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Abstract

This work explores the use of coconut-shell-derived activated carbon (AC) to improve the properties of recycled
polyethylene/polypropylene (PE/PP) composites. AC was added at 0 - 25 wt% using melt blending followed by
compression moulding. As the AC content increased, the composite density rose from 0.8987 to 0.9627 g/cm?, while the
melt flow index dropped from 58.29 to 17.47 g/10 min, reflecting reduced chain mobility and stronger interactions
between the filler and polymer matrix. Mechanical properties also improved, with the tensile modulus and tensile strength
reaching 1643 and 16.8 MPa, together with a noticeable increase in ductility. DSC analysis showed two melting transitions
at around 128 and 163 °C, and both the crystallization temperature (122.24 °C) and crystallization enthalpy (574 J/g at 5
wt% AC) increased, confirming that AC acts as an effective nucleating agent. The EMI-shielding performance of the
composites improved steadily with AC loading. The best attenuation was obtained at 25 wt% AC, where the transmitted
signal reached —18.64 dBuV at 3.82 GHz. This enhancement is attributed to the development of semi-continuous
conductive pathways and stronger dielectric loss mechanisms. Overall, the results show that incorporating bio-based AC
into recycled PE/PP is a practical and sustainable way to produce lightweight, low-cost composites with improved

mechanical performance and effective EMI-shielding capability for use in electronic and packaging applications.

Keywords: Polyethylene, Polypropylene, Recycled PE/PP, Activated carbon, EMI shielding, Mechanical properties,
Thermal behavior

Introduction

The rapid production of electronic devices and performance of sensitive equipment and cause health
wireless communication systems has led to increasing risks, so effective shielding materials are necessary
concerns about electromagnetic interference (EMI) in [1,2]. Traditionally, enclosures or coatings made of

everyday life. Uncontrolled EMI can disrupt the metals (e.g., copper or aluminum) have been used for
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EMI shielding due to their high electrical conductivity
[3,4]. However, metal-based shields suffer from
inherent drawbacks such as high density, susceptibility
to corrosion, and poor flexibility, which limit their
practicality for many modern applications [5-7].
Moreover, metallic shields primarily reflect
electromagnetic waves, potentially causing secondary
interference, and they tend to be expensive to process
into lightweight, complex forms [4,6]. These limitations
have driven the search for alternative EMI shielding
materials that are lighter, more corrosion-resistant, and
cost-effective.

Polymer-based composites have emerged as
promising alternatives to traditional metals for EMI
shielding materials [8-10]. Polymers offer advantages of
low weight, chemical resistance, and ease of production,
but they are fundamentally insulating and require
conductive or magnetic fillers to attenuate
electromagnetic waves [11]. By incorporating
conductive fillers into a polymer matrix, lightweight
conductive polymer composites (CPCs) can be created
that dissipate or absorb EMI through a combination of
reflection and absorption mechanisms [12,13]. Carbon-
based fillers have been extensively explored in such
composites because of their excellent -electrical
properties and relatively low density. For example,
carbon black (CB), graphite, carbon fibers, carbon
nanotubes, and graphene have all been used to impart
conductivity and EMI shielding effectiveness in
polymers [11,13]. These carbon-filled composites can
achieve high shielding performance while retaining the
processing flexibility of plastics. However, many high-
performance fillers (e.g., carbon nanotubes or graphene
nanoplatelets) are costly or require sophisticated
production, which can offset the economic and
environmental benefits of using polymers [14,15].

In recent years, increasing attention has been paid
to how filler-induced microstructural networks
influence the functional performance of polymer-based
electromagnetic  interference ~ (EMI)  shielding
composites. In these materials, the development of
conductive or semi-continuous filler networks within an
otherwise insulating polymer matrix plays a key role in
controlling electrical conductivity, dielectric loss, and
overall shielding effectiveness [16,17]. Carbon-based
fillers are particularly attractive in this context, as their

interconnected networks promote charge transport,

interfacial polarization, and multiple internal reflections
of electromagnetic waves, leading to shielding behavior
that is dominated by absorption rather than simple
surface reflection. The efficiency of such networks is
strongly affected by filler loading, dispersion quality,
and the degree of interfacial contact between the filler
and the polymer phases [18,19]. Therefore, establishing
clear linksbetween microstructural network formation
and  structure-property-function  relationships  is
essential for the rational design of lightweight, cost-
effective, and sustainable EMI shielding materials.

Alongside these fundamental advances in EMI
shielding mechanisms, increasing emphasis has been
placed on developing sustainable EMI shielding
materials using resources derived from waste [20,21].
One approach is to replace virgin or high-cost fillers
with carbonaceous materials obtained from abundant
waste streams. Activated carbon (AC) derived from
biomass waste has garnered attention as a low-cost,
sustainable filler for EMI shielding composites [22,23].
AC, such as those produced from coconut shell, are
characterized by a high carbon content, extensive porous
structure, and decent electrical conductivity, which
enable them to absorb and attenuate electromagnetic
radiation efficiently through dielectric loss and multiple
internal reflections in their pores [24,25]. Furthermore,
AC fillers from agricultural by-products are inexpensive
and renewable compared to synthetic nanocarbons.
Studies have demonstrated that polymer composites
filled with AC can exhibit useful antistatic and EMI
shielding properties, highlighting AC as a sustainable
functional filler. Using waste-derived AC provides an
effective way to recycle agro-waste (e.g., coconut shell,
wood sawdust, or even animal waste-derived carbon)
into value-added products, aligning with the principles
of circular economy and environmental sustainability
[23,26].

Complementing the use of recycled fillers, the
polymer matrix itself can be sourced from post-
consumer plastic waste to create fully sustainable
composites. Polyolefins like polyethylene (PE) and
polypropylene (PP) constitute a large fraction of global
plastic waste and are attractive candidates for recycling
into new materials [27,28]. In particular, low-density
polyethylene (LDPE) and polypropylene (PP) are often
found together in mixed plastic waste streams (e.g.,

packaging materials) and reusing them in combination
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avoids the need for energy-intensive separation [29].
Blending LDPE and PP can also leverage the
complementary properties of each polymer to achieve a
balanced performance. LDPE is generally flexible and
impact-resistant with a low melting point, whereas PP
provides higher stiffness, strength, and thermal stability
[30,31]. When combined as a blend, recycled PE/PP
matrices can potentially maintain good toughness and
processability while improving the dimensional stability
at elevated temperatures of composites [32]. Such
PE/PP blends have shown the ability to balance
mechanical and thermal properties, which is
advantageous for EMI shielding applications that
demand both structural integrity and heat resistance in
service. Notably, both the polymer blend matrix and the
AC filler in this work are obtained from post-consumer
and agricultural waste sources, emphasizing the
sustainable nature of the material design.

Despite the evident benefits, fully waste-derived
EMI shielding composites remain relatively unexplored.
Prior studies on EMI shielding often use virgin polymers
or expensive conductive additives, and only a limited
number have incorporated recycled polymers or waste-
based fillers [33]. The development of composites
where both the matrix and the filler originate from
recycled waste addresses a critical gap in the pursuit of
green electronic materials. Therefore, this research aims
to develop and characterize EMI shielding composites
made entirely from waste-derived constituents: A
recycled PE/PP blend reinforced with coconut shell-
derived activated carbon. The introduction of porous AC
into the polyolefin blend is expected to provide effective
electromagnetic  attenuation through absorption-
dominated shielding. At the same time, the PE/PP
matrix offers a balanced set of mechanical and thermal

properties. In this work, the structure-property
relationships of these sustainable composites were
investigated, examining how factors such as filler
loading and  microstructure influence  the
electromagnetic shielding effectiveness as well as the
mechanical performance. The outcomes demonstrate a
feasible route to convert plastic, and biomass wastes into
value-added EMI shielding materials, contributing both
to waste reduction and to the development of
lightweight, affordable shielding solutions for electronic

applications.

Materials and methods

Materials

Recycled polyethylene (PE) and polypropylene
(PP) were used as the polymer matrix. Both were
sourced from post-consumer packaging waste and
pelletized prior to processing. A 1:1 weight ratio of PE
to PP was selected to balance flexibility and thermal
resistance. Activated carbon (AC), as shown in Figure
1, was obtained from Carbokarn Co., Ltd. (Bangkok,
Thailand) and used as received. It was derived from
coconut shell and had a nominal particle size of around
74 um (mesh 200), as specified by the supplier, with an
iodine number of 950 mg/g, corresponding to its iodine
adsorption capacity, which is commonly used as an
indicator of high microporous surface area in activated
carbon materials. No compatibilizers or surface
treatments were applied. The SEM micrograph in
Figure 1 reveals the irregular morphology of the AC
particles, characterized by a rough, porous surface and
the presence of fine micro- and mesopores. These
textural features provide abundant adsorption sites and
are expected to enhance filler-matrix interaction through

mechanical interlocking.
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Figure 1 SEM image of AC.

Composite preparation

The recycled PE and PP pellets were dry mixed
with AC powder at filler loadings of 0, 5, 10, 15, 20 and
25 wt%. Mixing was carried out using a two-roll mill at
180 °C to ensure homogeneous dispersion of the filler.
The blended materials were then compression molded
into flat sheets of 2 - 3 mm thickness at 180 °C under

10 MPa for 5 min, followed by cooling under pressure
to room temperature. Specimens for mechanical and
thermal testing were CNC-machined from molded
composite sheets. The corresponding formulation
compositions, expressed in grams based on a total batch

mass of 100 g, are presented in Table 1.

Table 1 Formulations of the recycled PE/PP blend and activated carbon (total batch mass = 100 g).

Samples PE/PP blend recycle (g) Activated carbon (g)
Recycled PE/PP (unfilled) 100 0
Recycled PE/PP + 5 wt% AC 95 5
Recycled PE/PP + 10 wt% AC 90 10
Recycled PE/PP + 15 wt% AC 85 15
Recycled PE/PP + 20 wt% AC 80 20
Recycled PE/PP + 25 wt% AC 75 25
Mechanical properties Impact testing

Tensile testing

Tensile strength and elongation at break were
measured according to ASTM D638 using a universal
testing machine. Dog-bone specimens were CNC-
machined from composite sheets. Testing was
performed at room temperature, and the results were
reported as mean values from at least five replicates.

Impact strength was evaluated using the Izod
method (ASTM D256). Notched specimens were
prepared with dimensions of 12.7 mm (width)x63.5
mm (length)x3.0 mm (thickness). Impact tests were
performed with a 2 J pendulum. The absorbed energy
was recorded and converted to impact strength (kJ/m?),
averaged over three replicates per formulation.
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Density

Density was determined following ASTM D792
using the immersion method. Each specimen was
weighed in air and then in distilled water using an
electronic balance with a density determination kit. The
results were calculated based on Archimedes’ principle
and reported as the average of three measurements.

Melt Flow Index (MFI)

MFI was measured in accordance with ASTM
D1238. Approximately 8 g of each sample was loaded
into the barrel and tested at 190 °C under a load of
2.16 kg. The MFI was recorded in g/10 min, and three
replicates were tested per condition.

Thermal analysis

Differential Scanning Calorimetry (DSC) was
performed following ASTM D3418. About 1 mg of each
sample was sealed in an aluminum pan and tested under
a nitrogen atmosphere. The temperature program ranged
from 25 - 200°C at a heating and cooling rate of
10 °C/min. The melting temperature (7m) and
crystallization temperature (7c) were recorded, and

enthalpy values were used to assess crystallinity.

Electromagnetic interference (EMI) shielding

EMI shielding effectiveness was tested using a
Diamond Engineering (DE) System in an anechoic
chamber. Composite sheets (approx. 40x40 cm?, 3 mm
thickness) were mounted vertically using flexible clamp
arms on a rotating platform. Measurements were
performed over the frequency range of 1 - 6 GHz using
horn and biconical antennas paired with a spectrum
analyzer.

Each formulation was tested under two conditions,

first without a copper backing (to assess absorption),

and with a copper backing (to enhance internal wave
reflection and total attenuation). The reflection
coefficient (S11) and absorption performance were
recorded. Each formulation was tested in four replicates.

Morphological analysis

Morphology of the fractured surfaces was
examined using Scanning Electron Microscopy (SEM)
to investigate filler dispersion and interfacial adhesion
between the AC and polymer matrix. Samples were
cryogenically fractured in liquid nitrogen to preserve
structural features. Prior to imaging, the specimens were
sputter-coated with a thin layer of gold to prevent
charging and improve surface conductivity. SEM
observations were performed under an accelerating
voltage of 10 - 15kV, and representative micrographs

were captured for each formulation.

Results and discussion

Morphological analysis (SEM)

The fractured surfaces of recycled PE/PP-AC
composites were examined by scanning -electron
microscopy (SEM) to evaluate the dispersion of AC and
its interfacial adhesion with the recycled polymer
matrix, as presented in Figure 2. The unfilled recycled
PE/PP blend exhibits a relatively smooth and
homogeneous fracture surface, typical of thermoplastic
blends with good phase compatibility, which also was
found by the study of Nassar et al. [34]. After
incorporating 5 wt% AC, the surface becomes
noticeably rougher with small, well-dispersed particles
embedded within the matrix. This microstructure
suggests effective filler wetting and mechanical
interlocking between the recycled polymer chains and
AC particles.
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Figure 2 SEM micrographs of fractured surfaces of recycled PE/PP-AC composites at various AC loadings.

At 10 - 15 wt% AC, a more complex and finely
textured morphology is observed. The fractured surfaces
show numerous micro voids and fibrillation traces,
indicating restricted polymer chain movement caused by
AC reinforcement. These features demonstrate that
moderate AC addition improves the interfacial adhesion
and stress-transfer capability of the recycled PE/PP
matrix. When the filler content increases to 20 - 25 wt%,
the SEM micrographs reveal localized agglomeration
and interfacial voids caused by particle clustering and
incomplete polymer encapsulation. Such features are
commonly observed at high filler loadings and are
known to weaken mechanical performance by
introducing stress concentrators [35,36]. Such
imperfections may act as stress concentrators and can
reduce the local reinforcing efficiency at high filler
loadings. However, in the present composites, the
tensile strength still increased up to 25 wt% AC,
indicating that mechanical interlocking between the
rough, porous AC particles and the polymer matrix,
together with network reinforcement effects,
outweighed the adverse influence of localized
agglomeration. At these higher AC contents, the
formation of a denser and more continuous filler

network also enhances electrical connectivity, which is

beneficial for -electromagnetic interference (EMI)
shielding performance. Overall, the morphological
results confirm that the recycled PE/PP matrix can
effectively accommodate AC up to about 15 wt% with
good dispersion and interfacial compatibility, while
further increases in AC content promote network
formation  that influences both  mechanical
reinforcement and functional properties.

Density

The measured density of recycled PE/PP-AC
composites at various filler loadings is shown in Figure
3. The density of the unfilled recycled PE/PP blend was
0.8987 g/ cm?, and it increased progressively with the
addition of AC. At 5 wt% AC, the density rose to 0.9134
g/em?, reaching 0.9627 g/ cm® at 25 wt%. This steady
increase corresponds to the inherently higher density of
AC compared with that of the recycled polymer matrix,
consistent with the rule of mixtures. Comparable trends
were observed in NR/Cu-AC composites [24] and
PVDF-HFP/amethyst systems [37], where the addition
of high-density fillers similarly increased composite
density. The nearly linear trend confirms that AC
particles were effectively incorporated into the recycled

PE/PP matrix without the formation of significant voids
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or porosity during melt blending and compression
molding. This finding aligns with the SEM
observations, where uniform dispersion and good
interfacial adhesion were evident.

The higher density values also suggest more
compact molecular packing and improved filler-matrix

interaction. Similar trends have been reported in carbon-

0.98

filled thermoplastics, where the presence of rigid carbon
particles enhances the overall mass and dimensional
stability of the composites. Therefore, the gradual
density increase with AC loading verifies the successful
integration of AC and the structural uniformity of the
recycled PE/PP-AC composites.
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Figure 3 Density of recycled PE/PP-AC composites as a function of AC content.

Melt Flow Index (MFI)

The melt flow index (MFI) results of the recycled
PE/PP-AC composites are shown in Figure 4. The
unfilled recycled PE/PP blend exhibited an MFI of
58.29 g/10 min, reflecting the relatively high chain
mobility of the recycled polyolefin matrix, which
decreased steadily with increasing AC content, reaching
52.07 g/10 min at 5 wt% AC and 17.47 g/10 min at 25
wt%. This reduction in MFI reflects a progressive
increase in melt viscosity as the AC loading increases
[38]. The incorporation of rigid AC particles restricts
polymer chain mobility and intensifies flow resistance
during processing. This reduction in melt flow is
primarily attributed to physical confinement effects,
whereby the presence of rigid AC particles limits the

free movement of PE/PP chains within the melt.
Furthermore, the high surface area and porous texture of
AC promote interfacial friction and physical
entanglement between the filler surfaces and polymer
chains, further hindering melt flow. Because no
compatibilizers or surface treatments were applied to the
AC, the interaction between AC and the PE/PP matrix is
expected to be dominated by physical confinement and
interfacial friction rather than specific chemical bonding
at the filler-polymer interface. This mechanism is
consistent with the behavior reported for activated-
carbon-filled elastomeric systems, where increased filler
rigidity and strong interfacial interactions reduce

molecular mobility and increase viscosity [39].



Trends Sci. 2026; 23(7): 12852

8 of 20

~1
=

58.29
I 52.07

Melt flow index (g/10min)
[ w N th a
=) S ) = >

I—|—|

[
=]
1

0 T T

44.35

2698 5604

17.47

0 5

A(,1 gontent (‘ﬁ%)

20 25

Figure 4 Melt flow index of recycled PE/PP-AC composites as a function of AC content.

The observed trend agrees with previous studies
on carbon-based fillers in thermoplastics, where the
incorporation of conductive and high-surface area fillers
increase viscosity due to particle-matrix interaction and
formation of microstructural networks [40,41]. From a
structure-property perspective, the steady decline in
MFT indicates reduced chain mobility arising mainly
from physical confinement of the polymer chains. Such
confinement-induced reductions in chain mobility have
been widely associated with enhanced stiffness,
improved dimensional stability, and the formation of
conductive microstructural networks in filled polymer
systems, as reported by Mishra et al. [42]. Accordingly,
these effects are expected to contribute to the
mechanical reinforcement and EMI shielding behavior
discussed in the subsequent sections. The steady decline
in MFI also suggests improved dimensional stability of
the composites during molding, which is advantageous
for producing recycled polymer products with consistent
quality. Overall, the decreasing MFI with increasing AC
content confirms restricted chain mobility and strong
physical interactions between the recycled PE/PP matrix
and activated carbon, in agreement with the SEM

observations.

Mechanical properties

The effect of AC loading on the mechanical
performance of the recycled PE/PP composites is
presented in Figure 5. All key properties—tensile

modulus, tensile strength, and elongation at break—
showed a progressive increase with increasing AC
content, indicating that the rigid carbon particles acted
as effective reinforcing agents within the recycled
polymer matrix. The tensile modulus increased from
1228 MPa for the unfilled blend to 1643 MPa at 25 wt%
AC. This enhancement reflects the ability of stiff filler
particles to restrict the mobility of polymer chains and
improve stress transfer across the composite interface, a
mechanism widely reported for polymer systems
containing rigid particulate reinforcements [43,44]. The
tensile strength followed a similar upward trend, rising
from 7.7 MPa for the unfilled sample to 16.8 MPa at 25
wt% AC. This improvement can be attributed to strong
filler-matrix interfacial adhesion and relatively uniform
dispersion at moderate AC loadings, which promote
efficient load transfer from the ductile polymer phase to
the stiffer carbon particles. Comparable reinforcement
behavior has been observed in biowaste-filled natural
rubber composites, where well-dispersed rigid particles
significantly —enhance tensile strength through
mechanical interlocking and interfacial bonding [45].
The elongation at break also increased markedly,
from 7.7% for the unfilled composite to 16.8% at 25
wt% AC. This simultaneous improvement in both
strength and ductility suggests that the rough and porous
morphology of AC facilitates energy dissipation during
deformation through mechanisms such as interfacial
friction, crack deflection, and microstructural
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toughening. Similar fracture-energy enhancement
associated with rough filler surfaces has been
documented in biowaste-filled elastomers and

polyolefin blends, where complex filler—matrix
interactions promote stable plastic deformation [44,45].
Overall, the mechanical results confirm that AC

provides an effective balance of stiffness, strength, and

toughness in the recycled PE/PP matrix. The combined
reinforcing and energy-dissipating functions of the AC
filler result in composites with improved structural
reliability, making them suitable for functional
applications where enhanced mechanical performance

and sustainability are both required.
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Figure 5 Tensile modulus (a), tensile strength (b), and elongation at break (c) of recycled PE/PP-AC composites at

different AC loadings.

Thermal behavior
The differential
thermograms of the recycled PE/PP-AC composites

scanning calorimetry (DSC)

during the first heating and cooling cycles are shown in
Figures 6(a) - 6(b), with the corresponding thermal
parameters summarized in Table 2. All samples
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exhibited two distinct melting peaks: The lower-
temperature peak (71 around 127 - 130 °C) corresponds
to polyethylene (PE), while the higher-temperature peak
(Tm2 aroundl60 - 165 °C) is associated with
polypropylene (PP). The presence of both peaks
confirms the coexistence of separate PE and PP
crystalline domains within the recycled blend, a
behavior widely reported for immiscible polyolefin
blends [46]. With the incorporation of AC, both Tmi and
T2 shifted slightly upward up to 15 wt% AC. This
behavior indicates that AC acts as a heterogeneous
nucleating agent, promoting more ordered chain
packing and facilitating crystal formation during
reheating. Similar nucleation-driven shifts in melting
temperature have been observed in polymer composites
containing high-surface area fillers such as FeCl3-6H,O
and graphene nanoplatelets [43]. The enhanced melting
temperatures at moderate AC contents suggest improved
thermal stability of the crystalline domains, which is
beneficial for maintaining mechanical integrity under

elevated service temperatures.

At higher AC loadings (20 - 25 wt%), a slight
decrease in Tm: was noted, suggesting that excessive
AC generates steric hindrance and disrupts polymer
chain alignment, reducing crystalline perfection.
Comparable reductions in melting temperature and
crystallinity at elevated filler concentrations have been
reported in carbon-based and nanoparticle-filled
composites due to particle agglomeration and restricted
chain mobility [44,45]. The crystallization temperature
(T) during cooling exhibited a small upward shift from
121.22 °C for unfilled PE/PP to 122.24 °C at 20 wt%
AC, confirming the nucleating role of AC in
accelerating crystallization. The crystallization enthalpy
(AH.) increased substantially at moderate AC levels (5 -
10 wt%), reaching 574 and 564.55 J/g, respectively.
This enhancement reflects improved nucleation
efficiency, consistent with the crystallization behavior
observed in polyolefin blends where heterogeneous

nucleation accelerates crystal formation [46].

Table 2 Melting temperature (7m1, Tm2), crystallization temperature (7¢), and crystallization enthalpy (AH.) of recycled

PE/PP-AC composites.

Sample Tm1(°C) Tm2(°C) T. (°C) AH. (J/g)
Recycled PE/PP (unfilled) 127.70 161.90 121.22 42334
Recycled PE/PP + 5 wt% AC 128.13 162.76 121.51 574.00
Recycled PE/PP + 10 wt% AC 128.95 163.54 121.77 564.55
Recycled PE/PP + 15 wt% AC 129.43 164.35 121.93 499.53
Recycled PE/PP + 20 wt% AC 128.15 164.52 122.24 399.00
Recycled PE/PP + 25 wt% AC 126.64 159.84 121.77 364.39

The increase in AH. further indicates enhanced
crystallinity arising from efficient heterogeneous
nucleation, consistent with reports showing that well-
dispersed fillers facilitate lamellar growth and promote
more ordered crystal structures [45]. Higher crystallinity
at these filler contents is expected to contribute to
increased stiffness and improved dimensional stability,
which are beneficial for maintaining structural
performance during prolonged service conditions. This
structure-property relationship is well established for
semi-crystalline polyolefin composites, where enhanced
crystallinity leads to improved mechanical stability and

resistance to deformation, as reported by Yang et al.

[47]. Beyond 15 wt% AC, AH. decreased progressively,
which can be attributed to filler agglomeration that
impedes lamellar growth and reduces the mobility
required for complete crystallization, an effect similarly
documented in nanoparticle-filled polymer systems
[14,44]. Such reductions in crystallinity at excessive
filler loadings may adversely affect long-term
mechanical stability by introducing structural
heterogeneities and localized stress concentrations. The
DSC results confirm that moderate AC incorporation
(<15 wt%) enhances the crystallinity of the recycled
PE/PP blend through heterogeneous nucleation and

improved chain ordering. These crystallization effects
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are expected to support improved mechanical stability

and thermal reliability of the composites under service

conditions, whereas excessive AC loading leads to

agglomeration-driven disruption of crystalline order.
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Figure 6 DSC thermograms of recycled PE/PP-AC composites: (a) First heating and (b) Cooling cycles.

Electromagnetic interference (EMI) shielding
performance

The EMI-shielding performance of the recycled
PE/PP-AC composites was evaluated over the 1 - 6 GHz
frequency range, with representative spectra for the
unfilled and 25 wt% AC samples shown in Figures 7(a)
- 7(b). The complete spectra for the intermediate AC
loadings (5 - 20 wt%) are presented in the
Supplementary Information (Figures S1 - S4), and the
main attenuation minima are summarized in Table 3.
The unfilled recycled PE/PP blend exhibited only

modest shielding, with transmitted-signal minima of

6.82 dBuV at 2.22 GHz, —4.55 dBpV at 4.72 GHz, and
—8.64 dBuV at 5.67 GHz. This weak shielding behavior
is consistent with the inherently insulating nature of
polyolefins, where electromagnetic waves are largely
reflected at the material surface due to impedance
mismatch, with minimal energy dissipation within the
bulk matrix [6,48]. In this case, EMI attenuation is
dominated by surface reflection, and absorption
mechanisms are negligible.

With the incorporation of AC, a clear reduction in
transmitted-signal intensity (stronger EMI attenuation)

was observed. At low AC loading (5 wt%), attenuation
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minima of 14.64 dBpuV at 2.46 GHz and —2.50 dBpV at
3.88 GHz were recorded. This behavior suggests the
onset of interfacial polarization and localized micro-
conductive regions, arising from the introduction of
electrically active carbon particles into the insulating
PE/PP matrix. Increasing the filler content to 10 wt%
AC further enhanced attenuation, with minima of 12.14
dBpV at 2.20 GHz and 7.14 dBuV at 3.87 GHz,
reflecting increased dielectric loss and charge-hopping

processes at polymer-filler interfaces [49]. More

pronounced attenuation occurred at higher filler
loadings (15 - 25wt. %). For 15 wt% AC, transmitted-
signal minima of 16.30 dBuV at 2.40 GHz and 2.30
dBuV at 4.15 GHz were recorded, while 20 wt% AC
produced three distinct minima: 5.71 dBpV at 2.17
GHz, 3.57 dBuV at 3.88 GHz, and 10.71 dBpV at 4.80
GHz. These features indicate the development of semi-
continuous conductive pathways, which facilitate
charge transport, dielectric relaxation, and multiple

internal reflections within the composite [50].
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Figure 7 Representative EMI-shielding spectra of recycled PE/PP-AC composites measured over 1 - 6 GHz: (a) Unfilled
recycled PE/PP and (b) Recycled PE/PP with 25 wt% activated carbon (AC). The red, blue, and green curves correspond
to the reference input signal, baseline response, and transmitted signal, respectively. A lower transmitted-signal intensity

(green curve) indicates stronger EMI-shielding effectiveness.
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Table 3 Characteristic attenuation minima (frequency and signal intensity) of recycled PE/PP-AC composites in the 1 -

6 GHz range.
AC (wt%) f1(GHz) Min: (dBpV) f2(GHz) Min: (dBpV) f3(GHz) Mins (dBpV)
Unfilled 2.22 6.82 4.72 —4.55 5.67 —-8.64
5 wt% 2.46 14.64 3.88 -2.50 - -
10 wt% 2.20 12.14 3.87 7.14 - -
15 wt% 2.40 16.30 4.15 2.30 - -
20 wt% 2.17 5.71 3.88 3.57 4.80 10.71
25 wt% 2.15 11.36 3.82 —-18.64 593 —7.14
The strongest EMI-shielding performance was housings, signal-protection components, and low-

achieved at 25 wt% AC, where the transmitted-signal
minima reached 11.36 dBuV at 2.15 GHz, —18.64 dBuV
at 3.82 GHz, and —7.14 dBpV at 593 GHz. These
the

development of a semi-continuous conductive network,

pronounced  attenuation minima indicate
which is a key characteristic of absorption-dominated
EMI shielding behavior in carbon-based polymer
composites, as previously reported by Durmaz et al.
[51]. At this filler concentration, the high specific
surface area and partially graphitic microstructure of AC
introduce numerous polarization centers and conductive
pathways, promoting interfacial polarization, dipole
relaxation, and charge-hopping processes. As a result,
incident electromagnetic waves entering the composite
are efficiently dissipated through a combination of
dielectric and conductive losses rather than being simply
reflected at the surface [50,52]. These attenuation trends
correlate well with the SEM observations, which
showed increasingly dense AC networks and improved
contact between the filler and the polymer matrix as the
filler loading increases. As a result, the dominant EMI
in the recycled PE/PP-AC

composites develops from mainly surface reflection at

shielding mechanism

low activated carbon contents to absorption-dominated

attenuation involving multiple internal reflections
within the bulk material at higher loadings. Such
absorption-based shielding is particularly desirable, as it
reduces secondary electromagnetic radiation and
improves overall shielding reliability [50]. Generally,
the results demonstrate that incorporating coconut-shell-
derived AC into recycled PE/PP yields lightweight, low-
cost, and environmentally friendly composites with

promising EMI-shielding capability for electronic

frequency interference-control applications.

Structure-property correlation

The results presented in this study show a clear
that the
multifunctional performance of the recycled PE/PP-AC

structure-property  relationship governs
composites. The incorporation of AC substantially
reformed the microstructural organization of the PE/PP
blend, which in turn dictated its mechanical, thermal,
and electromagnetic responses. AC particles were
uniformly dispersed in the recycled PE/PP matrix up to
approximately 15 wt%, producing strong interfacial
adhesion and enabling efficient stress transfer. This
well-dispersed microstructure corresponds directly with
the mechanical reinforcement, where the rough, porous
surface of AC promoted mechanical interlocking and
facilitated effective load distribution, resulting in higher
tensile modulus and strength. At higher filler contents
(>20 wt%), however, localized agglomeration and
interfacial voids were observed, generating stress
that partially diminished the
reinforcing efficiency of the AC particles. The thermal

concentration  sites

behavior of the composites further supports this
Moderate AC (<15 wt%)
increased the crystallization enthalpy (AHc) and slightly

correlation. additions
elevated both melting and crystallization temperatures,
confirming the role of AC as a heterogeneous nucleating
agent. The improvement in crystalline ordering and
constrained chain mobility is consistent with the
enhanced stiffness and dimensional stability observed
mechanically. In contrast, excessive AC loadings
disrupted crystalline development and reduced AH.,
mirroring the decrease in mechanical performance

caused by particle clustering and reduced polymer
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mobility. These microstructural and  thermal
developments directly influenced the electromagnetic
shielding performance. At higher AC concentrations,
the formation of a semi-continuous conductive network
enabled interfacial polarization, multiple internal
reflections, and ohmic loss, facilitating the conversion
of electromagnetic energy into heat. The same filler
network responsible for improved rigidity and
nucleation efficiency also provided continuous
pathways for charge transport and dielectric loss,
demonstrating a strong interdependence between
microstructure and functional performance. This
behavior aligns well with recent design principles for
sustainable carbon-based functional composites, where
porosity, graphitic domains, and filler network
formation are identified as key parameters governing
both mechanical reinforcement and absorption-
dominated EMI shielding, as highlighted by Zhang et al.
[53]. More broadly, the integration of bio-derived
carbon fillers into polymer matrices for multifunctional
performance aligns with established strategies for
sustainable functional materials, where renewable
carbon sources enable conductive networks and
mechanically robust architectures for electronic and
structural applications, as discussed by Zhu ef al. [54].
Generally, the performance of the recycled PE/PP-
AC composites arises from a balance between filler
dispersion, interfacial adhesion, and conductive network
continuity. The most favorable combination of
mechanical reinforcement, thermal stability, and EMI-
shielding effectiveness was achieved at 10 - 15 wt% AC,
where the composite maintained good dispersion
without severe agglomeration. These results highlight
the potential of combining recycled polymers with bio-
derived activated carbon to produce sustainable,
multifunctional composites with tunable mechanical

and electromagnetic properties.

Conclusions

Recycled PE/PP composites filled with activated
carbon (AC) were successfully developed, exhibiting
simultaneous improvements in mechanical strength,
thermal stability, and electromagnetic shielding
efficiency. The density increased from 0.8987 to 0.9627
g/cm’, while the melt flow index decreased from 58.29
to 17.47 g/10 min, indicating strong filler-matrix

interaction. The tensile modulus and strength rose to

1643 and 16.8 MPa, respectively, accompanied by
improved toughness. DSC results revealed dual melting
peaks at around 128 °C and around 163 °C with a higher
crystallization temperature (122.24 °C) and enthalpy
(AH. =574 J/g at 5 wt% AC), which confirm the role of
AC as a nucleating agent. EMI-shielding performance
also improved with increasing AC content. The
strongest attenuation occurred in the 25 wt% AC
composites, which exhibited a minimum transmitted-
signal intensity of —18.64 dBuV at 3.82 GHz, attributed
to the development of semi-continuous conductive
networks and enhanced dielectric loss mechanisms.
These findings demonstrate that the combination of
recycled PE/PP and bio-based AC provides an eco-
friendly and cost-effective route to create lightweight
composites with enhanced mechanical and functional
performance of recycled PE/PP composites for
sustainable EMI-shielding applications.
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Supplementary Information

Electromagnetic Shielding Spectra of Recycled PE/PP-AC Composites Additional EMI-shielding spectra for the
recycled PE/PP-AC composites at intermediate AC loadings are provided to complement the representative data shown
in Figure 7. The spectra were recorded in the frequency range of 1 - 6 GHz under identical measurement conditions. Each
spectrum displays three traces: the red line, representing the reference input level (60 dBuV); the blue line, showing the
baseline response; and the green line, corresponding to the transmitted signal intensity after interaction with the sample.
The decrease in green-line intensity relative to the reference indicates the electromagnetic attenuation (shielding) achieved
by the composite.
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Figures S1 EMI-shielding spectrum of recycled PE/PP +5 wt% AC measured over 1 - 6 GHz.
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Figures S3 EMI-shielding spectrum of recycled PE/PP +15 wt% AC measured over 1 - 6 GHz.
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