticles.60–62 Aer completion of the addition, the
mixture was well homogenized via stirring for 45 min, at room
temperature. The formed Fe3O4/HNTs particles were separated
© 2023 The Author(s). Published by the Royal Society of Chemistry
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by holding a super-magnet at the end of container. Finally, the
particles were washed several times with distilled water, and
were dried at room temperature, for 24 hours.

2.2.2. Preparation of Fe3O4/HNT-PS nanocomposite. For
the synthesis of PS according to the instructions,63 in a round-
bottom ask (250 mL), octanol (3.0 mL) was added to an
aqueous solution of sodium dodecyl sulfate (SDS, 0.5 g, 1.7
mmol) in 150 mL of deionized (DI) water and stirred at room
temperature. Then, 0.2 g of Fe3O4/HNTs was added into the
solution, and the mixture was ultrasonicated for 30 min (50
kHz, 100W L−1). Next, the ask was transferred into an ice bath,
and equipped to a nitrogen inlet condenser condition. Aer-
ward, styrene (5.0 g, 48.0 mmol) and benzoyl peroxide (BPO,
0.05 g, 0.2 mmol) were added into the mixture and the content
was stirred for 30 min, at room temperature. At this stage, an in
situ polymerization was performed by sonication (50 kHz, 100W
L−1) at 0 °C for 30 min, and then stirring in the oil bath at 80 °C
for 4 h under the nitrogen ow. The excess of the surfactant and
residual monomers were removed by washing the particles with
methanol and water. Finally, the Fe3O4/HNT-PS particles were
magnetically separated and dried at 60 °C, for 24 h. To inves-
tigate the effect of the various ratio of the involved ingredients
on efficiency of the nanocomposite, two types of Fe3O4/HNT-PS
composite with different weight ratio of styrene (wt%, based on
TGA results) were prepared via the explained procedure; Fe3O4/
HNT-60% PS and Fe3O4/HNT-72% PS. Because it was intended
to observe the effect of the amount of PS, two different amounts
of polymer were used for preparation of the magnetic
nanocomposite.

2.3. Mechanism of microwave absorption

Electrical reagent for the amount of absorption known as elec-
trical permittivity is represented by “3” and is dened as the real
and imaginary part dened by eqn (1), in which the imaginary
part presents the amount of the energy lost:35
Scheme 1 Schematic presentation of the mechanism of microwave abs

© 2023 The Author(s). Published by the Royal Society of Chemistry
3r = 3′ − i3′′ (1)

The effective magnetic reagent for the absorption is also
known as magnetic permeability. This value is represented by
“m” and dened by eqn (2), in which the imaginary part shows
the amount of energy loss and the actual amount of
absorption35

mr = m′ − im′′ (2)

In addition, microwave absorbents with the properties such
as low thickness, high bandwidth, high heat resistance, low
density, reasonable price, chemical stability and the ability to
cover the instrument, have the desired electrical and magnetic
properties for the absorption process.64,65 The RL (reection
loss) of an electromagnetic wave is obtained when the incident
waves collide in a perpendicular position to the surface of the
absorbent material with a metal background (eqn (3)):

RL ¼ 20 log
Zin � Z0

Zin þ Z0

(3)

where, “Z0” is the characteristic impedance of free space and
“Zin” is the input impedance at the intersection of matter and
free space, which is expressed by eqn (4):ffiffiffiffiffi

mr

3r

r
tan h

�
i
2pft

C

ffiffiffiffiffiffiffiffi
mr3r

p �
Zin ¼ Z0 (4)

where, “c” is the electromagnetic wave velocity in the free space,
“f” and “t” are frequency of the microwave and the thickness of
the absorbent, respectively.35 The reection loss of an absorbent
is a function of following six characteristic parameters: f and t′′,
m′, m′′, 3′′, 3.

Scheme 1 shows the mechanism of microwave absorption as
well as the way of radiation to the single-layer and bilayer
microwave absorbent systems. The absorption mechanism
includes the conditions of microwave absorption of dielectric
orption in single-layer and bilayer structures.

RSC Adv., 2023, 13, 6643–6655 | 6645
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loss and magnetic loss due to the use of PS which is a non-
conductive polymer (thus conduction loss is quenched).
Regarding the performance of radiation, it should be noticed
that in a single-layer structure, the wave radiated to the absor-
bent system is absorbed, reected and transmitted. While in the
bilayer structure, in addition to the main reection and trans-
mission (due to the trapping the microwaves between the layers
and reciprocating behavior), secondary reection and trans-
mission (red lines) also occur due to presence of resin as
a dielectric. The single-layer absorbent has two thicknesses of
3.0 mm and 4.0 mm. It should be noted that the thickness of the
resin used in the bilayer absorbent is 1.0 mm and the thickness
of both sides of the absorbent is the same. It means that for the
bilayer absorbent (thickness of 3.0 mm and 4.0 mm), the
thickness of Fe3O4/HNT-PS magnetic nanocomposite layer is
Scheme 2 Schematic presentation of the preparation route of (a) Fe3O4

6646 | RSC Adv., 2023, 13, 6643–6655
1.0 mm and 1.5 mm, respectively. Indeed, the resin layer is not
considered as a separate layer because it has very lowmicrowave
absorption performance, thus it can be ignored.37
3. Results and discussion
3.1. Preparation of Fe3O4/HNT-PS nanoabsorbent

As previously discussed, several types of the materials with
different structures can be applied for absorbingmicrowaves. In
this study, iron oxide nanoparticles (Fe3O4 NPs) and halloysite
nanotubes (HNTs) were used in composition with polystyrene
(PS). The main target of this composition was to limit the
absorption mechanisms to only magnetic and dielectric loss
due to non-conductivity of the PS. Herein, co-precipitation of
the iron salts (Fe2+ and Fe3+) and further polymerization of the
/HNT particles, and (b) Fe3O4/HNT-PS absorbent system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PS through an in situ process were considered for construction
of an stable composite.66,67 Scheme 2 schematically represents
the preparation route of Fe3O4/HNT-PS nanoabsorbent.
According to the scheme, HNTs were dispersed water via
ultrasonication, and then iron salts were added into the mixture
of HNTs. Co-precipitation of the Fe2+ and Fe3+ ions occurred
through addition of ammonia solution through a dropwise
manner. Nitrogen gas was purged into the reaction ask
because oxidation by oxygen in the air may lead to the formation
of g-Fe2O3 NPs, which are less magnetic than the Fe3O4 NPs.68–70

Appearance of black particles conrmed successful preparation
of Fe3O4/HNT nanoparticles. Octanol and sodium dodecyl were
dissolved in water, and added to the dispersed Fe3O4/HNT
Fig. 1 FTIR spectra of the prepared (a) Fe3O4/HNT particles, and (b)
Fe3O4/HNT-PS absorbent system.

Fig. 2 FESEM images of the prepared samples: (a) HNTs, (b) Fe3O4/HNT

© 2023 The Author(s). Published by the Royal Society of Chemistry
particles. Aerward, styrene and benzoyl peroxide were added.
At this stage, an in situ polymerization was performed by soni-
cation (50 kHz, 100 W L−1) at 0 °C under the nitrogen ow.
Finally, the prepared Fe3O4/HNT-PS particles were magnetically
separated and dried. Aerward, microwave nanoabsorbents
were prepared as follows: for the single-layer structure,
a specic amount of Fe3O4/HNT-PS nanocomposite (turned into
a powder aer drying), was combined with the desired amount
of epoxy resin and poured into the mold. For the bilayer struc-
ture, the single-layer absorbent was prepared twice in a thinner
thickness with the epoxy resin between two layers (thickness
reached 1.0 mm). These prepared samples were nally sub-
jected to the microwave radiation.
3.2. Characterization

3.2.1. FTIR analysis. Fourier-transform infrared (FTIR)
spectroscopy is one of the common methods to identify and
determine the structural characteristics of the prepared
compounds. The FTIR spectra of Fe3O4/HNT and Fe3O4/HNT-PS
are illustrated in Fig. 1. The comparisons can conrm
successful preparation of Fe3O4/HNT-PS nanocomposite. As can
be seen in provided spectrum of Fe3O4/HNT, the bands at 3695
and 3627 cm−1 are attributed to the stretching vibrations of
inner-surface Al–OH.41 The peaks related to the bending vibra-
tions of Al–O–Si and Si–O–Si bands appeared at 536 and
468 cm−1, respectively.71,72 The strong band around 1046 cm−1

can be assigned to Si–O stretching vibration.73 In addition, the
Fe3O4 characteristic peak at around 550 cm−1 overlapped with
the peak related to the bending vibrations of Al–O–Si. As shown
in the spectrum of Fe3O4/HNT-PS, the main characteristic peaks
s, and (c, d) Fe3O4/HNT-PS absorbent system.

RSC Adv., 2023, 13, 6643–6655 | 6647
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of HNTs are clearly seen. Also, the peaks at the areas 1441, 1516,
and 1624 cm−1 are related to the C]C bond, present in the
structure of styrene.74,75 Furthermore, the peak related to the
stretching vibrations of C–H bonds appeared at ca. 2914 and
3000 cm−1.76

3.2.2. FESEM analysis. The morphology and size of the
prepared Fe3O4 nanoparticles, Fe3O4/HNT nanoparticles and
Fe3O4/HNT-PS nanocomposite were monitored with eld-
emission scanning-electron microscopy (FESEM). The ob-
tained images conrmed loading of Fe3O4 and PS on HNTs
surfaces (Fig. 2). The tubular structures visible in Fig. 2a are
assigned to halloysite nanotubes with outer diameter of 40 to
70 nm. Also, the length of these tubes is estimated to be in
a range of 100–2000 nm. The spherical particles of Fe3O4

clumped on the surface of HNTs with the average size of 60–
70 nm are clearly discerned in Fig. 2b. The cluster-shapes
formed by the spheres is attributed to the magnetic interac-
tions between the particles. As is observed, the located Fe3O4

NPs onto the HNTs surfaces caused a roughness in the struc-
ture. In Fig. 2c, combination of the PS network has led to
a lump-like structure showing non-uniform PS-coating on the
magnetized HNTs. Fig. 2c and d illustrate that integration of the
Fig. 3 EDX analyses of the (a) Fe3O4/HNTs, and (b) Fe3O4/HNT-PS abso

6648 | RSC Adv., 2023, 13, 6643–6655
particles by the PS network created a porous lattice of the Fe3O4/
HNT. Such porous lattices are suitable for the attenuation of the
electromagnetic waves through absorption once themicrowaves
get into the close spaces.

3.2.3. EDX analysis. Energy-dispersive X-ray (EDX) analysis
demonstrates the present elements in the structure of the
prepared nanocomposite. The obtained results indicated that
Fe3O4/HNT contains Fe, O, Al, and Si elements (Fig. 3a) their
exact amounts are seen in related quantitative results. In
addition, the presence of carbon atom is notable in Fe3O4/HNT-
PS nanocomposite, conrming successful combination of PS
with the Fe3O4/HNT structure that contains Fe, O, Al, Si and C
elements (Fig. 3b). It should be noted that the quantitative
values presented in Fig. 3 well veried the presence of the
desired atoms in the compounds and also indicated the
absence of impurities in the compound. It is noteworthy that
the Au impurities is due to the sample preparation process for
EDX and FESEM analyses. The purity of the prepared nano-
composite was conrmed by the absence of other elements.

3.2.4. Vibrating-sample magnetometer (VSM). According to
literature, a super-paramagnetic behavior is seen for the neat
Fe3O4 NPs. This unique property exclusively belongs to the
rbent system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Magnetization curves of the synthesized samples: (a) Fe3O4, (b)
Fe3O4/HNT, (c) Fe3O4/HNT-60% PS and (d) Fe3O4/HNT-72% PS
absorbent system.
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nanomaterials (below 50 nm), which are not able to form
a double-domain magnetization state due to their tiny scale.77–79

The results of saturation of magnetization in prepared Fe3O4/
HNT-PS nanocomposite is displayed in Fig. 4. As can be seen,
the Fe3O4/HNT-PS nanocomposite has shown thin hysteresis
VSM loops, so it can be classied as a so magnetic material.
Therefore, the Fe3O4/HNT-PS nanocomposite can be very easily
magnetized through applying an external magnetic eld, and
the magnetism is lost upon removing that. This issue is also
true for the iron oxide magnetic nanoparticles, which means
that it can be classied as a so ferromagnetic species due to its
thin hysteresis VSM loops.37 In the hysteresis loops, the super-
paramagnetic behavior of the Fe3O4 can be visible in the VSM
analysis.80,81 Also, the magnetic saturation value of the prepared
samples were decreased aer incorporation of non-magnetic
materials (like HNTs and PS). It is quite reasonable to see that
the magnetic saturation values for Fe3O4, Fe3O4/HNT, Fe3O4/
HNT-60% PS and Fe3O4/HNT-72% PS are 73.8, 41.6, 14 and 6.5
emu g−1, respectively.

3.2.5. TGA. The thermogravimetric analysis (TGA) and
derivative thermogravimetric (DTG) results provide
Fig. 5 The TGA analyses of the synthesized samples: (a) Fe3O4/HNTs-6

© 2023 The Author(s). Published by the Royal Society of Chemistry
comprehensive information about the sample's thermal
stability. Based on this method, thermal degradation trend of
the Fe3O4/HNT-PS nanocomposite is shown in Fig. 5. The
reason for preparation of different weight percentages is to
investigate the effect of the amount of each material which are
used for the reection loss. Therefore, TGA analysis will be
useful to determine the amount of polymer by increasing the
temperature of the prepared samples. As is observed, a 15%
weight loss at the initial stage (in a range of 100–300 °C) is
related to removal of the entrapped water molecules in silica
layer, and also the adsorbed moisture.82 The Fe3O4/HNT-PS
nanocomposite with the different weight percentage of poly-
styrene (60% and 72%) shown a signicant weight loss in
a thermal range of ca. 300 to 450 °C, which can be attributed to
decomposition of the PS structure.83 According to DTG curve,
a peak at about 410 °C indicates the highest mass change rate.
Aerward, a fairly gradual degradation trend is seen at the
temperature above 500 °C, which is related to degradation of
Fe3O4 and HNTs.53 The Fe3O4 nanoparticles have good thermal
stability up to 750 °C.84 Also, dehydroxylation of halloysite
nanotube occurred at 480–640 °C.85 Based on these results, it
can be concluded that the architecture of the Fe3O4/HNT-PS
nanocomposite is stable enough to be used in the wave-
absorption process for several times. In addition to above
analyses, X-ray diffraction (XRD) pattern, SEM, and dynamic
light scattering (DLS) curve of the neat Fe3O4 NPs were also
provided for better comparison with the Fe3O4/HNTs-72% PS
absorbent systems (Fig. S1–S3, in ESI le†).
3.3. Microwave absorption properties

3.3.1. Vector network analysis. The microwave absorption
spectra of the samples were provided by vector network analysis
(VNA), as shown in Fig. 6. Firstly, the effects of resin, various
nanocomposite systems, and sample thickness (with different
amounts of nanocomposite) were precisely examined on the
microwave absorption rate, and the obtained results were
summarized in Table 1. Also, the details related to the thickness
0% PS and (b) Fe3O4/HNTs-72% PS absorbent systems.
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Fig. 6 Frequency dependence of the calculated RL values of the Fe3O4/HNT-PS single-layer samples (a) and Fe3O4/HNT-PS bilayer samples (b).

Table 1 Reflection loss values that measured and details of different samples

Sample Nanocomposite
Amount of polymer
(wt%) Resin wt%

Thickness
(mm) RL (dB)

1 (single-layer) Fe3O4/HNTs-60% PS 60 60 3 −5.07
2 (bilayer) 60 85 −11.74
3 (bilayer) 60 90 −9.71
4 (single-layer) 60 60 4 −6.88
5 (bilayer) 60 85 −26.9
6 (bilayer) 60 90 −10.72
7 (bilayer) Fe3O4/HNTs-72% PS 72 85 3 −7.05
8 (bilayer) 72 85 4 −7.4
Pure resin — 0 100 3 −1.7
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of the layers are presented in Scheme 3. The reection loss (RL)
of single-layer samples (samples 1 and 4) with the thickness
values of 3.0 and 4.0 mm were measured. As is observed, the
obtained results with the samples −5.1 dB and −6.9 dB are not
so appropriate.25 For better absorption, a dielectric layer of resin
was incorporated between the layers of Fe3O4/HNTs-PS
6650 | RSC Adv., 2023, 13, 6643–6655
composite. In this case, the nanocomposite systems Fe3O4/
HNT-60% PS and Fe3O4/HNT-72% PS with a thickness value of
3.0 mm were prepared and tested (samples 2 and 7). The Fe3O4/
HNT-60% PS nanocomposite with RL-11.74 dB exhibited better
microwave absorption activity in comparison with the Fe3O4/
HNT-72% PS system, which can be the result of using a smaller
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic presentation of the single-layer and bilayer absorbent thicknesses.
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amount of a non-conductive polymer (polystyrene). As can be
seen in Table 1, sample 2 containing 85 wt% of resin had
a higher amount of microwave absorption with the xed
thickness of 3.0 mm. So, the sample with 85% resin was chosen
as the best absorbent. In the same line, the Fe3O4/HNT-60% PS
nanocomposite with 85% of resin exhibited an acceptable
result, as well. The effect of the absorbent's amount using the
sample with 4.0 mm was investigated, too. As presented in
Table 1, sample 5 was chosen as the most efficient sample with
an RL value of −26.9 dB. In fact, application of very thin layers
of resin (as a dielectric material) leads to entrapment of the
absorbedmicrowaves, as can be seen in the red simulated waves
in Scheme 1. Also, as it was mentioned in its description,
incorporation of a dielectric material with different physical
properties between the layers of the absorbent is the main
reason for efficient capture of the waves.86,87 Thus, increase in
the microwave absorption is approved by sinusoidal shape of
the resin diagram. Also, this feature was conrmed by micro-
wave absorption curve (Fig. 6b), where the sinusoidal diagram is
the best approval for entrapping the waves between two layers of
the absorbent system. As can be seen in Fig. 6b, the absorption
intensity increased by decreasing the weight percentage of the
polymer due to the enhanced magnetization intensity. Also, it
was observed that proportional to increasing the weight ratio of
resin, the absorption rate is signicantly decreased. Besides, the
absorption rate was improved by increasing the thickness from
3.0 to 4.0 mm. It should be noticed that the sinusoidal shape
can disclose the reason of attenuation of the wave's energy. The
presence of a dielectric layer causes the microwaves to go back
and forth between two absorbent layers, resulting in the change
of the essence of the waves from high frequencies to lower
levels.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The electrical permittivity and magnetic permeability values
related to sample 5 (the most efficient one) are presented in
Fig. 7. According to literature, the microwave absorption
performance of an absorbent system is closely in correlation
with the complex permittivity (3r) and complex permeability (mr)
parameters. Therefore, to emphasize that the absorption prop-
erties of a conventional absorbent is related to the electrical and
magnetic properties of the involved components, electric
permittivity andmagnetic permeability diagrams were obtained
for the prepared samples. Fig. 7a represents the complex elec-
tric permittivity as a function of frequency, where the amount of
3′ is decreasing from 1.5 to 3.5, and the amount of 3′′ is
approximately from 0 to 3.25. It can be seen that proportional to
increase in the frequency value from 8 to 12 GHz, the amount of
3′′ (which indicates the amount of electromagnetic energy) has
lost. In fact, this amount of energy loss is converted into the
heat energy.12 As presented in Fig. 7a, 3′′ is also consistent with
the graph of reection loss. Also, Fig. 7b demonstrates depen-
dence of the frequency on m′ and m′′ values of the samples. m′ and
m′′ are the imaginary and real parts of magnetic permeability
that will change due to the change of the environment and the
entry of microwaves into the secondary environment which has
different dielectric properties.14 It is observed that the values of
m′ and m′′ are changed according to the frequency variation. The
negative values of m′′ of the magnetic permeability (which
indicates energy dissipation) can also be examined according to
Wu's theory,88 which suggests that the negative values of m′′ are
ascribed to the induced magnetic energy, going out of the
microwave absorbing materials. As presented in the gure, the
percentage of the absorption obtained for the most efficient
sample is ca. 95% of the radiated microwave.

3.3.2. Comparison of previous similar single-layer and
bilayer systems with Fe3O4/HNT-PS. Table 2 briey presents
RSC Adv., 2023, 13, 6643–6655 | 6651
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Table 2 Comparison of single-layer and bilayer microwave absorbents with the present research

Materials Thickness/mm RL/dB Frequency/GHz
Bandwidth
(#10 dB)/GHz Ref.

PS-PVP-Fe3O4- PEG (one layer) 1 −11 10 0.3 89
PS/TGO/Fe3O4 (one layer) — −35 11.9 4 90
Ni@MWCNT/PS (one layer) 6 −33 2.7 0.9 91
HNTs/polypyrrole/Fe3O4 (one layer) 3 −31.2 10.58 4 37
HNTs/Fe3O4/C (one layer) 4.56 −51.5 11 — 92
PBOPy/PPy/Fe3O4 (one layer) 3.5 −23.3 13 2.2 93
PEDOT/PSS/HNTs (one layer) 4.5 −16.3 8.4 2 94
Fe3O4/carbon@Fe3O4/rGO (bilayer) 2 −52 9.4 4 95
LAS@LAS-SiC (bilayer) 4 −42.8 10.5 3.5 96
Fe3O4/HNT-PS (current work) 4 −26.9 12 1.27 —

Fig. 7 Frequency dependent of the complex permittivity (a) and complex permeability (b) of the best sample: Fe3O4/HNT-60% PS with the
thickness of 4.0 mm and 85% resin of the pellet.
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a survey of various types of microwave absorbent systems with
almost similar compositions. It should be noticed that there
would be differences between the compared systems such as
utilization of two different layers in bilayer types, and the
absence of dielectric between the absorbent layers. Most
absorbent systems show acceptable results of microwave
absorption (materials are selected based on it in studies), which
are a combination of metals, magnetic nanoparticles, ferrites
with carbon-based conductive polymers.14 In bilayer absorbent
systems, it is expected that due to the presence of two absorbent
layers and microwave collision, energy attenuation of the
microwave occurs more than that of a single-layer absorbent,
meaning that the value of RL is higher than the single-layer
absorbent. Of course, the amount of absorption also depends
on the thickness of the layers. Hence, it is reasonable to that
a single-layer absorbent increases the amount of RL by
increasing the thickness of the layer, but it does not mean that
the optimal result will be obtained.37 The materials selected in
the current work were chosen according to the investigation of
the expected results to understand how the PS (as a non-
conducting polymer) affects the absorption results, or what
would be the effects of a bilayer absorbent with the presence of
a dielectric between the layers. For better understanding of this
issue, we can take two opposite mirrors as an example (at the
frequency of visible light) where the light is trapped between
6652 | RSC Adv., 2023, 13, 6643–6655
them and constantly radiates to the opposite side, and as
a result, we will heat up the surface of the mirror and absorb
energy by the surface of the mirror. Comparisons made in Table
2 would be useful to quickly gure out the effectiveness of
different ingredients and the architecture on the absorption
results.
4. Conclusion

In this work, the prepared Fe3O4/HNTs-PS magnetic nano-
composite was investigated as a microwave absorbent system in
the X-band region. Firstly, the presented system and its exclu-
sive properties have been studied via various methods such as
FTIR, TGA, EDX, VSM and FESEM. Then, the effects of magnetic
and dielectric dissipative agents on the absorption process have
been examined by applying polystyrene (PS), as a non-
conductive polymer. Totally, three main factors affect the
microwave absorption: magnetic loss, dielectric loss and
conduction loss. In this research, the intention was to limit one
of the mentioned factors and investigate its effectiveness. For
this purpose, polystyrene (PS, as a non-conductive polymer) has
been used to quench the conduction loss, and play a role in
integrating other components. The observed signicant reduc-
tion of RL conrmed the effect of non-conductive PS. Indeed,
the use of PS (which is a non-conductive agent) has decreased
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the amount of microwave energy attenuation by limiting the
condition of conduction loss, which is one of the most effective
factors in microwave absorption. Therefore, the microwave
absorption has diminuend trough incorporation of the PS into
the structure. In addition, it was observed that the incorpora-
tion of a dielectric material between two layers of the absorbent
material enhances the microwave absorption via entrapment of
the waves between the layers. According to the obtained results,
the absorption value for a single-layer absorbent system with
a thickness of 4.0 mm is reduced by −20.02 dB through using
a bilayer analogue. It has been corroborated that when the
electromagnetic wave enters into the absorbent system, the
waves between the different layers of the absorbent acts back
and forth due to the presence of a dielectric material between
the layers. Therefore, a considerable absorption value has been
reached by losing the wave's energy. The thickness of the layers,
the PS polymer, and weight percentages of the used resin were
optimized in this work. Concisely, it has been observed that the
best result (95% of wave's energy, −26.9 dB at 12 GHz) achieves
by using a bilayer Fe3O4/HNTs-PS sample with the thickness of
4.0 mm, containing 85% of the dielectric resin and 60 wt% of
the PS. Ultimately, the presented absorbent system is suggested
to be scaled up for the industrial exploitation due to the low-cost
raw materials, convenience of the preparation method, high
performance, and also the use of multilayer absorbent by using
a dielectric.
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