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The aim of this work is to manage the waste product based on polyethylene (PE) films by recycling and reusing it as antistatic
material for electronic packaging and electromagnetic interference (EMI) shielding material for protecting electronic equipment
from interference of EM radiation. To achieve this, a conductive carbon black has been mixed with the PE waste at different
weight percent values by ultrasonication via a solution mixing process. Mixing time for sonication was determined by
ultraviolet-visible (UV-VIS) spectra. A differential scanning calorimetry (DSC) study showed that the low-density polyethylene
(LDPE) and linear low-density polyethylene (LLDPE) are immiscible in their blend composition. The tensile properties of PE
have reduced substantially after reprocessing. However, the addition of carbon black has improved its strength up to a certain
loading. The electrical percolation threshold values, calculated using the classical power law and sigmoidal Boltzmann model,
were obtained at 3.5 and 2.8 wt% loading of carbon black, respectively. The conductivity result revealed that 1-2 wt% carbon-
loaded composites can be used as antistatic material. The composites, having carbon loading above 4wt%, can be effective
materials for EMI shielding application. The 10wt% carbon-loaded composite exhibits EMI SE value 33 dB which means there
is approximately 99.93% protection of EM radiation at the sample thickness of 1.0mm. Moreover, FTIR analysis, thermal
stability, AC conductivity, dielectric properties, permeability, and current-voltage characteristics are also discussed in detail.
There is a substantial increment in thermal stability, and dielectric properties are observed with the addition carbon black
loading within the polymer matrix.

1. Introduction

Nowadays, the plastic materials are being increasingly used
in our day-to-day life in many fields of applications. These
plastic materials, after use, are thrown outside. These are
called plastic wastes and are harmful to the environment as
most of the plastics are nonbiodegradable in nature. Hence,
there is a need for proper management of these waste prod-
ucts to protect our environment. There are many ways to
manage these plastic wastes like degradation (thermodegra-
dation, photodegradation, biodegradation, and chemodegra-
dation), land filling, and recycling [1–4]. However, reuse of
plastic wastes by recycling is the most important way to pro-
tect the environment from these waste products. The draw-

back associated with this is the deterioration of mechanical
properties [5]. Jassim has studied the recycling of polyethyl-
ene (PE) waste to produce plastic cement [6]. In this work,
the PE waste was mixed at different percentages with Port-
land cement by replacing sand and lightweight materials
were produced, and at a certain percentage of PE, there was
improvement in product ductility and workability. There
are also many reports of recycling PE-based plastics in the
past by different researchers [7–9]. Choudhury et al. studied
the recycling of PE/nylon 6-based oil pouches using two dif-
ferent compatibilizers and reported a substantial improve-
ment in the thermal and mechanical properties of the
recycled product [7]. Manos and his coworkers reported
the recycling of PE waste by converting it into hydrocarbon
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fuel using the catalytic cracking method over aluminum pil-
lared clay catalysts [9]. The plastic wastes are also reused in
building and road construction purposes, making pave-
ments, power generation, and waste to energy recovery
[10–16]. Moreover, the PE wastes, which are used in film
packaging application in our daily life, are recycled and again
reused for the same packaging purposes. In most cases, these
PE wastes are recycled by adding some extra stabilizing addi-
tives within and are reused for the same purposes [17]. How-
ever, by adding some carbonaceous additives/fillers within,
one can recycle these PE wastes and reuse them for some
other purposes such as antistatic (electrostatic discharge
(ESD)) and electromagnetic interference (EMI) shielding
materials.

An antistatic material is a material which is used to
reduce static electricity to protect electrostatic sensitive
devices by inhibiting triboelectric charging. This type of
charge is built up by rubbing or being in contact with another
material. The development of static charge can destroy sensi-
tive electronic components, erase magnetic media, and even
set off fire or explosion. Hence, the researchers are develop-
ing antistatic material to protect the electronic equipment.
The antistatic material is made of that material; that is, the
material is itself slightly conductive, or the surfaces of the
material or the material as a whole is slightly conductive with
the addition of external conductive additives. There are some
published literatures where the antistatic property of the vir-
gin PE-based composites was discussed [18–20]. Wang and
his coworkers have prepared highly antistatic PE/polyani-
line-encapsulated graphene nanoplatelet composites by the
solution mixing process and reported that at 10wt% gra-
phene loading into polyaniline nanocomposites, a permanent
antistatic material was formed [21].

EMI shielding materials are used to protect the electronic
equipment and other communication devices from unwanted
EM radiations, which interfere with the device signal and
cause the malfunctioning of the instruments [22, 23].
Although mostly metals are used as EMI shielding materials,
these suffer from high weight, process difficulty, and lack of
flexibility and are prone to oxidation [22]. Hence, recently,
polymer-based conductive composites are developed and
widely used as EMI shielding materials [24–27]. There is also
a report of using neat PE/carbon nanotube (CNT) compos-
ites as EMI shielding materials where three types of CNTs
are used with different network structures [28]. It has been
observed that segregated network-structured composites
showed the excellent EMI shielding effectiveness of 46 dB at
only 5wt% CNT loading compared to other structured com-
posites. However, though the virgin PE composites are used
as antistatic and EMI shielding materials, studies on the use
of recycled PE as both antistatic and EMI shielding materials
are really scanty.

Hence, the objective of this research work is to recycle the
PE film waste and reuse it as antistatic (ESD) and EMI shield-
ing materials by adding carbon black as a conductive additive
within its matrix. The recycled films have been prepared by
solvent casting technique. These films can be used for the
purpose of electronic packaging and protecting electronic
equipment from interference with EM radiation. The DC

electrical conductivity and EMI SE of the composites have
been investigated to check their suitability as antistatic and
shielding materials. In addition, the FTIR analysis and
mechanical, thermal, AC electrical, and dielectric properties
of the PE/carbon composites have been tested to check the
improvement/reduction of properties. Finally, it can be said
that through this waste management, the environment can
be cleaned and the plastic wastes can be reused for other
purposes.

2. Materials, Methods, and Experiments

2.1. Materials. The polyethylene (PE) transparent film was
collected from Minigrip, Alpharetta, GA, USA. It is a blend
of LDPE (low-density polyethylene) and LLDPE (linear
low-density polyethylene) (70/30) with density 0.91 g/cm3

andMw1:42 × 105 g/mol. Printex XE2 carbon black was sup-
plied by Degussa Canada Limited, Burlington, ON, Canada.
The solvent toluene was procured from Winlab Limited,
Maidenhead, Berkshire, UK.

2.2. Methods. The recycling of the polymer and its compos-
ites was carried out by solution mixing technique [29]. In this
typical procedure, 0.4 g PE film waste, after washing several
times with detergent and distilled water and drying in an
oven at 50°C, was dissolved in 50ml of toluene using a mag-
netic stirrer. In a separate beaker, the required quantity of
carbon black was dispersed within 50ml of toluene for
15min using a magnetic stirrer. The dispersed carbon black
was then added to the dissolved PE and sonicated at 90°C
up to their optimum time of sonication as determined by
UV-VIS spectra. The mixture was then cast into a Petri dish
at elevated temperature (70°C) to form a composite film. The
process was repeated to make different composites of poly-
ethylene and carbon black given in Table 1. Finally, the film
was dried under vacuum at 50°C. The composites’ designa-
tions are given in Table 1. The measured density of the com-
posites PEC1, PEC2, PEC4, PEC6, PEC8, and PEC10 is 0.918,
0.927, 0.944, 0.960, 0.976, and 0.991, respectively.

2.3. Experiments

2.3.1. UV-VIS Spectra. The sonication was performed at the
amplitude 10 and pulse rate 30 sec off-on. The optimum son-
ication time for the composites was determined using the
Spectro UV-VIS (Model UVD-3500) double beam automatic
scanning spectrophotometer (Labomed Inc., Los Angeles,
CA, USA) within the wavelength range 200-800nm. For a
particular composite, many tests were done after a certain
interval of time and stopped when the spectra overlapped
each other. The dilution ratio of the test was 1 : 12.

2.3.2. Differential Scanning Calorimetry. Differential scan-
ning calorimetry (DSC, Q1000, TA instruments, New Castle,
DE, USA) of the samples was performed within the temper-
ature range 30-300°C at the ramp rate 10°C/min under nitro-
gen environment. Nitrogen flowed at the rate 50ml/min. The
test was conducted for both the heating and cooling cycles.
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2.3.3. Electrical Properties. The DC electrical conductivity of
the samples, having high resistance, was measured using a
high-resistance meter Agilent 4339B (Agilent Technologies,
Santa Clara, CA, USA) coupled with an electrode cell (Agi-
lent 16008B Resistivity Cell, Santa Clara, CA, USA). The con-
ductivity of low-resistance samples was measured using a
Keysight 34465A Truevolt 6½ digital multimeter (Keysight
Technologies, Santa Rosa, CA, USA) attached with a home-
made electrode.

The measurement of current-voltage characteristics was
performed using the Keysight 34465A Truevolt 6½ digital
multimeter. The voltage was applied as input, and the current
was noted down as output. The applied voltage range was
1-10 volts.

The AC electrical properties like AC conductivity, dielec-
tric constant, dielectric loss, and magnetic permeability were
measured using the instrument QuadTech 7600 (LCR meter)
coupled with a homemade electrode. These properties were
measured within the frequency range 10-106Hz.

2.3.4. Tensile Properties. The tensile properties of the samples
were measured using a tensile testing instrument Instron
(Model 3345, Instron, Norwood, MA, USA) as per ASTM
D882. The crosshead speed of the test was 500mm/min. Five
samples were tested for each composition. The thickness of
the films was 0:2 ± 0:05mm.

2.3.5. EMI Shielding Effectiveness. The EMI shielding mea-
surement of the test samples was carried out using the instru-
ment Scalar Network Analyzer (HP 8757C, Hewlett
Packard). The test instrument was coupled with a sweep
oscillator (HP 8350B, Hewlett Packard). The measurement
was performed within the X-band frequency range that
means 8–12GHz taking the sample thickness 1.0mm. More-
over, to test the effect of sample thickness on EMI SE, the
sample thickness up to 6mm was used.

2.3.6. Scanning Electron Microscopy. The dispersion of car-
bon black within the PE composites was checked through a
scanning electron microscope (SEM, model Supra 40, Carl
Zeiss SMT AG, Oberkochen, Germany). The specimens were

gold coated before the test using a sputter gold coater (model
SC7620, Polaron Brand, Quorum Technologies Ltd., East
Sussex, UK).

2.3.7. Thermogravimetric Analysis (TGA). The TGA analysis
of the samples were performed using the instrument
NETZSCH TG 209 F3 Tarsus (NETZSCH, Selb, Germany)
within the temperature range 30-800°C at the heating rate
10°C/min. The testing was carried out under nitrogen envi-
ronment at the flow rate 20ml/min.

2.3.8. Fourier Transform Infrared (FTIR) Spectra. The FTIR
spectra for the samples were carried out using the instrument
FTIR-8400 (SHIMADZU Precision Instruments, Inc., Cali-
fornia, USA) within the wavenumber range 400-4000 cm-1

at ATR mode.

3. Results and Discussion

3.1. Differential Scanning Calorimetry (DSC). Differential
scanning calorimetry (DSC) of the neat PE, recycled PE,
and their carbon composites has been carried out to check
the miscibility of LDPE and LLDPE in their blend composi-
tion. We can identify this from the melting behavior of PE
that is from their melting temperature. Keeping this point
in our mind, the samples are tested from 25°C to 300°C at
the scan rate 10°C/minutes. Figure 1 represents the DSC
curves of the abovementioned samples. All the samples show
dual peaks in their endothermic curve: one melting peak is
observed around 106-112°C and another endothermic melt-
ing peak is observed around 121 to 124°C. The melting peak
around 106 to 112°C is due to the presence of LDPE and
around 121 to 124°C is due to the presence of LLDPE [30].
The appearance of two melting points indicates that the
blend is immiscible in nature. The cooling curves represent
the crystallization behavior of the neat polymer and its
recycled composites. The neat PE, PER, and PEC4 samples
show two crystallization peaks: the first one is observed
within the temperature range 84-101°C and the second one
within the temperature range 101-112°C, indicating separate
crystallization identity of LLDPE and LDPE in their blend.
The composite PEC8 shows a single crystallization peak.
The high loading of carbon black may have suppressed the
other peaks observed for the rest of the samples. It is observed
that there is no substantial variation of the melting and crys-
tallization temperatures after the addition of carbon black
within the polymer matrix.

3.2. FTIR Analysis. The data of FTIR analysis of the selected
samples like PE, PER, PEC2, PEC4, PEC6, and PEC8 were
recorded and shown in Figure 2. Two strong symmetric
and asymmetric stretching vibrational bands are observed
at 2918 cm-1 and 2849 cm-1, respectively, because of the
presence of the methylene group (CH2) in the backbone of
the polymer chain [31, 32]. There is the appearance of
medium-to-weak peaks at around 1082 cm-1 and 555 cm-1

due to C-C stretching and bending vibrations in polyethyl-
ene, respectively [31]. A strong peak at 720 cm-1 is observed
because of rocking vibration of CH2. A sharp band at
1472 cm-1 occurred due to asymmetric deformational

Table 1: Formulations of polyethylene (PE)/Printex carbon black
composites.

SN
Weight in per hundred polymer (php)
PE Printex carbon black

PE 100 0

PER 100 0

PEC0.25 100 0.25

PEC0.50 100 0.50

PEC1 100 1

PEC2 100 2

PEC4 100 4

PEC6 100 6

PEC8 100 8

PEC10 100 10
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vibration of the methylene group [31]. A band observed
around 1463 cm-1 in polyethylene is because of CH2 scissor-
ing vibration [31, 32]. The vibrational bands around
1367 cm-1 and 1137 cm-1 are due to CH2 wagging and twist-
ing, respectively [31, 32]. Methyl deformation and methyl
rocking bands are observed around 1375 cm-1, 894 cm-1,
and 884 cm-1, respectively, indicating the presence of methyl
and butyl type chain branching [32, 33]. The appearance of
bands at 770 cm-1 indicates the presence of ethyl branches
in polyethylene [33]. The band at 1361 cm-1 is for methyl
wagging deformation and a medium band at 1301 cm-1

for methyl twisting deformation. The addition of carbon
black has reduced the intensity of bands as is observed from
the figure.

3.3. UV-VIS Spectra. A UV-VIS spectral study of the sample
PEC4 has been performed to check and find out the mixing

time for the composite using an ultrasonicator. The plots
based in this study are shown in Figure 3. It is observed from
the figure that, with the increase in sonication time, the value
of absorbance has increased. This increase in absorbance can
be attributed to the increase in the surface area of the carbon
black aggregates because of better dispersion within the poly-
mer matrix with respect to increased sonication time [34].
This indicates that the carbon black particles are dispersing
more when the sonication time is increased. However, it is
observed from the figure that after a certain time (40min),
the curves superimpose on each other, clearly indicating that
the full dispersion of carbon black particles within the poly-
mer matric has achieved. Hence, for the present composite
system, the mixing time through ultrasonication can be con-
sidered 40min. The UV-VIS absorption of carbonaceous
materials is because of the electronic transition between the
bonding and antibonding π orbitals: the σ-σ∗ transition
occurs within the far UV range 60-100 nm and the π-π∗
transition appears within the range 18-300 nm [34, 35].
Hence, the observed peak around wavelength 280nm is due
to the π→π∗ transition because of the presence of the con-
jugated double bond within the molecular structure of car-
bon [34, 35].

3.4. DC Electrical Conductivity. The electrical conductivity of
all composites is shown in Figure 4. It is observed from the
figure that the conductivity increases with the increase in
the carbon black loading within the polymer matrix. The
electrical conductivity of neat PE is 6:78 × 10−18 S/cm, indi-
cating its insulating nature. It can be mentioned herein that
the material having electrical conductivity below 10-12 S/cm
is considered an insulator, within 10-12 S/cm to 10-8 S/cm an
antistatic/ESD (electrostatic discharge) material, and above
10-8 S/cm a semiconductor/conductor. These results show
that the composite system falls under all three categories.
The neat PE, PEC0.25 composite, and PEC0.5 composite
are insulating categories; the PEC1 composite and PEC2
composite are antistatic; and the rest of the composites with
higher filler loaded carbon are semiconductive/conductive
in nature. Hence, the composite systems can be used as an
antistatic material and as a semiconductor, depending on
the loading of carbon within the polymer matrix. It is
observed from the figure that within the insulating range,
the increase in electrical conductivity is marginal. The less
increment in conductivity in this range is because of the non-
forming of any continuous conductive path of carbon parti-
cles within the polymer matrix. Hence, the contribution to
the electrical conductivity in this insulating range is due to
the hopping of charge carriers from one conductive site to
another [22, 36]. A substantial increment in conductivity is
observed within the antistatic range and antistatic-to-
semiconductor transition stage. The increment in conductiv-
ity within the antistatic range is because of the increase in the
number of conductive sites (due to the increase in filler load-
ing), which reduces the hopping distance and facilitates the
electrical conduction [37]. The maximum change in electrical
conductivity takes place at the antistatic-semiconductor tran-
sition stage, and then, the conductivity increment becomes
again marginal. At the transition point, a continuous
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Figure 1: DSC study of PE and its recycled composites.
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network path of conductive sites is formed and accounts for
the highest change in conductivity. This transition point is
known as the electrical percolation threshold for the compos-
ites [22]. Beyond this transition point, because of the addition
of more amount of carbon black, the number of continuous
conductive path increases and hence results in the marginal
increment in conductivity [22]. Figure 5 shows the SEM
images at two different resolutions of the neat PE, PEC4 com-
posite, and PEC8 composite, which support the increase in
the number of conductive sites with the increase in carbon
black loading. Moreover, the presence of many particle-
particle contacts facilitates the hopping of charge carriers
and their direct flow through the composite system.

The electrical percolation threshold of the composite
system has been calculated using the classical power law

(Equation (1)) and sigmoidal Boltzmann model (Equation
(2)) [38–40]. The equations based on these models are
given below:

σc = σ0 Wf −Wfcð Þt , forWf >Wfc, ð1Þ

σc = σ1 +
σ2 − σ1

1 + e Wf−Wfc/ΔWfð Þ , ð2Þ

where σc is the conductivity of the composite; σ0 is a con-
stant quantity that indicates the electrical conductivity of
the filler; Wf is the filler loading of the composite; Wfc
is the filler loading of the composite at the critical concen-
tration/percolation threshold; t is the critical exponent; σ1
and σ2 are the initial and final values of electrical conduc-
tivity, respectively; and ΔWf is the fitting parameter/factor.
The value of t should be within the range 1.65 to 2.0 for
three-dimensional systems [40]. Taking the logarithm of
Equation (1), we have the linear equation of the type:

log σc = log σ0 + t ∗ log Wf −Wfcð Þ: ð3Þ

Hence, plotting log σc against log ðWf −WfcÞ, one can
get the value of t from its slope and the value of log σ0 from
its intercept. The plot of the best linear fit, which is obtained
atWfc = 3:5wt% of carbon black loading where coefficient of
correlation ðR2Þ = 0:997, is shown in the inset of Figure 4.
The value of the critical exponent t obtained from the slope
is 2.45. This value is a little bit higher from the theoretical
value mentioned earlier. A similar type of results is also
shown in some earlier studies [41, 42]. The value of the per-
colation threshold, 3.5wt% of carbon black for our present
study, is quite low compared to our previous study, where
the same carbon black was used as a filler and melt mixed
with the ethylene vinyl acetate (EVA) and acrylonitrile buta-
diene rubber (NBR) matrices [22]. The percolation threshold
value, determined from the sigmoidal Boltzmann model, is
2.8wt% of carbon black loading. This value of the percolation
threshold is less compared to the value determined by the
classical power law method. This type of difference has also
been observed in our previous study [38].

3.5. AC Electrical Conductivity. The AC conductivity of the
neat PE film, PER, and its carbon-filled composite with
respect to frequency is shown in Figure 6. It is observed from
the figure that the neat PE, PER, and composites possess con-
ductivity below the percolation threshold and show
frequency-dependent behavior. However, this frequency-
dependent behavior is reduced gradually with the increase
of carbon loading in the polymer matrix. The composite,
having conductivity around the percolation threshold, shows
frequency-independent behavior up to a certain frequency
and then becomes frequency-dependent in nature. On the
contrary, the composite, having conductivity above the perco-
lation threshold, exhibits totally frequency-independent
behavior. The frequency-dependent behavior and frequency-
independent behavior of the composites can be explained
by considering the electrical conduction mechanism within
the polymer matrix. The electrical conduction through a
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system takes place by hopping and tunneling of charge car-
riers [43]. Hopping of charge takes place for mainly noncon-
ducting materials, where the distance among the conductive
sites is far enough from each other which means they are
not in physical contact with each other. For the neat PE,
PER, and composites, possessing conductively below the per-
colation threshold is having a less number of conductive sites;
hence, the electrical conduction through these materials takes

place by the hopping process. With the gradual increase in
frequency, the charge carriers present in this system get ener-
gies, which facilitate the hopping process, and hence, a con-
tinuous increase in conductivity is observed. This is why a
wide range in variation of conductivity is noticed with the
progressive increase in frequency. The observance of
frequency-dependent behavior for composites after a certain
frequency is because of the activation of some charge carriers

(a1) (a2)

(a)

(b1) (b2)

(b)

(c1) (c2)

(c)

Figure 5: SEM images of (a1) neat PE at low resolution and (a2) neat PE at high resolution, (b1) PEC4 composite at low resolution and (b2)
PEC4 composite at high resolution, and (c1) PEC8 composite at low resolution and (c2) PEC8 composite at high resolution.
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which were inactive over the previous frequency range.
Hence, for the PEC4 composite, the conduction takes place
by both tunneling of charge carriers over the 10-104Hz
frequency range and hopping of charge carriers over the
104-106Hz frequency range. It can be mentioned herein that
the tunneling of charge carriers takes place when the conduc-
tive sites are in physical contact with each other. For high
carbon-loaded composites, that is, the composite having con-
ductivity above the percolation threshold, the number of
conductive sites is more and these sites are in contact with
each other. As a result, the electrical conduction is mostly
governed by the tunneling of charge carriers, and hence,
frequency-independent behavior of conductivity is observed.

The AC conductivity at any particular frequency has
increased with the increase in carbon black loading within
the polymer matrix. The scientific reason behind the increase
in conductivity with the increase in carbon black loading has
already been discussed in DC Electrical Conductivity.

3.6. Dielectric Constant. The plots of the dielectric constant
with respect to the measured frequency range for the neat
PE, PER, and composites are presented in Figure 7. It is
observed from the figure that the value dielectric constant
at any particular frequency increases with the increase in car-
bon black loading within the polymer matrix. The dielectric
property of a material is because of the polarization of dipoles
present in the material and alignment of these dipoles
towards the applied electric field. For polymer-based com-
posites, two types of polarizations, namely, electronic polari-
zation and interface polarization, occur within the system
when the electric field is applied. The carbon particles, pres-
ent in the system, can be considered the dipoles. The addition
of carbon thus increases the number of such dipoles within
the composite system. These dipoles create interface polari-
zation at the polymer-filler and filler-filler interfaces, and
hence, the dielectric constant value increases with the addi-

tion of carbon black loading within the polymer matrix
[44]. It is observed from the figure that the increment of
the dielectric constant at the lowest frequency is at the order
of 1011 for the PEC10 composite compared to neat PE.
Hence, the result indicates that these composites can be used
as a supercapacitor.

The figure also shows that the dielectric constant value
decreases with the increase in frequency of the electric field.
The magnitude of this decrement is high for higher carbon-
loaded composites. Actually, the dipoles present in the sys-
tem need a certain time to be properly aligned with the
direction of the electric field. With the increase in fre-
quency, the dipoles do not get sufficient time for their
proper alignment and hence result in the decrease of the
dielectric constant value.

3.7. Dielectric Loss. The dielectric loss of the neat PE, PER,
and composites is presented in Figure 8. Like the dielectric
constant, the dielectric loss value also increases with the
increase in carbon black loading within the polymer matrix
considering its value at any frequency. The dielectric loss is
expressed as the multiplication of the dielectric constant
and dissipation factor. Hence, it is the value of the dissipation
factor, which governs the value of dielectric loss. The dielec-
tric loss value for the neat PE, PER, and PEC0.5 composite is
less compared to their dielectric constant value. This clearly
indicates that for these materials, the dissipation of energy
is less compared to storage energy (dissipation factor is less
than unity). This energy is dissipated because of the move-
ment of dipoles towards the applied electric field [45]. How-
ever, the composites, having high filler loading, exhibit a
higher value of dielectric loss compared to its dielectric
constant value. This indicates that the energy loss is more
compared to storage energy for these composites. Hence,
these composites are called lossy dielectric. The higher value
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of loss for higher carbon-loaded composites is because of the
presence of more number of dipoles, which loses more
energy for their movement towards the applied electric field.

The dielectric loss value also decreases like the dielectric
constant value when frequency of the electric field is
increased. However, the trend is the same except for PE
and PER. In this case, initially, the dielectric loss reduces up
to a certain frequency and then increases. This increase in
dielectric loss over the higher frequency region may be
because of the loss due to orientation of more dipoles which
were inactive at lower frequencies.

3.8. Permeability. The magnetic permeability of the PE, PER,
and composites is shown in Figure 9, which shows that the
value of permeability decreases gradually with the addition
of increasing carbon black loading within the polymer matrix
when we consider the value at any frequency. It is a well-
known fact that the value of relative magnetic permeability
for diamagnetic materials is always less than unity, whereas
for the ferromagnetic and paramagnetic materials, it is higher
than unity. It is multifold higher than unity for ferromagnetic
materials and slightly higher for paramagnetic materials. The
ferromagnetic and paramagnetic materials are attracted
towards the magnetic field, whereas the diamagnetic mate-
rials repel the magnetic field [46]. Herein, the added filler,
carbon black, is a diamagnetic material in nature, and hence,
its addition within the polymer matrix results in the gradual
decrease in its permeability value.

It is also observed from the figure that the value of per-
meability decreases with the increase in frequency. This
decrement permeability is because of the loss of Eddy cur-
rent, which decreases with the increase in frequency [47].
A similar type of observation has also been reported else-
where [47, 48].

3.9. Tensile Property. The tensile stress-strain behavior of the
neat PE film and its composites is presented in Figure 10. The
samples exhibit the cold drawing process. As expected, the
neat PE film shows yield stress at low elongation, necking
formation, and strain hardening at high elongation. At the
beginning, elastic deformation of all samples is observed,
where there is almost uniform reduction in the cross-
sectional area with the increase in sample length. At the yield
point, the transition of elastic deformation to plastic defor-
mation takes place. Initially, the yield is formed due to the
reorientation and destruction of lamellae as yielding is
dependent on lamellar thickness [49]. After the yield point,
there is a sudden reduction of the cross-sectional area of
the sample at a particular position that is the formation of
the neck, which propagates along the gauge length of the
sample. As a result, the stress falls down and remains almost
constant up to a certain strain. Further straining of the
sample results in the increase in stress because of strain hard-
ening of the sample resulting from the stress-induced crystal-
lization [49]. Finally, the sample starts to break, where the fall
of stress is observed. On the contrary, the PER, PEC0.5,
PEC1, PEC2, and PEC4 show yield stress and necking phe-
nomena but no strain hardening is observed. Moreover, the
composites, having higher black loading, show no yield
point, necking phenomena, or strain hardening. It is interest-
ing to see herein that the nature of plots also changes when
the addition of carbon black amount increases.

The tensile parameters like tensile strength, tensile mod-
ulus, and tensile strain are extracted from the figure and
shown in Table 2. It is seen from the table that there is a dras-
tic decrement in tensile parameters for the recycled unfilled
PE compared to the neat PE. During reprocessing through
sonication, the extensive shearing force is exerted on the
polymer. This results in the degradation of the polymer by
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molecular chain scission. Hence, the polymer chain length is
reduced, which results in the decrease polymer molecular
weight. As a result, all tensile parameters are reduced after
recycling the polymer [50]. The addition of carbon black
has increased the tensile strength and modulus up to the
loading of 4wt% which then declined. The initial increment
in strength and modulus is due to the reinforcing dominant
nature of the interfacial polymer-filler interaction, which
declines at higher filler loading because of the dominant
nature of the nonreinforcing filler-filler interaction [51, 52].
The elongation at the break value of the recycled polymer
and its composites is low compared to neat polymer. This
can be attributed to the breakage of the polymer chain due
to the shear rate during the mixing process and reduction
in chain mobility because of the polymer-filler interaction
[51, 53]. It is seen from the table that though the mechanical
properties of the recycled and some composites are reduced,

the composites still possess sufficient strength to be usable for
different purposes.

3.10. Thermogravimetric Analysis (TGA). The thermal stabil-
ity of the neat PE, PER, and composites is presented in
Figure 11, where Figure 11(a) shows the wt% loss against
temperature and Figure 11(b) shows its derivation curve,
which represent the maximum degradation temperature of
the composites. It is observed from both figures that the neat
PE, PER, and composites exhibit one-stage degradation
behavior. This single-stage degradation of the samples is
because of the breakage of the polymer backbone chain.
The extracted parameters from both figures are shown in
Table 3, where the onset degradation temperature, maximum
degradation temperature, and percent mass residue are
reported. It is observed from both the figure and the table
that the onset and maximum degradation temperatures for
PER have decreased by 7.6°C and 7.7°C, respectively, com-
pared to neat PE. This can be attributed to the structural
change of PER because of reprocessing, where there may be
breakage of the polymer chain due to the shearing force dur-
ing the mixing process. But the thermal stability of the poly-
mer has increased because of the addition of carbon black
within its matrix. The thermal stability means the onset and
maximum degradation temperatures of the PEC8 composite
have increased by 24.4°C and 17.1°C, respectively, compared
to PER. Actually, the undoped polymer is a bad conductor of
heat energy. Hence, with the increase in temperature, the
absorbed heat by the polymer is localized, and hence, its deg-
radation occurs. But when carbon black is added with the
polymer, it absorbs some heat energy and helps in heat trans-
fer from the polymer to the carbon. As a result, the thermal
stability of the polymer has increased [54]. The thermal sta-
bility of the PEC10 composite has reduced a little bit com-
pared to the PEC8 composite. This can be attributed to the
lack of interaction between the polymer and the carbon for
the PEC10 composite, which adversely affects the heat trans-
fer process. It is also observed from both the figures and the
table that the % mass residue is increased with the addition
of carbon black in the polymer matrix. The highest mass res-
idue for the PEC10 composite is 3.78% at the reported tem-
perature 600°C.

3.11. EMI Shielding Effectiveness. The theory behind the EMI
shielding effectiveness is illustrated within the supplementary
section. Figures 12(a) and 12(b) represent the EMI shielding
effectiveness with respect to frequency and filler loading,
respectively. It is observed from the figure that the addition
of carbon black within the polymer matrix increases the
EMI shielding effectiveness of the composites. The addition
of carbon black within the polymer matrix acts as a conduc-
tive mesh [22]. It has been mentioned in Supplementary
Materials (available here) that the EMI SE of a material is
due to the reflection of radiation from the surface of the
material, absorption of radiation inside the material, and
multiple reflection of radiation within the material. The
EMI SE for polymer-based composites is mostly governed
by the absorption of radiation within the polymer composite
[22, 38]. This absorbed radiation is dissipated as heat energy
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Figure 10: Stress-strain behavior of the polymer and its recycled
composites.

Table 2: Tensile parameters like tensile strength, modulus, and
strain (%).

Samples
Tensile strength

(MPa)
Tensile Modulus

(MPa)
Tensile strain

(%)

PE 1:52 ± 0:14 58:6 ± 3:4 201 ± 23
PER 1:23 ± 0:10 39:7 ± 2:8 062 ± 16
PEC0.5 1:28 ± 0:11 43:8 ± 3:0 048 ± 13
PEC1 1:71 ± 0:13 45:9 ± 3:1 032 ± 11
PEC2 2:18 ± 0:16 51:5 ± 2:9 108 ± 18
PEC4 2:36 ± 0:18 66:8 ± 3:8 115 ± 19
PEC6 1:81 ± 0:13 52:3 ± 3:3 054 ± 12
PEC8 1:15 ± 0:09 42:4 ± 2:7 053 ± 10
PEC10 1:16 ± 0:12 32:2 ± 2:6 056 ± 08
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after the EMI shielding process. It has been mentioned earlier
that the added black acts as a conductive mesh within the
polymer matrix. The EM radiation interferes with these con-
ductive meshes and gets absorbed. With the increase in black
loading, the number of such type of conductive mesh
increases; as a result, the absorption of radiation is also
increased and thereby leads to the increasing value of EMI
SE with the increase in carbon black loading [55].

A comparison of the incremental trend between EMI SE
and conductivity is shown in Figure 12(b). It is observed that
the incremental trend of both curves is quite different. The

conductivity curve is almost exponential in nature, whereas
the EMI SE curve is almost linear. The increment in log con-
ductivity before and after the percolation threshold is
10.8 S/cm and 3.6 S/cm, respectively. Hence, before percola-
tion, the increase in conductivity is 200% more compared to
the increase in conductivity after the percolation threshold.
On the contrary, the increase in EMI SE before and after the
percolation threshold is 14.3 dB and 17.85 dB, respectively,
indicating that the EMI SE increment before the percolation
threshold is 19.9% less compared to the EMI SE increment
after the percolation threshold. This difference in the behavior
of conductivity and the EMI SE increment can be explained by
considering themechanism of electrical conduction and radi-
ation absorption. It has beenmentioned earlier that before the
percolation threshold, the electrical conduction is governed
mostly by the hopping of charge carriers and at the percolation
threshold, the flow of charge carriers takes place through the
formed continuous conductive network of carbons. As a
result, the increment in electrical conductivity is high enough
in this region. After the percolation threshold, more continu-
ous conductive networks are formed, and thereby, the incre-
ment in conductivity is marginally less. On the contrary, the
increment in EMI SE is dependent on the number and size of
conductivemeshes present in the composite system. The large
number and less sized conductive meshes are more favorable
for the absorption of EM radiation and account for the high
value of EMI SE. Before the percolation threshold, the number
of conductive mesh is less and its size is high; hence, the less
increment in EMI SE is observed. But with the increase in
carbon black loading beyond the percolation threshold, the
number of such type of conductive mesh is increased and
its mesh size is decreased. As a consequence, the more incre-
ment is observed in EMI SE after the percolation threshold.

It is observed from Figure 12(b) that the composites, hav-
ing carbon black loading above 4wt%, exhibit EMI SE value
more than 20 dB at the measured thickness. For 10wt%
loaded composite, the EMI SE value is 33 dB. EMI SE values
equal to 20 dB and 30 dB indicate 99% and 99.9% protection
of EM radiation, respectively. A material, having EMI SE
value more than 20 dB, is considered an effective material
to be used for shielding radiation. Hence, the higher black-
loaded composites can be effectively used for EMI shielding
purposes. However, the low carbon black-loaded composites
can also be made effective for EMI shielding by increasing
their thickness. It is observed from Figure 12(c) that the
EMI SE value for the composites increases with the increase
in sample thickness. The PEC4 composite, whose EMI SE
was below 20 dB at 1.0mm thickness, now reached above
20 dB at 2.0mm sample thickness and shows a value approx-
imately 30 dB at 6.0mm sample thickness. Though the EMI
SE of low loaded composites has increased after increasing
thickness, the value shows below 20dB within the measured
thickness range. The increase in EMI SE with the increase
in thickness is because of the increase in the number of con-
ductive mesh of carbon black in the direction/path of EM
radiation [42, 56]. It is also observed that the rate of increase
in EMI SE is increasing when we proceed from PE to higher
loaded composites. This means that higher conductivity
composites exhibit higher rates of increase in EMI SE.
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Figure 11: (a) Percent and (b) derivative weight loss of the polymer
and composites.

Table 3: Onset degradation temperature, maximum degradation
temperature, and % residue at 600°C as extracted from TGA curves.

SN
Onset degradation
temperature (°C)

Maximum degradation
temperature (°C)

% residue
at 600°C

PE 397.8 461.2 0.89

PER 390.2 453.5 0.77

PEC2 404.4 461.9 1.14

PEC4 406.9 466.3 1.79

PEC6 414.4 467.0 2.69

PEC8 424.6 470.6 3.21

PEC10 423.4 468.3 3.78
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The increase in EMI SE with respect to thickness can be
calculated theoretically for a single-layer composite and be
compared with its experimental value. The equation based
on theoretical EMI SE can be given as follows [57]:

EMI SE dBð Þ = 20 log 1 + 1
2 σdZ0

� �
, ð4Þ

where σ is the conductivity; d is thickness of the sample; and
Z0 is the free-space wave impedance, 377Ω. The theoretical

EMI SE values have been calculated for the PEC1, PEC4,
and PEC8 composites and compared with their experimental
counterparts as shown in Figure 12(d). It is interesting to see
from the figure that the theoretical EMI SE shows a high
value, cross-over value, and low value for the PEC1, PEC4,
and PEC8 composites, respectively, compared to their exper-
imental value over the entire thickness range. These phenom-
ena can be explained by considering the rate of increase in
conductivity and EMI SE before and after the percolation
threshold. It has been mentioned earlier that the rate of
increase in conductivity is high before the percolation

8 9 10 11 12

0

–10

–20

–30

–40

PEC6
PEC8
PEC10

EM
I S

E 
(d

B)

Frequency (GHz)

PE
PEC1
PEC2
PEC4

(a)

0 2 4 6 8 10

0

–7

–14

–21

–28

–35

EMI SE

Filler loading (wt%)

EM
I S

E 
(d

B)

10–18

10–15

10–12

10–9

10–6

10–3

𝜎DC

𝜎
D

C 
(S

/c
m

)

(b)

1 2 3 4 5 6

0

–20

–40

–60

–80

–100

EM
I S

E 
(d

B)

Thickness (mm)

PE
PEC1
PEC2
PEC4

PEC6
PEC8
PEC10

(c)

1 2 3 4 5 6

0

–15

–30

–45

–60

–75

EM
I S

E 
(d

B)

Thickness (mm)

PEC1-Theo
PEC1-Exp
PEC4-Theo

PEC4-Exp
PEC8-Theo
PEC8-Exp

(d)

Figure 12: (a) Variation of EMI SE with respect to frequency, (b) comparison of the variation trend of EMI SE and conductivity with respect
to filler loading, (c) variation of EMI SE with respect to sample thickness, and (d) theoretical and experimental EMI SE with respect to sample
thickness.

11International Journal of Polymer Science



threshold compared to the increase in conductivity after the
percolation threshold. As conductivity plays an important
role in calculating the theoretical EMI SE as per Equation
(4), hence, the contribution of conductivity to calculate
EMI SE will be more pronounced for low filler loading com-
posite compared to the composites having filler loading
beyond the percolation threshold. Hence, the theoretically
calculated EMI SE value for the PEC1 composite is high
and for the PEC8 composite is low compared to their exper-
imentally observed values.

The EMI shielding effective values of our PEC10 compos-
ite and some other composites, having 10wt% filler loading,
are taken from the published literature and presented in
Table 4. A careful observation of this table reveals that the
shielding performance of our composite is better compared
to other composites except for the GNS/PEDOT:PSS com-
posite one. The higher value of the GNS/PEDOT:PSS com-
posite may be due to the synergistic effect of GNP/PEDOT
because of their good combination.

If we compare the tensile result with the EMI shielding
value, then it is revealed that the PEC4 composite exhibits
the highest tensile strength but poor shielding effectiveness.
This can be attributed to the fact that the value tensile
strength depends on the dispersion of the filler within the
polymer matrix and polymer-filler interaction, whereas the
value of EMI shielding effectiveness is governed by the num-
ber of conductive mesh within the polymer matrix. With the
increase in carbon black loading beyond 4.0wt%, the
polymer-filler interaction is reduced but the number of con-
ductive mesh is increased. This is why though the tensile
strength value is high, the EMI shielding effectiveness is less
compared to higher carbon-filled composites.

As the material absorbs radiation and this radiant energy
is dissipated as heat energy, hence, there will be an increase in
temperature of the material. We have tested three composites
PEC2, PEC6, and PEC10 to check how much the tempera-
ture is increasing after passing radiation for 120 seconds.
The temperature increment is 0.4, 0.9, and 1.3°C for the
PEC2, PEC6, and PEC10 composites, respectively, indicating
that with the increase in carbon loading, the temperature
increment also increases.

3.12. Current-Voltage Characteristics. The current-voltage (I
-V) characteristics of composites, having electrical conduc-
tivity above the percolation threshold, are presented in
Figure 13. The plots exhibit that with the increase in voltage,
the current also increases, but this increment is a little bit
exponential in nature. Hence, the I-V relationship is nonlin-
ear and shows nonohmic behavior. It has been mentioned
earlier that the electrical conduction takes place through the
composite system by the hopping and tunneling processes.
Hopping phenomena happened when the distance between
the charge carriers are close enough, that is, approximately
10Å. In case of tunneling, the charge carriers are in physical
contact with each other. This happens with these composites
because their conductivity is above the percolation threshold.
Hence, there is existence of contact resistance in case of
tunneling conduction, which results in the nonlinearity of I
-V characteristics [65].

4. Conclusions

The results show that there is an approximate variation of
electrical conductivity in the order of 1014, which is covering
insulating (1017-1012 S/cm), antistatic (1012-108 S/cm), and
semiconducting ranges (108-103 S/cm) after 10wt% addition
of carbon black. The electrical percolation threshold values,
determined by two different methods, the classical power
law and sigmoidal Boltzmann model, were 3.5 and 2.8wt%
of carbon black, respectively. This indicates that the electrical
percolation threshold value is dependent on the methods of
its determination. The increase in carbon black amount
within the PE matrix leads to a peculiar nature/trend of
stress-strain plots, which is generally not observed for the vir-
gin PE- and carbon black-based composites. It is seen that
though the mechanical properties for recycled and some
higher loaded composites have reduced, the composites still
possess sufficient strength to be usable for different purposes.
Thermal stability has increased by 17.1°C after the addition

Table 4: EMI SE of the PEC10 composite and some other
composites reported in the literature.

Composites
Filler loading

(wt%)
Thickness
(mm)

EMI SE
(dB)

Ref.

CB/PE 10.0 1.0 33.1 Present

CB/PE 10.0 2.0 45.0 Present

CB/PE 10.0 3.0 56.2 Present

CNT/PE 10.0 3.0 35.0 [58]

CNT/PE 10.0 1.65 22.4 [59]

CNT/PP 10.0 2.8 25.0 [60]

CNT/PU 10.0 1.5 29.0 [61]

CNT/PMMA 10.0 2.1 40.0 [62]

GNS/PS 10.0 2.8 18.0 [63]

GNS/PEDOT:PSS 10.0 0.8 46.0 [64]
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Figure 13: Current-voltage characteristics of selected composites.
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of 8wt% carbon black. There is 1011 order increment of the
dielectric permittivity value. Approximately 99.93% protec-
tion of EM radiation has been achieved for the PEC10
composite at the sample thickness 1.0mm. This result is
superior compared to many studies based on a similar type
of composites. The variation of conductivity and EMI SE
do not follow the same trend, and this is in accordance with
our earlier investigation. It is observed that by increasing
sample thickness of low loaded composites, these can be
made suitable for use as shielding materials. It is revealed that
the experimental value of EMI SE with respect to sample
thickness is not in good agreement with its theoretical value.
Finally, it can be concluded that the PE waste can be reused as
supercapacitors and insulating, antistatic, semiconducting,
and radiation shielding materials after its modification by
adding suitable additives, and in this way, the plastic wastes
can be minimized.
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The EMI shielding theory has been mentioned within the
supplementary information section. It expresses how to cal-
culate the EMI shielding effectiveness and its relationship
with absorption loss, multiple reflection loss inside the mate-
rial, and loss due to reflection from the outer surface. A
mathematical relation of absorption and reflection loss with
conductivity applicable to both the near and far field regions
and to both the electric and magnetic fields is also given.
(Supplementary Materials)
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