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INTRODUCTION

Human exposure to electromagnetic radia-
tion, particularly in the microwave frequency 
range, has increased significantly due to rapid 
advances in communication systems and elec-
tronic technologies (Salford et al., 2003). Exces-
sive electromagnetic radiation has been associ-
ated with potential adverse health effects, which 
has intensified global efforts to develop effec-
tive strategies for mitigating electromagnetic 
pollution, especially through absorption-based 
materials (Pattanayak et al., 2021). Microwave 

absorbing materials are typically engineered by 
integrating magnetic and conductive components 
to efficiently attenuate incident electromagnetic 
waves (Al-Mattarneh, 2018).

Indonesia possesses abundant natural iron 
sand resources, which are widely distributed in 
coastal and riverine regions (Rianna et al., 2023, 
2025). Natural iron sand commonly contains 
magnetite (Fe₃O₄) as the dominant phase, along 
with minor amounts of hematite (α-Fe₂O₃) and 
maghemite (γ-Fe₂O₃) (Rianna et al., 2019). In 
recent years, considerable research efforts have 
been devoted to developing advanced microwave 
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absorbers using innovative material systems and 
fabrication techniques (K. Li et al., 2025). Vari-
ous absorber materials, including ferrites, ce-
ramics, and carbon-based materials, have been 
investigated to meet the increasing demand for 
lightweight, efficient, and broadband absorbers 
(Elmahaishi et al., 2022).

Microwave absorbers are generally clas-
sified into dielectric loss–based and magnetic 
loss–based materials. Dielectric absorbers typi-
cally exhibit high permittivity but suffer from 
poor impedance matching due to the absence of 
magnetic response. Consequently, combining di-
electric and magnetic components has emerged 
as an effective strategy to enhance impedance 
matching and absorption efficiency (W. Li et al., 
2024). Among conventional absorber materials, 
ferrites are particularly attractive because of their 
strong magnetic loss mechanisms and favorable 
impedance matching, which enable efficient mi-
crowave attenuation at low to intermediate fre-
quencies (Chen et al., 2025). In particular, Fe₃O₄ 
(magnetite) has gained significant attention due 
to its high magnetic permeability, strong inter-
action with electromagnetic fields, chemical sta-
bility, and resistance to oxidation compared with 
metallic absorbers (Houbi et al., 2021; X. Zhou 
et al., 2019). Fe₃O₄-based materials have been re-
ported to exhibit high reflection loss values and 
wide effective absorption bandwidths, depending 
on their composition and microstructure (Zhang 
et al., 2019; J. Zhou et al., 2025). Numerous stud-
ies have demonstrated that Fe₃O₄-based compos-
ites can achieve reflection loss values below −10 
dB, even at relatively thin thicknesses (Fionov 
et al., 2022). For example, Yin et al. reported 
that Fe₃O₄ crystals used in microwave absorbers 
exhibited effective absorption in the 2–15 GHz 
range with a reflection loss of −10.5 dB at 10.4 
GHz (P. Yin et al., 2018).

Carbon-based materials have also attracted 
increasing interest for microwave absorption 
applications due to their low density, good 
chemical stability, large surface area, high 
electrical conductivity, and tunable dielectric 
properties (Chitraningrum et al., 2022, 2024; 
Kaur and Aul, 2014). Carbon materials enable 
the fabrication of thin, lightweight, and flexible 
absorbers with broad absorption bandwidths 
and excellent environmental resistance (Liu 
et al., 2023). Arenga pinnata (aren) is a palm 
species that produces coarse black fibers, com-
monly known as palm fiber or ijuk (Imraan et 

al., 2023). Due to its high lignin (31.5–43.9%) 
and cellulose (50.5–52.3%) content, palm fiber 
is considered a promising biomass precursor for 
carbon production (Meng et al., 2019). Previous 
studies have shown that palm fiber–derived car-
bon exhibits strong attenuation properties and 
multifunctional absorption capabilities (Adri-
anto et al., 2019; Sitepu et al., 2019).

Recent investigations have demonstrated that 
combining carbon and ferrite phases in compos-
ite systems significantly enhances microwave ab-
sorption performance, often achieving reflection 
loss values below −10 dB in the X-band frequen-
cy range (Mahmoodi et al., 2022). The absorp-
tion performance of such composites is strongly 
influenced by synthesis methods, compositional 
ratios, and microstructural characteristics (Izaak 
et al., 2021; Z. Yin et al., 2016). Notably, carbon–
ferrite composites have been reported to achieve 
reflection loss values as low as −28 dB at 10.2 
GHz, highlighting the advantage of synergistic 
magnetic–dielectric interactions (Dipak et al., 
2019; Q. Sun et al., 2018).

In this study, activated carbon derived from 
Arenga pinnata palm fiber and natural iron sand 
was synthesized to develop a sustainable Fe₃O₄/
carbon composite for microwave absorption ap-
plications. The novelty of this work lies in the di-
rect valorization of locally abundant Arenga pin-
nata palm fiber and natural Indonesian iron sand 
into an eco-engineered Fe₃O₄/activated carbon 
microwave absorber without the use of synthetic 
ferrite precursors. Unlike many previously report-
ed Fe₃O₄/carbon systems that rely on chemically 
synthesized nanoparticles or fossil-derived carbon 
sources, this study employs biomass-derived ac-
tivated carbon and naturally occurring magnetite, 
offering a sustainable and low-cost material path-
way. In addition, this work provides a systematic 
correlation between composition ratio, microstruc-
ture, electromagnetic parameters (μ and ε), and 
X-band reflection loss, revealing the role of mag-
netic–dielectric synergy and impedance matching 
in achieving effective absorption (RL < −10 dB) 
(Negi et al., 2022). The findings demonstrate that 
an optimized balance between natural Fe₃O₄ and 
biomass-derived carbon can deliver stable and ef-
ficient microwave attenuation, highlighting the 
potential of this composite system for environ-
mentally friendly electromagnetic interference 
mitigation. The structural, morphological, and 
electromagnetic properties of the composites were 
systematically investigated using X-ray diffraction 
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(XRD), scanning electron microscopy–energy dis-
persive X-ray spectroscopy (SEM–EDX), and vec-
tor network analysis (VNA). XRD was employed 
to identify crystalline phases and structural param-
eters (Allahkarami et al., 2022; Sivaprakash et al., 
2017), while SEM–EDX was used to examine sur-
face morphology and elemental distribution (Ye et 
al., 2018). Microwave absorption behavior, includ-
ing complex permittivity (ε′–jε″) and permeability 
(μ′–jμ″), was evaluated using VNA measurements 
in the X-band (Ghigna et al., 2020; Teber et al., 
2018). The results provide insight into the struc-
ture–property relationships governing microwave 
attenuation and highlight the potential of biomass-
derived Fe₃O₄/carbon composites as efficient and 
environmentally friendly microwave absorbers.

METHODS

Preparation of activated carbon

The palm fiber (Arenga pinnata, locally 
known as ijuk) was first washed thoroughly with 
running water to remove impurities and then cut 
into small pieces to facilitate the carbonization 
process. The cleaned fibers were carbonized in a 
furnace at 500 °C for 1 h to obtain ijuk-derived 
carbon. Subsequently, the carbonized material 
was chemically activated by immersion in 150 
mL of a 30% NaCl solution under continuous 
stirring at 500 rpm and 80 °C for 2.5 h. After the 
activation process, the suspension was allowed to 
settle and then filtered. The resulting carbon was 
repeatedly washed with distilled water to remove 
residual activating agents, yielding activated car-
bon powder derived from palm fiber.

Preparation of natural iron sand 

Natural iron sand was collected from a river 
in Jangga Toruan Village, Lumban Julu Subdis-
trict, using a bar magnet to enrich the magnet-
ic fraction. The collected iron sand was sieved 
through a 100-mesh sieve to obtain uniform par-
ticle sizes. The sieved material was then washed 
sequentially with distilled water and 70% ethanol 
to remove impurities. After washing, the suspen-
sion was allowed to settle for 30 min, followed 
by filtration. The purified iron sand was dried 
in an oven at 200 °C for 1 h, allowed to cool to 
room temperature overnight, and subsequently 
ground to obtain fine iron sand powder.

Synthesis of activated “Arenga Pinnata” palm 
fiber and natural iron sand 

The two raw materials, activated carbon and 
natural iron sand, were first ground and sieved 
through a 100-mesh sieve to ensure uniform par-
ticle size. The powders were then mixed at a mass 
ratio of 3:1 and processed using a high-energy 
milling (HEM) technique at a rotational speed of 
500 rpm for 1 h. This milling process was conduct-
ed to achieve homogeneous mixing and particle 
size refinement, thereby increasing the effective 
surface area of the activated carbon and enhanc-
ing interfacial contact between the carbon and iron 
sand phases. Subsequently, the milled mixture 
was calcined in a furnace at 1000 °C for 1 h. After 
calcination, the resulting solid was allowed to cool 
to room temperature and then ground into a fine 
powder for further characterization.

Characterization 

X-ray diffraction (XRD) was employed to 
examine the crystalline phases, microstructure, 
and lattice parameters of the activated carbon and 
natural iron sand composites. Scanning electron 
microscopy coupled with energy-dispersive X-
ray spectroscopy (SEM-EDX) was used to inves-
tigate the surface morphology and elemental dis-
tribution of the samples. Microwave absorption 
properties were evaluated using a vector network 
analyzer (VNA) in the X-band frequency range.

RESULTS AND DISCUSSION

XRF analysis of carbon fiber and natural iron 
sand 

X-ray fluorescence (XRF) analysis was con-
ducted to determine the elemental composition 
of the raw materials, namely Arenga pinnata–de-
rived carbon fiber and natural iron sand. The re-
sults revealed that the natural iron sand contained 
a high iron (Fe) content of 49.52%, confirming its 
suitability as the primary source of the magnetic 
Fe₃O₄ phase responsible for magnetic loss mecha-
nisms in microwave absorption. Minor elements 
such as Al, Si, Ti, and Mg were also detected at 
lower concentrations and may contribute to inter-
facial polarization effects.

In contrast, the Arenga pinnata carbon fiber 
was dominated by Ca (28.27%), Mg (18.20%), 
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and Si (9.69%), with only a small Fe content 
(0.54%). The low iron concentration indicates a 
negligible contribution to magnetic loss; howev-
er, the presence of these non-magnetic elements 
within the carbon matrix enhances dielectric loss 
through dipolar polarization and interfacial polar-
ization mechanisms. In addition, the carbon-rich 
structure promotes electrical conductivity, which 
contributes to conduction loss and facilitates ef-
fective impedance matching. The complementary 
roles of the magnetic Fe₃O₄ phase and the dielec-
tric carbon matrix are therefore critical in achiev-
ing efficient microwave attenuation in the com-
posite system (Ramadani and Zakir, 2025). 

XRD analysis of the Fe₃O₄/C 

X-ray diffraction (XRD) analysis was per-
formed to examine the phase composition, 
crystal structure, and crystallinity of the Fe₃O₄/
activated carbon composites derived from natu-
ral iron sand and Arenga pinnata palm fiber. All 
composition variants exhibited similar diffraction 
features, with dominant peaks at approximately 
31.5°, 35.1°, 40.1°, and 44.6°, corresponding to 
the (220), (311), (110), and (400) planes of cubic 
spinel magnetite (Fe₃O₄). These reflections con-
firm the successful formation of the Fe₃O₄ phase 
without detectable secondary iron oxide impuri-
ties, consistent with previously reported Fe₃O₄/
carbon-based microwave absorbers (Moham-
madifard et al., 2022).

Broad, low-intensity diffraction features in the 
15°–27° range indicate the presence of an amor-
phous carbon phase originating from the biomass-
derived activated carbon, which is characteristic of 
sustainable Fe₃O₄/C systems reported in the litera-
ture (Yang et al., 2016; Yusmadi et al., 2025). The 
coexistence of crystalline Fe₃O₄ and amorphous 
carbon is known to promote synergistic magnet-
ic–dielectric interactions and improved impedance 
matching (Pakniyakan and Aslibeiki, 2024).

The calculated crystallite sizes were 26.31 nm 
(1:1), 27.77 nm (3:5), and 26.10 nm (5:3), falling 
within the range commonly reported for Fe₃O₄/C 
composites exhibiting effective X-band micro-
wave absorption. The highest crystallinity (78%) 
was observed for the 5:3 composite due to its 
higher iron sand content, while the lowest crys-
tallinity (65%) occurred for the carbon-rich 3:5 
composite. The balanced 1:1 composite exhib-
ited intermediate crystallinity (74%). These re-
sults demonstrate that increasing carbon content 

suppresses crystallinity by enhancing the amor-
phous phase, a trend widely reported in Fe₃O₄/
carbon absorber systems and favorable for dielec-
tric loss enhancement (Figure 1, Table 1) (Sure-
sha et al., 2025)(Luo et al., 2019).

The relative intensity of the Fe₃O₄ diffraction 
peaks increases with increasing iron sand con-
tent, with the 5:3 composite showing the sharp-
est and most intense peaks, indicating a higher 
degree of crystallinity. In contrast, the 3:5 com-
posite, which contains a higher proportion of ac-
tivated carbon, exhibits reduced peak intensity 
and broader diffraction features, reflecting the 
suppression of crystallinity by the amorphous 
carbon phase. A broad diffuse hump observed in 
the 2θ range of 15°–27°, marked in the figure, 
corresponds to the amorphous carbon structure 
derived from palm fiber. This feature is charac-
teristic of biomass-derived activated carbon and 
confirms the coexistence of crystalline Fe₃O₄ and 
amorphous carbon within the composite matrix 
(H. Sun et al., 2018). The 1:1 composite exhibits 
intermediate peak intensity and crystallinity, in-
dicating a balanced contribution from both mag-
netic and dielectric components.

SEM-EDX analysis of Fe₃O₄/C 

SEM–EDS analysis revealed that the com-
posite surfaces consist of activated carbon parti-
cles with non-uniform sizes and an irregular po-
rous morphology. The formation of open pores 
was clearly observed, indicating successful 
activation of the Arenga pinnata (palm fiber)–
derived carbon and its integration with iron-
sand–derived Fe₃O₄. In several regions, particle 

Figure 1. X-ray diffraction pattern
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agglomeration was evident. This aggregation is 
attributed to the magnetic dipole–dipole inter-
actions of magnetite particles, which promote 
interparticle attraction and clustering (Jia et al., 
2024). Moreover, Fe₃O₄ particles appear to be 
partially embedded within the pores and sur-
face cavities of the activated carbon, which can 
generate new interfacial voids and pore gaps, 
thereby increasing structural heterogeneity and 
interfacial contact (Namai et al., 2025; Suryana-
rayana et al., 2014). Such a porous, heteroge-
neous microstructure is favorable for microwave 
absorption because it enhances multiple scatter-
ing, interfacial polarization, and dielectric relax-
ation processes (Sushmita et al., 2019).

EDS results confirm the presence of the ex-
pected major elements C, O, and Fe, demonstrat-
ing the successful formation of Fe₃O₄/carbon 
composites, with minor contributions from Si, 
Al, Na, and Mg likely originating from mineral 
impurities in natural iron sand and/or residual 
inorganic species from processing. For the 1:1 
composite, the elemental composition was C = 
63.5%, O = 15.9%, Fe = 14.3%, Si = 3.1%, Al = 
2.0%, Na = 0.5%, Mg = 1.3%, with an average 
particle size of 0.241 μm. For the 3:5 composite, 
the composition was C = 55.6%, O = 19.2%, Fe = 
12.9%, Si = 5.8%, Al = 3.5%, Na = 3.0%, and an 
average particle size of 0.216 μm. The 5:3 com-
posite showed C = 73.5%, O = 11.9%, Fe = 8.5%, 
Si = 1.4%, Na = 1.9%, Al = 1.0%, with a particle 
size of 0.207 μm (Figure 2).

VNA analysis of Fe₃O₄/C composites

Vector network analyzer (VNA) measure-
ments in the X-band frequency range (8–12 GHz) 
demonstrate that all Fe₃O₄/activated carbon com-
posites exhibit reflection loss (RL) values lower 
than −10 dB, confirming their effectiveness as 
microwave absorbers. As shown in the RL spec-
tra, the 1:1 composite achieved an absorption ef-
ficiency of 86% with a minimum RL of −12.39 

dB at 11.92 GHz, while the 3:5 composite exhib-
ited the highest absorption performance, reach-
ing 87% with an RL of −12.31 dB at 10.54 GHz. 
In contrast, the 5:3 composite showed a slightly 
reduced absorption efficiency of 80%, with an 
RL of −10.89 dB at 11.92 GHz. According to 
widely accepted criteria, RL values below −10 
dB correspond to more than 90% attenuation of 
incident electromagnetic waves, indicating effec-
tive microwave absorption behavior (Figure 3) 
(Ashery and Maged, 2022; Houbi et al., 2021; 
Rani et al., 2021).

The frequency-dependent electromagnetic 
parameters further support these observations. 
As illustrated in the permeability (μ) and per-
mittivity (ε) curves, all three composites ex-
hibit similar and overlapping trends, indicating 
that compositional variation does not signifi-
cantly alter the intrinsic electromagnetic re-
sponse within the measured frequency range. 
Both μ and ε decrease monotonically from ap-
proximately 12 to ~2 as frequency increases 
from 8 to 12 GHz. This behavior is character-
istic of Fe₃O₄-based microwave absorbers and 
reflects the gradual suppression of magnetic 
domain wall motion, spin rotation, and natural 
resonance effects at higher frequencies (Zheng 
et al., 2024). The decline in permittivity with 
increasing frequency is attributed to the re-
duced contribution of interfacial polarization 
(Maxwell–Wagner polarization) and dipolar re-
laxation processes, which are more effective at 
lower frequencies (Zhao et al., 2023). Neverthe-
less, the presence of activated carbon enhances 
electrical conductivity and promotes dielectric 
loss through conduction loss and interfacial po-
larization at Fe₃O₄–carbon interfaces, thereby 
broadening the effective absorption bandwidth. 
Meanwhile, the Fe₃O₄ phase provides dominant 
magnetic loss mechanisms, including natural 
resonance and eddy current loss, which are 
essential for microwave attenuation in the X-
band (Figure 4) (Negi and Kumar, 2022).

Table 1. Results of calculations of crystal size, lattice parameters, and degree of crystallization

Sample 2θ (deg) hkl FWHM (deg)
Lattice 

parameter (d) 
(nm)

Crystal size 
(nm)

Degree of 
crystallization 

(%)

1:1 44.64 400 0.33003 2.8530 26.31 74

3:5 44.63 400 0.31391 2.8540 27.77 65

5:3 44.58 400 0.35119 2.8572 26.10 78
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Importantly, the comparable magnitudes and 
similar frequency dependence of μ and ε indicate 
favorable impedance matching, which facilitates 
efficient penetration of incident electromagnetic 
waves into the absorber rather than surface reflec-
tion. This balanced magnetic–dielectric synergy 
explains the stable and consistent absorption per-
formance observed across different composition 
ratios (Zhao et al., 2024). The superior perfor-
mance of the 3:5 composite can be attributed to 
an optimal balance between Fe₃O₄-induced mag-
netic loss and carbon-induced dielectric loss, in 
agreement with previously reported Fe₃O₄/carbon 
microwave absorber systems (Lu et al., 2015; 
Negi, Gupta, et al., 2022; Wei et al., 2024).

Figure 2. SEM results: Morphology and distribution of particles

Figure 3. VNA results Loss of reflection
from synthesized samples
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CONCLUSIONS 

A composite based on Arenga pinnata (ijuk)–
derived activated carbon and natural iron sand was 
successfully synthesized via a coprecipitation-as-
sisted route followed by calcination at 1000 °C. 
XRD analysis confirmed the formation of a domi-
nant cubic spinel Fe₃O₄ (magnetite) phase with 
characteristic reflections from the (220), (311), 
(110), and (400) planes, along with an amorphous 
carbon phase evidenced by broad diffraction fea-
tures in the 15°–27° range. SEM–EDX observa-
tions revealed porous morphologies composed of 
agglomerated spherical particles with homoge-
neous distributions of C, O, and Fe. VNA mea-
surements demonstrated effective microwave at-
tenuation in the X-band, with reflection loss (RL) 
values below −10 dB, confirming that the synthe-
sized composites function as efficient microwave 
absorbers. The combined structural, morphologi-
cal, and electromagnetic results highlight the po-
tential of this sustainable Fe₃O₄/activated carbon 
system for microwave absorption applications.
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