
Vol.:(0123456789)

Biomass Conversion and Biorefinery 
https://doi.org/10.1007/s13399-024-05948-w

ORIGINAL ARTICLE

Electromagnetic interference shielding and mechanical 
and hydrophobic properties of papaya peel biocarbon and banana 
fiber–reinforced epoxy composite: synthesize and characterization

S. Mohanasundaram1 · Gobi chettipalayam Shanmugam Satheesh Kumar2 · N. Nagabhooshanam3,7 · 
Kamal Sharma4 · Pothamsetty Kasi V. Rao5 · V. S. Pravallika8 · M. Siva Shankar6

Received: 20 May 2024 / Revised: 5 July 2024 / Accepted: 13 July 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
This study explores sustainable extraction of biocarbon particle from papaya peel waste and their integration into a new 
composite material by reinforcing epoxy with banana fiber. The resulting composite is assessed for its mechanical, dielectric, 
and electromagnetic interference (EMI) shielding properties, particularly in microwave frequency ranges. The research fol-
lows ASTM standards for sample characterization to ensure reliable results. The composite is produced through a solution 
casting method, yielding a lightweight and eco-friendly material. Among the composites tested, EB2 demonstrates strong 
mechanical properties, while EB3 exhibits notable hardness and dielectric performance, making it suitable for electronic 
applications. Additionally, EB3 shows excellent EMI shielding effectiveness, surpassing other composites. It also displays 
moderate contact angle and thermal conductivity, indicating retained hydrophobicity and thermal insulation capabilities. 
These results highlight the potential of utilizing agricultural waste for particle extraction and creating sustainable composite 
materials with diverse applications in industries like electronics and telecommunications, thus contributing to waste reduc-
tion and environmental sustainability.
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1  Introduction

Electromagnetic interference or radio frequency means crea-
tion of unwanted interruption in electrical circuit caused by 
outside source. This kind of EMI interruption can cause 
electronics equipment to work slowly, malfunctioning or 
even complete disruption of work [1]. Generally, the EMI 
is caused mainly due to electricity and magnetism of the 
material. This electromagnetic interference can be caused 
by either natural source or human-made source. In recent 
decades, human-caused EMI has increased due to advance-
ments in technology as well as increased use of electrical 
and electronic gadgets. Thus, this increasing usage of EMI-
producing equipment has not only affects the devices but 
also harms the human beings through the release of radiation 
[2]. This kind of radiation exposure creates pollution in the 
environment. To mitigate such harmful radiation release, 
the EMI shield covering is produced by using the electri-
cal conductivity and dielectric and magnetic properties of 
the material [3]. These properties contained EMI shielding 
material are produced in a polymeric thermoset composite 
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in order to producing corrosive resistant, less dense, and 
low-cost material. In addition, the thermosetting epoxy pol-
ymer composites are having strong dimensional stability, 
improved tensile strength, wear resistance, and light weight 
in nature [4, 5].

There were much more studies done on epoxy polymer 
composite for EMI shielding. Besides these advantages, the 
EMI shielding covered polymer composite materials are 
also produced by adding filler components on it to further 
enhance the performance of the composite. Generally, these 
filler components are obtained either in natural or by syn-
thetic way. Because of the environmental degradation and 
increase in greenhouse gas emission, the use of bio-based 
material composites is gaining momentum in recent research 
studies. As a consequent, the natural filler and natural fiber 
substances are employed in the EMI shielding composites. 
Further, due to the reduced carbon footprints, flexibility, 
and improved dielectric, mechanical properties, the carbon-
based materials are widely used as filler substances [6]. As 
per previous discussion, this carbon-contained materials are 
extracted from natural biomass. One such biomass waste 
component is papaya peel. Because of high vitamins and 
nutritional content, this fruit has been consumed by many 
people across the nation. The estimated total world produc-
tion for papayas in 2022 was 13,822,328 metric tonnes; India 
was by far the largest producer, accounting for over 38% of 
global production. Furthermore, the peel waste from this 
fruit also contained physicochemical compound, and so, the 
peel waste from papaya is utilized in various cosmetics and 
biomedical and pharmacological applications, while some 
of them were kept remained as waste. To effectively utilize 
waste remains, it undergoes pyrolysis treatment to extract 
biocarbon particle [7]. With significant advancements in var-
ious fields like space science, cell biology, electronics, and 
solar cells, particles have garnered attention from research-
ers and scientist due to their ability to absorb and emit light 
of different colors based on their size and shape [8]. The 
present study exploits these properties of biocarbon particle, 
showcasing their potential as efficient semiconductor photo-
catalysts for treating environmental pollutants [9]. Moreover, 
biocarbon particles are highly soluble, cost-effective, non-
toxic, biocompatible, and eco-friendly, leading to extensive 
research on their wide-ranging applications [10].

Several studies have explored the incorporation of bio-
carbon particle into composite materials for electromag-
netic interference (EMI) shielding. Dhal et al. [11] inves-
tigated the mechanical properties of hemp biocarbon and 
hemp fiber–reinforced biopolymer composite. The study 
result found out that addition of 10 wt.% of biocarbon 
of size 50 microns shows maximum tensile strength of 
817.02 MPa and high flexural and impact strength. Further, 
Balajikrishnabharathi et al. [12] studied waste abaca bract 
extracted biocarbon and pineapple fiber–reinforced rigid 

vinyl ester composite. The author reported that by addition 
of 2 vol.% of biocarbon and 40 vol.% of natural fiber shows 
maximum tensile strength, flexural strength, compres-
sion strength, and impact strength of 143 MPa, 184 MPa, 
161 MPa, and 4.14 J, respectively. Similarly, Suresh et al. 
[13] examined the effects of incorporating filler biocar-
bon substances into flexible NiFe2O4 and black gram pod 
composites, revealing enhancements in dielectric, mag-
netic, and mechanical properties. Additionally, Alshahrani 
et al. [14] explored the use of cobalt/Hevea brasiliensis 
seed husk carbon dots in the bamboo-based PVA compos-
ite. Author made the composites via solution casting and 
dried. According to the result, the addition of biocarbon 
improved the shielding effectiveness of composite.

To improve the strength of these composites, natural 
fibers such as banana fiber could usually incorporate. 
Banana fiber, sourced from readily available banana 
trees, offers renewable, affordable, and lightweight prop-
erties, enhancing the tensile strength of the material fur-
ther; the banana plant-extracted fiber contained high cel-
lulose content [15–18]. Researchers are studied banana 
fiber–reinforced polymer composite because of improved 
strength properties on the material. For example, Bekraoui 
et al. and Nguyen et al. demonstrated the effectiveness 
of banana fiber reinforcement in improving mechani-
cal properties [19, 20]. Based on their observation, the 
study reported banana fiber reinforcement on matrix to 
provide better interfacial adhesion and enhance mechani-
cal strength properties to the composite. Similarly, Balaji 
et al. observed enhanced mechanical strength and thermal 
stability in banana fiber–reinforced epoxy composites [21]. 
The widespread research on banana fiber stems from its 
affordability, renewability, and low density, making it an 
attractive option for composite reinforcement [22, 23].

Thus, the recent development and studies on quantum 
dots have made new innovation in composite field. In 
addition, the reduction in carbon footprints by utilizing 
the waste biomass-extracted biocarbon as filler particle in 
the composite is the major advantages for EMI shielding 
applications. Further, due to their special features and the 
production of circular economy-based material, the biocar-
bon and banana fiber are used in the present research stud-
ies, and yet, there were no studies done based on this com-
bination of fiber- and filler-reinforced polymer material. 
In addition to this, less dense, flexible, dielectric prop-
erties of biocarbon particle, and improved strength and 
corrosive resistant properties of fiber and epoxy matrix, 
the EMI shield polymer composite plate could be applied 
in various sectors such as shield covers and enclosures in 
telecommunication, EMI-shielded gateway, router for sen-
sor and navigation device, electrical and electronic gadgets 
and defense manufacturing military industry, and space 
science.
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2 � Methodology description

2.1 � Raw components

In this research, the thermoset Araldite epoxy LY556 resin 
was utilized, boasting a density of 1.18 g/cm3 and a molecu-
lar weight of 190.1 g/mol, sourced from Huntsman Corpora-
tion in Mumbai, India. The hardener, triethylenetetramine, 
with a density of 0.9 g/cm3, along with distilled water, was 
procured from Sigma-Aldrich, USA. The papaya peel source 
and banana fiber were purchased from Metro Composite in 
Chennai, India. The banana fiber mat having a thickness 
of 0.8 mm is reinforced and papaya-extracted biocarbon is 
reinforced with the matrix.

2.2 � Biocarbon from papaya peel

In this study, biocarbon particles are utilized as filler materi-
als derived from papaya peel waste. Initially, the peel waste 
biomass undergoes a rigorous washing process using dis-
tilled water. Subsequently, the peeled biomass is subjected 
to pyrolysis treatment at 450 °C for 1 h in a thermal reactor 
under controlled oxygen supply. The resulting ash residue 
is then finely ground using a ball mill to obtain a biocarbon 
particle of size 1–3 µm. The process of extraction of biocar-
bon is outlined in Fig. 1.

2.3 � Preparations of particle with fiber epoxy 
composite

In this research, the biomass-extracted biocarbon is rein-
forced with epoxy composite for EMI shielding using the 
hand layup technique. The process involves mixing a spe-
cific quantity of epoxy resin with biocarbon and hardener to 
initiate the curing process of composite. Mixture is stirred 
using an ultrasonic stirrer to ensure homogeneity. Subse-
quently, the homogenous resin mixture is poured into pre-
waxed mold surface, onto which banana fiber is aligned. 
Finally, the poured particle-doped epoxy resin mixture along 
with banana fiber-fabricated composite is allowed to cure for 
8 h at ambient temperature. Table 1 shows the composition 
designation of banana fiber with biocarbon particle epoxy 
composite.

Fig. 1   Bio-extracted carbon particle from papaya peel

Table 1   Composition designation of banana fiber with particle epoxy 
composite

Composition 
designation

Epoxy resin 
(vol.%)

Banana fiber 
(vol.%)

Biocarbon 
particle 
(vol.%)

E 100 - -
EB0 60 40 -
EB1 59 40 1
EB2 57 40 3
EB3 55 40 5
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3 � Characterization of the composite

The post-cured epoxy composite was evaluated to assess its 
strength and performance according to ASTM standards. 
The test specimens are cut into shape using an abrasive water 
jet machine (Maxieum, Kent, USA). Figure 2 illustrates the 
particle with natural fiber epoxy composite.

3.1 � Mechanical

Mechanical tests, encompassing tensile, flexural, impact, 
and hardness evaluations, were executed adhering to ASTM 
standards. Tensile and flexural assessments were accom-
plished utilizing a UTM (FIE, UNITEK 91400, India) with 
a traverse speed set at 1.5 mm/min, consistent with ASTM 
standards D 3039 and D 790, correspondingly. Impact test-
ing was performed employing equipment from Krystal 
Equipment Ltd., India, in accordance with ASTM standard 
D 256. Hardness examinations were conducted utilizing a 
shore-durometer (Blue Steel, India) following ASTM stand-
ard D 2240.

3.2 � Dielectric

The dielectric properties of particle incorporated into the 
fiber-reinforced composite were evaluated utilizing an LCR 
HI-Tester (HIOKI-3532–50, Japan), following ASTM stand-
ard D 150 and frequency range of 8 GHz.

3.3 � EMI shielding effectiveness

The EMI shielding effectiveness and scattering characteris-
tics were assessed employing a high-frequency vector net-
work analyzer (VNA), namely the ME 7868A distributed 
modular 2-port vector network analyzer, procured from 
Anritsu, India. Further, the EMI X-band has a frequency of 
(8–12 GHz), and Ku band has a frequency of (12–20 GHz).

4 � Results and discussion

4.1 � Mechanical properties

Different composite designations are shown in Fig. 3 
together with their corresponding mechanical parameters, 
such as tensile strength, flexural strength, impact energy, 
and Shore-D hardness. The mechanical parameters of the 
E composite are not very good; it has a Shore-D hard-
ness of 85, impact energy of 0.4 J, a flexural strength of 
95 MPa, and a tensile strength of 60 MPa. The absence of 
reinforcement in the matrix is the main cause of this, as it 
leads to poor distribution and mechanical load resistance, 
especially when subjected to tensile or impact stresses [24, 
25]. Nevertheless, the mechanical properties are greatly 
improved when banana fibers are added to the epoxy 
matrix at a volume percentage of 40%. Compared to the 
E composite, the EB0 shows enhanced properties, with a 
hardness rating of 88, an impact energy of 4.27 J, a ten-
sile strength of 112 MPa, a flexural strength of 151 MPa, 
and an increase of 86% and 58%, respectively, [26]. By 
increasing the composite’s load-bearing capacity, decreas-
ing stress concentrations, and improving the distribution of 
loads, banana fibers make it more resistant to deformation 
and breaking when subjected to mechanical stresses [27].

Along with banana fibers, adding biocarbon particles to 
the epoxy matrix improves mechanical qualities even fur-
ther. With a Shore-D hardness of 90, an impact resistance of 
5.4 J, a flexural strength of 175 MPa, and a tensile strength 
of 130 MPa, the EB1 composite is an impressive material. 
The EB2 composite achieved a tensile strength of 148 MPa, 
flexural strength of 199 MPa, impact energy of 6.1 J, and 
hardness of 91 when the concentration of biocarbon particles 
was increased to 3 vol.% [28, 29]. The mechanical strength 
of the EB3 composite drops to 134 MPa for tensile strength, 
180 MPa for flexural strength, and 4.9 J for impact energy as 
the amount of biocarbon particles added increases beyond 
5 vol.%. Because particles tend to cluster within the epoxy 
matrix, they act as stress concentrators and can initiate and 
propagate cracks, which is why their strength declines [30, 
31]. Composite strength and stiffness are diminished when 
the resin-to-fiber ratio is altered by an excess of particle 
content, which compromises load distribution. When car-
bon dots are added to a composite matrix, their stiff and 
high-hardness properties enhance the hardness of the mate-
rial, which in turn improves the hardness of EB3 [32]. Thus, 
from the obtained results, that papaya peel–extracted biocar-
bon and banana fiber–reinforced composite material show 
superior mechanical properties when compared to another 
biomaterial. The comparison analysis for different biomass-
extracted carbon and fiber-reinforced composite is shown 
below in Table 2.Fig. 2   Biocarbon particle and natural fiber–reinforced epoxy compos-

ite
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Figure 4 presents SEM images (a–e) depicting various 
composite designations. Figure 4a shows the plain epoxy 
resin, which shows river marks in the fractured portion. This 
indicates that the plain resin is highly brittle and thus tends 
to break at lower load itself. However, in Fig. 4b and c, a 
weak connection between the fibers and the epoxy matrix is 
evident, resulting in the easy removal of fibers under applied 
loads. Additionally, Fig. 4c shows cracks in the fibers and 
areas where fibers pull away from the matrix. Conversely, 
Fig. 4d and e demonstrate uniform dispersion of particle 
within the matrix, enhancing the bonding between fibers 
and the matrix. However, Fig. 4d reveals the formation of 
clusters of biocarbon within the matrix, leading to points of 
stress concentration. These areas serve as initiation points 
for initial breakdown when subjected to load.

4.2 � Dielectric behavior

The dielectric loss and dielectric constant for various com-
posite designations are shown in Fig. 5. With a dielectric 
constant of 2.1 at 2 GHz and 1.8 at 4 GHz, as well as a 
dielectric loss of 0.19 at 2 GHz and 0.22 at 4 GHz, the E 
composite designation exhibits comparatively lower dielec-
tric characteristics. Epoxy resins’ comparatively low intrin-
sic dielectric constants are the main cause of these reduced 
dielectric characteristics [36]. In comparison to materials 
with greater dielectric constants, epoxy resins are less polar-
izable [37], which limits their capacity to store and transfer 
electrical energy by making it difficult to align their inter-
nal dipoles in response to an applied electric field. On the 
other hand, the dielectric characteristics of the composite 

Fig. 3   a Stress–strain curve. b Load–deflection curve. c Tensile strength and flexural strength. d Impact energy and shore-D hardness

Table 2   Comparison analysis of mechanical properties on different biomaterial

Material Constituents Tensile (MPa) Flexural (MPa) Impact (kJ/m2) Hardness 
(Shore-d)

Reference

Beta vulgaris fiber (40 vol.%), apple peel biocarbon (3 vol.%) 138 186 4.4 86 [33]
Bamboo fiber (40 vol.%), seed husk biochar (5 vol%) 168 195 6.2 90 [34]
Flax fiber (40 vol.%), almond shell biochar (3 vol.%) 71.5 79.5 - - [35]
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are significantly improved by adding 40 vol.% of banana 
fibers into the epoxy matrix. The EB0 composite shows 
improved dielectric losses of 0.19 and 0.22 at 2 GHz and 
4 GHz, respectively, and enhanced dielectric constants of 
2.4 at 2 GHz and 2.0 at 4 GHz. As natural materials, banana 
fibers have higher dielectric constants than the epoxy matrix 
by itself [38]. Their incorporation into the epoxy results in 
improved dielectric characteristics by raising the compos-
ite’s dielectric constant overall. Banana fiber insertion also 
increases the composite material’s homogeneity [39], which 
results in a more uniform distribution of dielectric charac-
teristics throughout the composite and fewer changes in the 

material’s dielectric constant. In addition, fewer dielectric 
losses result from the fiber reinforcement’s assistance in 
reducing heat dissipation in the presence of an alternating 
electric field.

The dielectric characteristics are significantly improved 
when additional biocarbons are added at concentrations of 
1, 3, and 5 vol.% combined with 40 vol.% of banana fib-
ers. With a dielectric constant of 3.9 at 2 GHz and 3.3 at 
4 GHz, as well as a dielectric loss of 0.19 at 2 GHz and 
0.22 at 4 GHz, the EB3 composite has the best dielectric 
characteristics. At both 2 and 4 GHz, EB3 exhibits a remark-
able dielectric constant improvement—it surpasses an 80% 

Fig. 4   SEM images of fractured specimens of a E, b EB0, c EB1, d EB2, and e EB3

Fig. 5   Dielectric properties including a dielectric constant and b dielectric loss
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enhancement—when compared to the E composite. Biocar-
bons frequently have relatively high dielectric constants, just 
like banana fibers [40]. They help raise the composite’s die-
lectric constant overall when combined with banana fibers 
in the epoxy matrix. Furthermore, the inclusion of particle 
enhances the composite material’s homogeneity [41], guar-
anteeing that the matrix’s dielectric qualities are dispersed 
more evenly. When exposed to alternating electric fields, this 
leads to a material with consistent electrical behavior, which 
lowers variations in the dielectric constant within the com-
posite and also helps to reduce the dissipation of electrical 
energy as heat, improving dielectric efficiency and reducing 
energy losses.

4.3 � EMI shielding

Figure 6 presents the electromagnetic interference (EMI) 
of different composite designations concerning X and Ku 
band frequencies. Notably, the E composite designation 
demonstrates relatively lower levels of electromagnetic 
interference, registering 8.0 dB at the X band and 8.5 dB 
at the Ku band compared to other composite designations. 
This lower EMI is attributed to epoxy’s excellent electrical 
insulating properties, resulting in limited ability to absorb 
or reflect electromagnetic waves due to its high resistance 
to electrical currents [42, 43]. Conversely, incorporating 
40 vol.% of banana fibers into the epoxy matrix leads to 
a slight enhancement of electromagnetic interference. The 

EB0 composite designation exhibits increased EMI levels, 
measuring 11.9 dB at the X band and 13.1 dB at the Ku 
band, representing a 48% enhancement in the X band and a 
54% improvement in the Ku band compared to the E com-
posite. Banana fibers, when embedded in the epoxy matrix, 
enhance the structural integrity of the composite, aiding in 
the formation of a conductive network that partially contrib-
utes to EMI shielding by reflecting electromagnetic waves. 
Additionally, the difference in dielectric properties between 
banana fibers and epoxy causes partial reflection of electro-
magnetic waves at their interface, further attenuating EMI 
[44].

Furthermore, a notable further enhancement in electro-
magnetic interference is observed when biocarbon particles 
are included at concentrations of 1, 3, and 5 vol. %. As a 
result, the EB3 composite designation exhibits exceptional 
electromagnetic interference values, reaching 55.8 dB at the 
X band and 59.2 dB at the Ku band. The improved EMI of 
composite designations EB1, EB2, and EB3 is attributed 
to the dispersion of biocarbon, which create a conductive 
pathway throughout the composite. The conductive nature 
of particle allows them to efficiently absorb electromagnetic 
waves, converting them into heat energy, thereby reducing 
the transmission of electromagnetic interference [45, 46]. 
Thus, from the obtained results, papaya peel-extracted bio-
carbon and banana fiber–reinforced composite material show 
maximum shielding properties when compared to another 
biomaterial. The comparison analysis for different biomass-
extracted carbon and fiber-reinforced composite is shown 
below in Table 3.

4.4 � Wettability (hydrophobicity)

Figure 7 shows the water contact angle values of plain resin 
and its composites. It is noted that the designation E has 
a contact angle of 117°, since it is a hydrophobic mate-
rial; however, composite designation EB0 shows a contact 
angle of 78°. About 50% increase in contact angle for EB0 
compared to E is attributed to the introduction of banana 
fiber. Banana fiber introduces surface roughness and tex-
ture, altering the surface morphology and increasing the 
surface area available for water droplet interaction. This 
increased roughness leads to reduced wetting and conse-
quently a higher contact angle. Similar declined trend is 
observed in the composite EB1 too. It gives a contact angle 

Fig. 6   Electromagnetic interference of various composite designa-
tions at X and KU band

Table 3   Comparison analysis 
of EMI shield effectiveness 
properties on different 
biomaterial

Material constituents EMI shield effectiveness (dB) Reference

Coconut spathe rachilla fiber (40 vol.%), coffee ground 
(4 vol.%)

40.74 and 52.77 [47][47][47]

Carbon short fiber, red onion husk biochar  − 44.37 and − 49.62 [48]
Carbon fiber, biochar from onion bulb/Co particle  − 51.3 [49]
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of 65°, representing a decrease of about 80% compared to 
E. This decrease is primarily attributed to the incorpora-
tion of 1 vol.% particle, which modify the surface energy 
of composite and increased its wettability by lowering the 
surface tension. The presence of particle creates hydrophilic 
sites on the surface, increasing the interaction between water 
molecules and the composite surface, thus decreasing the 
contact angle. The filler particles in these composites pull 
in and react with water, causing the observed reduction in 
contact angles [50]. This attribute is claimed by Nagaraj 
et al. [51]. Author investigated how adding cellulosic filler to 
date palm seed/vinyl ester composites affected their contact 
angles. With EB2 exhibiting a contact angle of 61°, roughly 
6.56% still lower than EB0, the additional 3% particle fur-
ther reduced the hydrophobicity of the composite surface. 
The higher concentration of particle increases the density of 
hydrophobilic sites on the surface, resulting in greater admit-
tance to wetting by water droplets and consequently a lower 
contact angle. But on compare with the result of this author’s 
study, the present study’s composite is better in hydrophobic.

Finally, EB3 demonstrates a contact angle of 64°, approx-
imately 82.82% lower than E. The highest concentration of 5 
vol.% biochar particle in EB3 significantly reduced the com-
posite’s hydrophobicity. At this concentration, the composite 
surface is densely populated with hydrophilic region with 
highly porous particle, improving the interaction between 
water molecules and the surface. Moreover, the presence 
of pores admits more water molecules into the surface via 

capillary action. This strong susceptive nature of water mol-
ecules results in the lowest contact angle observed in the 
series.

4.5 � Thermal conductivity

The thermal conductivity decreased with the addition of 
filler, as depicted in Fig. 8. Composite designation E has 
a thermal conductivity of 1.3 W/mK, whereas compos-
ite designation EB0 has a thermal conductivity of 0.99 
W/mK. This decrease in thermal conductivity for EB0, 
approximately 23.08% lower than E, can be attributed to 

Fig. 7   Contact angle of various composite designations

Fig. 8   Thermal conductivity of various composite designations
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the incorporation of banana fiber. The fiber acts as an insu-
lating material, introducing air pockets within the composite 
structure. These air pockets disrupt the flow of heat, thereby 
reducing thermal conductivity. For EB1, the thermal con-
ductivity is 0.74 W/mK, representing a decrease of about 
43.08% compared to E. This decrease is primarily due to 
the addition of 1% particle. Particles have low thermal con-
ductivity compared to the epoxy matrix, which lead to a 
reduction in the overall thermal conductivity of the compos-
ite. With EB1 exhibiting a thermal conductivity of 0.71 W/
mK, roughly 45.38% lower than E, the additional 3% particle 
further contributes to the reduction in thermal conductivity. 
Particle nanoparticles have a heat-absorbing property that 
diminishes the vibrational motion of binder molecules [52]. 
This decrease in vibrational motion reduces the transfer of 
thermal energy through the material, resulting in lower ther-
mal conductivity.

The higher concentration of particle disrupts the flow 
of heat more effectively, resulting in a greater decrease in 
thermal conductivity. Finally, EB3 observed with a thermal 
conductivity of 0.67 W/mK, approximately 48.46% lower 
than E. The highest concentration of 5% particle in EB3 sig-
nificantly improves insulating properties of the composite. 
The dense network of particle within the composite structure 
hinders the transfer of heat, leading to the lowest thermal 
conductivity observed in the series. Liang et al. observed 
similar trends, noting an enhancement in the material’s abil-
ity to regulate thermal conductivity with the addition of filler 
particles [53].

5 � Conclusions

In conclusion, this study successfully explored the sustain-
able utilization of papaya peel waste for the extraction of 
biocarbon particle, which were subsequently employed 
to reinforce epoxy resin with banana fiber. The resulting 
particle-reinforced epoxy composite materials, designated 
as EB2 and EB3, exhibited notable mechanical, dielectric, 
and electromagnetic interference (EMI) shielding properties. 
EB2 displayed remarkable mechanical strength, with a ten-
sile strength of 148 MPa, a flexural strength of 199 MPa, and 
an impact energy of 6.1 J. Conversely, EB3 demonstrated 
the highest Shore-D hardness of 93 among the composites. 
In terms of dielectric properties, EB3 exhibited better out-
comes, with a dielectric constant of 3.9 at 2 GHz and 3.3 at 
4 GHz, accompanied by a dielectric loss of 0.19 at 2 GHz 
and 0.22 at 4 GHz, indicating its potential suitability for 
electronic applications. Furthermore, EB3 showcased excep-
tional EMI shielding effectiveness, achieving values of 55.8 
for the X-band and 59.2 for the Ku-band, surpassing per-
formance of other composite designs. These results under-
score the versatility and promise of repurposing agricultural 

waste for the creation of sustainable composite materials 
with impressive mechanical and electrical properties. Fur-
thermore, specimen EB3 exhibits acceptable performance in 
both contact angle and thermal conductivity measurements. 
With a contact angle of 64° and a thermal conductivity of 
0.67 W/mK, EB3 demonstrates lowest hydrophobicity and 
the lowest thermal conductivity among all specimens. How-
ever, the hydrophobic level is not much affected by the incor-
poration of biochar and banana fiber. This research not only 
demonstrates an innovative approach to mitigate agricultural 
waste but also presents opportunities for the development 
of environmentally friendly materials applicable to a wide 
range of industries, including electronics and telecommuni-
cations. By adhering to ASTM standards in sample charac-
terization, this study ensures the reliability and consistency 
of experimental findings, further bolstering the potential for 
these eco-friendly composites to contribute to waste reduc-
tion and environmental sustainability.
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