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ABSTRACT. This paper reports the improved microwave (MW) absorption characteristics of some newly prepared bio-silica-
barium-ferrite composites (SBFCs) of the form (x)Bio-SiO2:(80-x)Fe2O3:(20) BaO (where x = 0, 2, and 4 wt.%). These 
composites were prepared using the modified solid-state reaction method with simultaneous sintering at 800 and 1100 C. 
SBFCs were studied to determine the impact of various bio-silica concentrations on their morphology, structure, magnetic 
properties, permittivity, permeability, and X-band reflection loss. Various SBFC thicknesses were simulated to determine the 
reflection loss curves. It has been established that the MW absorption capacity of the examined SBFCs may be altered by 
adjusting the bio-silica concentration and sample thickness. 
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INTRODUCTION 

Compared to other ferrites with spinel and garnet 
structures, the barium ferrite magnetic material 
(BaFe12O19) with a wide crystalline anisotropic 
magnetic field was shown to be superior for 
applications in the gigahertz frequency range (Li et al., 
2012; Li et al., 2013). A powerful uniaxial anisotropic 
magnetic field in BaFe12O19 makes it beneficial as a 
microwave (MW) absorbing material (Bierlich et al., 
2017; Dong et al., 2014; Liu et al., 2012; Salman et 
al., 2016; Sun et al., 2012). Barium ferrite has 
outstanding MW absorption capacity due to its 
significant magnetic loss at the natural resonance 
frequency, wherein the magnetic loss is proportional 
to the quantity of Fe3+ present. Thus, the MW 
absorption properties can be adjusted by exchanging 
Fe3+ ions with other trivalent ions or a mix of divalent 
and tetravalent ions (Shi et al., 2019). One strategy to 
modify the anisotropic field and resonance frequency 
(fr) is to replace Fe3+ with rare earth elements (Li et al., 
2012; Sun et al., 2012). Such a strategy was very 
useful in improving the MW absorption capacity of 
various magnetic materials (Effendi et al., 2019; 
Widanarto et al., 2017, 2018). It also suggests that 
changing the dopants concentration makes it possible 

to modify the absorption characteristics of ferrites. 
However, the ever-increasing price of rare earth 
materials limits their broad applications. Based on 
these factors, we attempted to use some effective 
doping agent alternatives to the rare earth.  

A previous study revealed that rice husk could be a 
valuable source of high-quality bio-silica after full 

burning at temperatures 800 to 1000 C (Widanarto 
et al., 2020). Bio-silica derived from rice husk has 
various advantages over mineral silica (Malahayati et 
al., 2021). This silica is fine-grained, highly reactive, 
has cheap extraction costs because of its wide 
availability as raw materials, and may be used as a 
heavy metal binder. Considering these interesting 
attributes of bio-silica, the modified solid-state 
reaction approach was used to substitute Fe3+ ions in 
barium ferrite with Si4+ ions (bio-silica). The role of 
different bio-silica doping concentrations in improving 
the surface morphology, structure, composition, 
magnetic properties, permeability, and permittivity of 
the prepared bio-silica-barium-ferrite composites 
(SBFCs) was examined. By estimating the reflection 
loss (RL) based on the transmission/reflection line 
theory, the MW absorption parameters of the SBFCs 
were determined (Kumar & Chatterjee, 2018; Meng et 
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al., 2015; Shi et al., 2019) that employed reflection 
reduction via impedance matching. The reflection loss 
curves were then simulated for various thicknesses of 
the SBFCs in which the matching thickness (tm) 
depended on the resonance frequency (fr), complex 

relative permeability (r), and permittivity (r) 
(Handoko et al., 2018; X. Li et al., 2018; Narang et 
al., 2017). In accordance with the Nicholson-Ross-
Weir (NRW) approach (Ahmad et al., 2015; Soleimani 
et al., 2012), the complex relative permeability (µr = 

µ−jµ) and permittivity (r = −j) values of samples 
were determined using the following formulas:  
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where 0 is the wavelength in vacuum, c is the cut-off 
wavelength, c is the speed of light, and d is the 
thickness of the sample. In the meantime, the 
reflection loss (RL) values were calculated using the 
transmission/reflection line theory (Handoko et al., 
2018; Kumar & Chatterjee, 2018; Meng et al., 2015; 
Shi et al., 2019; Widanarto et al., 2020) as follows: 
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where Zin is the input impedance of the material and f 
is the MW frequency.  

 
EXPERIMENTAL SECTION 

Three SBFC (coded as SBF0, SBF2 and SBF4) of 
chemical composition (x) Bio-SiO2:(80-
x)Fe2O3:(20)BaO, (x = 0, 2 and 4 wt.%) were 
synthesized using the modified solid-state reaction 
method. Basic constituents like BaCO3 powder (from 

Merck with 99% purity), bio-silica, and -Fe2O3 were 
used to prepare the proposed SBFCs. First, BaCO3 

powder was calcined at 350 C for 15 minutes in the 
open air to remove carbon components. The rice husk 

ash was then sintered in a furnace at 1000 C for three 
hours in ambient air to form bio-silica. During this 
time, Fe3O4 was extracted from iron sand and sintered 

at 850 °C for three hours to yield -Fe2O3 (Widanarto 
et al., 2015). The bio-silica powder was gradually 

blended with the -Fe2O3 and BaO powders. The 
powder was compressed into pellets and sintered in 

an air environment at 800 (for one hour) and 1100 C 
(for five hours) before being cooled to room 
temperature by natural means. WR90 sample holder 
was utilized as a container for some crushed pellets to 
improve characterization. Finally, the crushed pellets 
were mixed with epoxy resin at a mass ratio of 7:3 to 
form a rectangular sample. 

The field emission scanning electron microscope 
(FESEM JIB-4610F) was employed to evaluate the 
prepared samples' morphology and microstructure. To 
record the crystal structures and phases of the 
samples, the SmartLab (3 kW) X-ray diffractometer 

equipped with the Cu−K line of wavelength ()  
0.1541874 nm was used. The vibrating sample 
magnetometer (VSM, Oxford 1.2H) was utilized to 
examine the magnetic characteristics of the suggested 
samples. Meanwhile, the scattering characteristics (S) 
of the specimens were measured using a vector 
network analyzer (VNA) from Keysight (PNA-L 
N5232A). The MW absorbance values of the samples 
were calculated to get the components of S (S11, S12, 
S21, and S22). The values of S11 and S21 define the 

coefficients of reflection () and transmission (T), 
respectively. The recorded values of S22 and S12 were 
disregarded due to their resemblance to those of S11 
and S21.  
 
RESULTS AND DISCUSSION  
Crystal Structures of SBFCs 

Figure 1 presents X-ray diffraction (XRD) patterns of 
the as-synthesized SBFCs. In pure SBF0 samples, all 
detected peaks contained the BaFe12O19 (ICDD 00-
039-1433) main hexagonal crystal lattice with a 
crystal configuration of a = b = 0,5894 nm, c = 

2,3215 nm, α = β = 90 and  = 120. The peak at 
27.52 ° is produced by the monoclinic crystalline 
phase of Ba2Fe2O5 (ICDD 00-043-0256). The SBF2 
composite's XRD pattern still exhibits BaFe12O19 (ICDD 
00-039-1433). The SBF2 composite reveals a new 
barium silicate phase (Ba3Si5O13) with a monoclinic 
crystal lattice structure (ICDD 00-026-0179). The SBF4 
reveals a new phase of barium ferrite silicate 
BaFeSi4O10 (ICDD 00-003-0402). It is asserted that 
substituting Fe3+ in barium ferrite with Si4+ can 
produce a tetragonal phase of BaFeSi4O10. 

Surface Morphology of SBFCs 
Figure 2 shows a SEM micrograph of SBFCs which 

consists of irregular microstructure packed with 

hexagonal particle morphology of average size 5 m. 
It is noticed that these porous composite particles 
adhere to one another, producing numerous 
intergranular pores. The replacement of Fe3+ by Si4+ 
(from bio-silica) in BFCs results in a new tetragonal 
phase of BaFeSi4O10. The intergranular pores of this 
composite particle phase are preferred to be occupied 
by Si4+ at the lattice site, providing the microstructure 
with increased porosity. These pores contain finer 
particles on the inside that are suitable for the random 
scattering of MW in all directions, thus favoring MW 
entrapment and modification of the MW absorption 
quality of the composites. It has been determined that 
the various types of surface morphology and particle 
distribution in SBFCs are accountable for their 
increased magnetic characteristics and reflection loss.
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Figure 1. XRD patterns for the as-synthesized SBFCs 

 

 

Figure 2. SEM micrograph of the as-synthesized SBFCs 

 

 
Figure 3.  Room temperature hysteresis magnetic curve of the as-synthesized SBFCs 
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Figure 4. Frequency-dependent complex relative (a) permeability and (b) permittivity of the 
as-synthesized SBFCs 

  

 

 
Figure 5. Frequency-dependent reflection loss of (a) SBF0, (b) SBF2, and (c) SBF4 with various 
thicknesses of 1 – 5 mm 
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Magnetic Properties of the as-synthesized SBFCs 
Figure 3 shows the M-H  hysteresis curve of the 

synthesized SBFCs at room temperature. Due to the 
inclusion of bio-silica into the composite, the 
saturation magnetization values of SBFCs are 
decreased from 39.5 to 26.5 emu/g. However, due to 
the increase in bio-silica concentration, the coercivity 
field values are insignificantly influenced (from 775.9 
to 811.0 Oe). SBF4 samples exhibit a significant drop 
in saturation magnetization due to the existence of a 
crystalline phase of tetragonal BaFeSi4O10. Generally, 
an increase in the bio-silica content causes an 
enhancement of the coercive field values of SBFCs. 
The hysteresis loop area of SBFCs is increased from 
15.9 to 31.0 kOe.emu/g with the increase of bio-silica 
content from 0 to 2 %. Adding bio-silica into the 
composites produces a reasonable change in the 
saturation magnetization and coercivity field values, 
thus altering the magnetic permeability of SBFCs. 
Because the magnetism in the composites is aroused 
from Fe3+, consequently Fe3+ substitution with Si4+ is 
responsible for lowering Fe3+ quantity in the structure, 
modifying the complex relative permeability. The other 
possibility  was  related  to the Fe3+ substitution by  
Si4+-mediated ions affecting the Fe3+–O–Fe2+ 
superexchange interaction in the proposed ferrites. 

Complex Relative  Permeability and Permittivity of the 
as-synthesized SBFCs 

The complex relative permeability and permittivity 
are the two key factors that govern the loss behavior 
of electromagnetic wave propagation through a ferrite 
material (Chen et al., 2007; Kanwal et al., 2018; 
Korolev et al., 2012; Y. Li et al., 2017; Ozah & 
Bhattacharyya, 2013; Qi et al., 2019; Sun et al., 
2012; Yang et al., 2019).  

Due to the general polarization of the magnetic 
dipole at higher MW frequencies, the real part of the 
permeability determines the gradual decrease in 
magnetic energy storage capacity. With the increase 
of bio-silica contents from 0 to 4 wt.%, the apparent 
permeability values of the composites decrease from 
approximately 1.5 to nearly zero (for SBF0 and SBF2). 
Meanwhile, the imaginary part of the permeability 
describes the observed magnetic loss factor. The 
imaginary permeability values of SBF0 and SBF2 are 
dropped from their respective values of 0.3 and 0.2 to 
near zero. The relaxation process keeps it almost 
constant at zero for SBF4, resulting in MW dissipation 
energy as thermal energy. Generally, the complex 
permeability in the MW frequency range is related to 
the ferromagnetic resonance, wherein the magnetic 
permeability is comparable to air at frequencies more 
significant than the natural resonance frequency 
(Kanwal et al., 2018). In the present study, the 
magnetic permeability is found to be in the range of 
1-1.5, and the loss was near zero, indicating that the 
ferromagnetic frequency is far lower than the observed 
frequency range.  

The real permittivity value indicates that the 
composite did not absorb the energy from the applied 
external electric field. The SBF0 sample's real 
permittivity value remains stable with increasing MW 
frequencies, whereas the SBF4 sample declined 
significantly. The SBF2, on the other hand, increases 
in frequency over 12 GHz due to electric dipole 
polarization. The electrical energy dissipation ability of 
SBFCs is indicated by the imaginary value of the 
permittivity (dielectric loss factor). With increasing 
frequency, the imaginary permittivity values of SBF0 
and SBF2 decrease gradually, meanwhile remaining 
stable for SBF4. The negative imaginary permittivity of 
SBF0 and SBF2 samples in the 8.2 to 12.4 GHz 
frequency range indicates electrical field energy 
storage rather than dissipation. Moreover, the 
sample's electrical dipole polarization-enabled 
dielectric loss factor is primarily governed by the main 
heating mechanism or electrical field energy 
dissipation as he at within the material (Widanarto et 
al., 2020).  

Microwave Reflection Loss of the as-synthesized SBFCs 
The MW frequency-dependent reflection loss (RL) of 

SBFCs with varying Si4+ content and thickness is 
depicted in Figure 5. The RL and bandwidth of the 
material prove its MW absorption capabilities. The 
SBF0 with 4 and 5 mm thicknesses achieves the lowest 
RL values of -24.80 dB at 10.6 and 11.1 GHz 
frequencies. Furthermore, SBF2 with thicknesses of 1, 
2, and 5 mm is higher than - 10 dB at all frequencies. 
At a frequency of 9.5 GHz, SBF2, with a thickness of 4 
mm, has the lowest RL value of -16.7 dB. Then, for all 
frequencies, SBF4 with thicknesses of 1, 2, and 3 mm 
are more than − 10 dB. The SBF4 with 4 and 5 mm 
thicknesses has the lowest RL values of  -21.2 dB at 9.7 
GHz and -18 dB at 9.5 GHz, respectively. Based on 
this, it was demonstrated that the MW absorption 
capacity of SBFCs may be adjusted mainly by 
modifying the number of impurities or dopants (bio-
silica) and sample thickness to meet X-band 
application demands. 
 
CONCLUSIONS 

A new bio-silica incorporated barium ferrite 
composites (SBFCs) was synthesized using the 
modified solid-state reaction method. The proposed 
SBFCs display improved MW absorption quality due to 
the interplay of Fe3+ and Si4+ in the structures. It is 
discovered that the surface morphology, structure, 
magnetic characteristics, permittivity, permeability, 
and MW reflection loss of the suggested SBFCs are 
sensitive to the substitution of Fe3+ with Si4+ in the 
composite matrix. In addition, the MW reflection loss 
of the studied SBFCs strongly depends on the sample 
thickness. The composite of thickness 4 mm exhibited 
the best performance. Most importantly, bio-silica 
being an  abundant  and  cheap  natural  resource 
can  be  very  useful  for  producing such good quality  
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environmental-friendly MW absorption candidates 
with enhanced properties. It is affirmed that the 
produced SBFCs may be beneficial for diverse MW 
absorption applications. 
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