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Biochar from agricultural waste as promising sustainable filler for ethylene-
propylene-diene composites
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Abstract

In this study, surface functionalized biochar (Bi) has been examined as a potential alternative to carbon black (HAF)
and was used as filler for ethylene-propylene-diene monomer (EPDM) rubber. The influence of surface-treated biochar on the
electrical conductivity, oxygen and water permeability, rheological characteristics, and mechanical properties of the elastomer
was subsequently assessed in comparison to conventional fillers (HAF) commonly used in rubber applications. The study aims
to delineate the key characteristics of the EPDM composites while the effect of the varying ratios of HAF and MBI to elastomers
was assessed. Hence, the utilization of environmentally friendly filler extracted from agricultural waste of citrus trees presents
a dual advantage: it diminishes the prevalence of citrus tree waste and serves as a sustainable substitute and filler in EPDM to
curtail the reliance on common HAF. This strategic incorporation not only contributes to alleviating HAF usage but also elevates
the overall quality of rubber-based products, aligning with a commitment to sustainable and eco-conscious manufacturing
practices. Moreover, the dielectric spectroscopy and AC-conductivity investigations evidenced that all the obtained composites
exhibited an insulator behaviour, which paves the way for a breakthrough in electrical technology.

Keywords: Biochar; carbon black; EPDM; dielectric properties; sustainable fillers

1. Introduction

Rubber materials play a pivotal role across diverse
industrial domains, finding applications in water
system gaskets, hoses, cable seals, profiles, roofing
membranes, and seals for vehicles and aircraft doors
and windows. Additionally, they serve as protective
coverings for irrigation systems, owing to their cost-
effectiveness, adaptability, and resilience in
challenging conditions [1]. In the manufacturing of
rubber composites, a myriad of inorganic fillers and
organic components are employed. The characteristics
of these filler particles wield significant influence over
the stability of rubber composites. Some particles
catalyse deterioration, while others act as barriers to
oxygen flow, thereby retarding the degradation
process of rubber composites [2, 3]. The nuanced
nature of these filler materials underscores their
crucial role in shaping the overall performance and
longevity of rubber-based products.

As a key filler in rubber composite manufacturing,
carbon black stands out and its predominant derivation
from non-renewable sources such as tar, coal,
acetylene, and natural gas raises environmental

concerns. The production process of carbon black is
notably detrimental to human health, releasing
substantial amounts of carbon dioxide. This has
spurred a recent trend towards seeking alternatives to
carbon black—namely, eco-friendly and sustainable
fillers. This shift reflects a broader commitment to
reducing environmental impact and embracing
materials that align with contemporary sustainability
objectives [4, 5].

Ethylene-propylene-diene  monomer (EPDM)
rubber is renowned for its exceptional mechanical
properties and wide operational temperature range [6].
Furthermore, the nonpolar EPDM stands out as a
highly saturated elastomer with a minimal
concentration of nonconjugated dienes, endowing it
with excellent anti-aging characteristics, decent
electrical resistivity, and resilience against weathering,
oxidation, and chemical exposure [7]. Extensive
research has explored the intricate relationships among
the rheological, morphological, physical, and
mechanical attributes of EPDM composites. It was
revealed that the introduction of inorganic fillers into
elastomers represents a strategic enhancement like
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bolstering thermal and mechanical properties [8-10].
Notable examples of multifunctional inorganic fillers,
doubling as compatibilizers, include carbon black
(HAF), silica, CaCOs, clay, zeolite, and organoclay
[11-13]. Although carbon black remains the common
reinforcing filler in the rubber industry, its inherent
pernicious properties being carcinogenic and
petroleum-based, have prompted exploration into
alternative fillers. This quest has led to investigations
into organo-montmorillonite, mica, bio-based fibers,
and biochar as promising substitutes, addressing
concerns related to cost, color limitations, and
environmental impact associated with conventional
fillers.

Biochar is a high-carbon source obtained from a
waste-derived substance. Lately, a lot of researchers
have been interested in the development of sustainable
and low-carbon materials improved with biochar.
Because of its porous structure and highly
functionalized surface, biochar is compatible with
several materials such as cement, asphalt, and polymer
materials [14-16]. Biochar can be applied in many
filed as crop production, water purification, air
purification, catalyst, biogas production, fuel cell
technology, electrochemical capacitor, and hydrogen
storage [17-22].

As a pivotal tool in unraveling the intricate
dynamics of polymeric systems stands a technique
such as Broadband Dielectric Spectroscopy (BDS)
[23]. This sophisticated instrument empowers
researchers to delve into the realms of interfacial
polarization within diverse systems characterized by
heterogeneous structures. It provides invaluable
insights into the mechanisms governing charge
transport, thereby elucidating the conductivity
phenomena. Moreover, BDS facilitates a nuanced
exploration of relaxation dynamics at the molecular
scale. In the context of rubber varieties, the
conductivity and dielectric characteristics assume
paramount significance. These properties not only
serve as key benchmarks for understanding the
material's behaviour but also serve as guiding metrics
for directing research endeavors. The profound
insights garnered through BDS in the realm of rubber
varieties pave the way for prospective applications
across a spectrum of industries, underscoring its role
as a cornerstone in advancing materials science and
engineering [24-26].

Herin, the modified biochar (MBIi) was acquired
through a sophisticated chemo-mechanical process
employing stearic acid. The biochar itself originated
from the pyrolysis of citrus trees. The dispersion of
MBi within EPDM would act alternatively with
carbon black. The mechanical properties of EPDM
composites as well as the morphology and thermal
analysis of obtained composites were investigated.
This tailored treatment holds the promise of
optimizing the synergism of MBi within the nonpolar
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elastomer composite, thereby potentially elevating its
overall performance.

2. Material and Experimental Techniques

2.1 Materials

Ethylene-propylene-diene  monomer (EPDM)
acquired from Nasr Company, Egypt. Technical grade
materials such as sulphur (S), zinc oxide (ZnO), stearic
acid, phenyl-p-naphthyl amine (PBN), and N-
cyclohexyl-2-benzothiazole  sulphenamide (CBS)
were acquired from a local rubber company. From
Alexandria Carbon Black, Egypt, the carbon black
(HAF) was provided where its specific gravity is 1.78
+ 0.1 and pH is 9 = 0.5. All chemicals were used as it
is without any purification.

2.2 Methods and Experiments
2.2.1. Preparation of biochar

Citrus tree stem pruning was first cleaned and then
oven-dried for eight hours at 105 °C. After that, the
pyrolysis was done under nitrogen gas in a muffle
furnace at 450 °C where the temperature was
superfatted at a rate of 10 °C per minute. It was then
allowed to remain at this temperature for an hour
before cooling. In a tumbling mill, the obtained Bi was
pulverized and then sieved using a 170-mesh sieve.
2.2.2 Manufacture of modified biochar (MBi)

The stearic acid was used to change the biochar's
chemical composition to boost its hydrophobicity.
Firstly, the stearic acid (2 g) was dissolved in 100 ml
of toluene, after that, a specific weight of Bi (100 g)
was supplemented, and stirring was done for 24 hours.
Ultimately, filtration and grinding were used to get the
MBI, which was then dried at 75 °C in an oven till a
constant weight was achieved. The MBi was kept in
sealed plastic containers to keep it dry.

2.2.3 Mixing and Vulcanization

The materials for the rubber were thoroughly
mixed in a laboratory two-roll mill with a diameter of
470 mm and a working distance of 300 mm. The slow
roller has a gear ratio of 1:1.4, and its speed is 24
rev/min. The process of vulcanization was executed in
a platen press that was heated to 162 °C and operated
at approximately 4 MPa of pressure. The rubber
composite formulations and recommended cure
periods are shown in Table 1.

2.3. Characterization:

A particle size analyzer (Nano-ZS, Malvern
Instruments Ltd., UK) was applied to demonstrate the
zeta potential and particle size distribution of the
prepared fillers.

An OCA 15 EC (Germany) was used to determine
the water contact angle for samples after 60 seconds of
applying drops of 10 uL of triple distilled water.

A Shimadzu 8400S FTIR Spectrophotometer was
used to record the 400-4000 cm™ FTIR spectra of the
as-prepared materials.

The Monsanto Oscillating Disc Rheometer model-
100 was used to evaluate the following rheometric
characteristics: minimum torque (ML), maximum
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torque (MH), optimal cure time (tC90), scorch time
(tS2), and the cure rate index (CRI) by ASTM standard
D 2084-10.

The as-prepared samples' surface morphology was
observed using a scanning electron microscope (SEM;
JSM 6360LV, JEOL/Noran).

Water Vapor Permeability Analyzer (GBPI W303-
B; China) was performed to measure the water vapor
transmission rate (WVTR) at 38 °C, which used the
cup method under specific humidity (4 %-10%)
according to 1SO 2528, ASTM D1653, and ASTM
E96. Gas Permeability Analyzer (N530-B; China) was
applied to evaluate the oxygen transmission rate
(OTR) according to ASTM 1S02556-2001 and
D1434-82 (2003).

The thermogravimetric analyzer (Shimadzu TGA-
50, Columbia, EUA), at a heating rate of 10 °C/min in
a nitrogen environment, was Utilized to perform the
thermal analysis in the range of ambient temperature
to 700 °C.

The sound absorption coefficient is obtained using
two microphone impedance tube types B & K 4206
over a frequency range of 100-6400 Hz.

2.4. Physico-mechanical properties
2.4.1 The mechanical properties

Tensile and elongation were determined using a
Zwick tensile testing machine (model-1425),
according to ASTM D 412-10.

2.4.2 Swelling properties

The rubber composite swelling value (S.V.) was
measured in toluene according to ASTM D 471-12a
using the following equation:

_ Wij—Wo
S.V.% = [—WO ] Eq. 1

Wherein, Wo= weight before swelling and Wi =
weight after swelling.

Moreover, Ahmed et al. [27] reported that the mass
difference between the sample prior to (M1) and
following (M2) extraction in toluene was used to
calculate the soluble fraction (SF), as outlined in the
following manner:

1— My

%SF = MM— %100 Eq. 3
1

2.4.3 Thermal oxidative aging

It was carried out according to ASTM D 573-10 at
90° C for different periods of up to 7 days in a good air
circulation electric oven. The mechanical attributes of
each specimen were systematically evaluated
following a 24-hour aging test. Tensile strength,
elongation at break, modulus, and the soluble fraction
of the EPDM composites were analyzed post-aging to
assess their resistance to aging. The retention
percentage for the samples is computed using the
following method [28]:

% Retention = —2Me/leraging 1400  Eq 2
value before aging
2.5 Electrical and dielectric investigations

Dielectric properties of the investigated samples
were achieved using a high-resolution Alpha-analyzer

(NOVOCONTROL Technologies GmbH & Co. KG)
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at frequencies ranging from 10 to 107 Hz. The two
brass electrodes that make up the sample cell for these
measurements are the upper electrode, which has a
diameter of 20 mm, and the lower electrode, which is
the spectrometer ground plate, has a diameter of 40
mm. The sample is sandwiched between them in the
parallel plate geometry configuration. This is utilized
to determine the complex dielectrics function e*(w) =
&'(w) — €"(w), where the real part, €' is the permittivity
and the imaginary part, " is the dielectric loss. This
complex dielectric function is equivalent to the
complex conductivity function o* (w) = '(w) + ¢"(w)
where 0* (w) = iweoe* (w), implying that ¢' = gowe"
and ¢" = eowe' (gobeing the vacuum permittivity).
3 Results and Discussion
3.1 Characterizations of fillers

Fig. 1 displays the FTIR spectra of Bi for the MBi
and HAF. It was shown that identification bands at
1620 and 1040 cm™ were present for all filler types
utilized which related to C=C and C-O-C bonds,
respectively, whilst the MBi showed a slight shift in
this value to appear at 1590 and 1010 cm®,
respectively, due to the stearic acid adsorpted on Bi
surface. According to Wang et al. [29], the hydroxyl
groups of adsorbed water from the atmosphere or the
carboxylic acid groups show distinctive band at 3270
cml. Conversely, the MBi displayed more novel
bands that correspond to the identification bands of
stearic acid chains. The peaks at 1410 and 1730 cm™
corresponded to the C-O groups bending and the
typical stretching vibration of the C=0 groups.
Furthermore, the bending and rocking vibration that
characterizes the aliphatic chains of stearic acid is
responsible for the band that emerged at 712 cm™ [30].
Stearic acid was shown to have successfully adsorbed
onto the Bi surface based on the FTIR spectra.
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Figure 1: FTIR of Bi, MBi, and HAF

Fig. 2 displays the particle size distribution and
water contact angle of different fillers. For Bi (Fig.
2A), two broad bands were shown with average
particle sizes of 146 and 834 nm, and two broad bands
for MBi (Fig. 2B) were obtained at 352 and 1179 nm.
The formation of a thin layer of stearic acid on the
surface of Bi was responsible for this increase in MBi's
size which was proved by FTIR analysis, (Fig. 1).
However, the HAF was only visible as a single narrow
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peak, and its average particle size was 389 nm as
illustrated in Fig. 2C.

Indeed, the water contact angle value of a material
is related to its wettability. When this value is larger
than 100°, the material is non-wettable, between 80°
and 100° denote low wettability, between 60° and 80°
are medium wettability, while less than 60° exhibits
good wettability [31]. According to the findings, the
water contact angle values of Bi, MBI, and HAF were
128.3°, 134.7°, and 138°, respectively (Fig. 2). The
surface alteration of Bi produced by the stearic acid
treatment may help to partially explain the observed
disparity between the water contact angle for Bi and
MBi.
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Figure 2: Particle size distribution (A, B, and C), and
water contact angle (D, E, and F) of Bi, MBI, and
HAF, respectively.

3.2 Characterizations of obtained EPDM composites
3.2.1 Rheometric characteristics

The biochar was added to the unvulcanized EPDM
at different doses (10, 20, 30, and 40 phr). The
standard procedure was followed to achieve the
mixing process in a laboratory roll-mill. Table 1
illustrates the rheological properties of the blended
EPDM composites. From the findings, the rheometric
characteristics exhibited a significant dependence on
the biochar concentration, indicating that the

vulcanization process is accelerated with higher
biochar content. From the data presented in Table 1, it
is evidenced that elastomeric compounds containing
biochar exhibited the most minimal values for
minimum torque (M) compared to those filled with
HAF. This indicated that a more uniform final filler
structure, in comparison to compounds incorporating
HAF, might be obtained. Hence, this observation
might suggest a reduced occurrence of rubber
occlusion within the filler, as reflected by the lower
viscosity values. In general, the ML values correlate
with the compound's viscosity, which relies on the
degree of processability of the compound's
components [32, 33]. Notably, regardless of the
elastomer  utilized, filled MBi  compounds
demonstrated slightly lower AM values than those
with HAF. However, this slight decrease did not
impact the density of the crosslinks and the results
contributed to the overall mechanical properties of the
obtained HAF-filled EPDM compounds.

In addition, Table 1 shows the elongation at break
and tensile strength for the prepared EPDM
composites. It is evident that the physicomechanical
properties of the resulting vulcanizate rubber have
improved with the addition of MBi to EPDM
composites. In samples containing 10 phr MBi and 30
phr HAF (E6), the tensile strength values (10.7 Mpa)
were somewhat higher compared to other composites.
This can be explained as an increase in EPDM
vulcanizates' rigidity. Conversely, as the concentration
of biochar increased, the values of elongation at break
increased marginally. This attests to the EPDM
vulcanizates' increased rigidity. Furthermore, Table 1
shows the swelling behaviour of EPDM vulcanizates
versus the biochar content in toluene. The swelling
readings have been shown to have somewhat risen.
The chemical nature of MBi might be the cause of this.
Conversely, there is a decrease in the soluble
percentage in toluene. The way that the rubber and its
components interact with the MBI could be the cause
of this.

Table 1. The chemical recipe as well as the rheological and mechanical characteristics of prepared EPDM-

composites.
Samples El E2 E3 E4 E5 E6 E7 ES8
Chemical recipe (phr)
EPDM 100 100 100 100 100 100 100 100
HAF 40 30 20 10
MBI 10 20 40 10 20 30
Rheometer characteristic

My (dNm) 14 24 15.68 16.2 19.6 233 22.7 20.8
M, (dNm) 2.14 3.02 2.24 2.37 2.44 2.48 312 3.05
AM 11.88 21.01 13.44 13.81 17.15 20.8 19.62 17.75
tego (Min) 40.3 24 33.9 385 31.2 32 28.1 29.9
ts2 (min) 19.5 6.37 13.8 17.9 9.32 5.86 9.05 10.5
CRI (min™) 15.08 16.72 2141 19.69 19.49 26.74 27.25 29.41
Tensile strength (Mpa) 6.22 10.1 7.88 8.12 8.77 10.7 9.55 9.17
Elongation at break (%) 495 570 554 564 600 576 612 644
Modulus (Mpa) 1.33 297 1.35 15 1.55 2.53 23 1.7
Equilibrium swelling (%0) 218 152 222 198 178 149 153 169
Soluble fraction (%) 4.19 4.86 6 5.57 4.84 5.75 3.87 5.54

Basic recipe: (stearic acid 2 g, ZnO 5 g, Antioxidant 1.5 g, DOP 2 g, CBS 0.8 g, and sulfur 1.5 g).

Egypt. J. Chem. Vol. 67, SI: M. R. Mahran (2024)
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3.2.1.1. Vulcanization kinetics study

To determine the obtained compounds curing
characteristics, a rheometer was employed. While
measuring the torque versus time, constant conditions
were adjusted; temperature 152°C, frequency 1.6 Hz,
and strain 0.5°. This data can provide valuable insights
into various Kinetic parameters such as the optimum
cure time, cure rate index, degree of cross-linking or
conversion, and activation energy [34].

Fig. 3A illustrates the vulcanization curves of
EPDM at 152°C. These curves reveal three distinct
regions of rubber cure in a typical accelerated sulfur
vulcanization process . By analyzing the vulcanization
curves and studying the torque as a function of time
data, valuable insights can be gained regarding the
curing process of the EPDM compound. This
information allows for optimization of the cure time,
understanding the rate of cross-linking, and
determining the degree of conversion associated with
the curing reaction [35]. The results revealed that
increasing the MBi filler upload resulted in a fast cure
rate or mitigated the optimum curing time (Fig. 3A
and Table 1). As a result, the existence of MBi not
only did not impede the vulcanization process but also
accelerated it, without extending the tc90.
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Figure 3: (A) Vulcanization curve, (B) reaction rate
versus time, (C) reaction rate as a function of
conversion for EPDM compounds EO, E1, E4, and E7,
as well as (D) Loss tan delta as a function of curing
time for vulcanized elastomeric compounds EO-E7.

By utilizing experimental data for analysis, the
optimum curing time can be assessed. The degree of
conversion (a) in the curing reaction was
automatically calculated by MDR and it is defined as
follows [36]:

o = 22t Eq. 4

Mp— M,

Where, My and M. are the maximum and the
minimum torque values, respectively, while Mt is the
torque value at the given time of curing.

Fig. 3B plots do/dt against time for EPDM at
constant temperature 152 °C and different filler upload
ratios (Table 1). Over time, the reaction rate increased
until it reached the optimum and rapidly declined to
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the baseline forming an inverted bell-shaped curve
[35]. Consequently, the cure rate increased with
increasing the MBi loading ratio (Fig. 1A).
Furthermore, Fig. 3C depicts the cure rate of EPDM
compounds as a function of the conversion rate. The
maximum value of the cure rate depicted between
conversion is 0.2 and 0.4. Moreover, the dynamic time
sweep (Tan delta) was also assessed (Fig. 3D). In
terms of energy absorption and dispersion, tan delta (8)
measures how well a material absorbs and disperses
energy [37, 38]. Consequently, changes in tangent &
can indicate alterations in the material's viscoelastic
properties. From the findings, the presence of HAF
and MBi remarkably elevated the value of tangent 8 in
the obtained EPDM composite. Therefore, this
increase in tangent & suggested an increase in the
material's ability to dissipate energy that in turn
potentially indicated an improved damping or
flexibility.

3.2.2 Aging of rubber vulcanizates

The impact of biochar on the aging properties of
EPDM vulcanizates was investigated. The EPDM
vulcanizates were subjected to high thermal ageing for
seven days at 90 °C in a good air circulation oven. The
aged samples' physicomechanical properties are
represented in Fig. 4, which shows the measured
values of elongation at break and tensile strength for
each ageing period. The results illustrated a
sustainable enhancement in the tensile strength, and a
pronounced increase for the vulcanizates EO and E7
was achieved, in which 50% to 71% was recorded,
respectively (Table 1 & Fig. 4A). Consequently, the
findings indicated a progressive decline in both
elongation and fracture stress of the rubber as aging
time and temperature increased (Fig. 4B).

Significantly, the findings articulated that biochar-
filled EPDM vulcanizates possessed high efficacy in
shielding the elastomer from thermal aging and thus
prolonged the shelf lifetime. Intriguingly, the resultant
mechanical properties coincided with that obtained
from the rheology measurements. Therein, rheology
and mechanical findings gave compelling evidence
about the impressive function associated with the as-
prepared biochar-filled elastomer.

The soluble fraction (SF) of as-prepared
composites is shown in Fig. 4C. Notably, the SF
values did not significantly increase for any of the
specimens under examination; E6 had the highest
observed value, which reached 127% on the seventh
day. Per Horikx's theory, the increase in the soluble
fraction is more conspicuous and occurs more readily
during the breakdown of the main chain [39, 40].
Consequently, larger segments are released using this
procedure with fewer breakages than the SF obtained
through eclectic crosslink rupture. Because of this,
there were fewer breakages over time, keeping the
chains' crosslinks intact.

Furthermore, a swelling test was conducted to
evaluate the synergism between the filler and the
elastomer matrix [41]. This analysis was done using
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the swelling ratio, which is calculated by calculating
the amount of solvent absorbed per unit weight of
rubber. Fig. 4D shows how changing the MBi/HAF
loading ratio affects the proportion of retained
swelling in EPDM composites that are filled and
unfilled. The results delineated a consistent pattern in
the swelling ratio values over time post-MBi loading.
Based on the data, it was inferred that toluene
penetration into MBi-filled EPDM composites per
sample stayed mostly consistent, independent of the
amount of time that passed after MBi loading. On the
other hand, the swelling ratio of pure EPDM showed a
decreasing trend over time. Hence, it can be deduced
that, despite the diverse amounts of MBi loading, there
was no discernible impediment to toluene penetration
into the filled EPDM composites throughout the
experimental duration.

(A) 120

B

//

5
3
\
>
8

Retained Elongation (%)

—5  —]6

Retained Tensile Strenght (%)

ing (% ) @

===f] e=——E2 —

—FE1 —F2
E3 4
w——[5 e—EG

e A

E3 4
wmES e=—=E6
w—=E7 w=——E8

Retained Soluble Fraction (%) :)

Retained Eq Swelling (
© o
,'*‘/
4
|
|
‘
,~

2322 %2 2 9 8 8 =

Odays 2day 4day 6day 7Tday Odays  2day  4day  Gday  Tday
Aging time Aging time

Figure 4: Thermal aging effect on: (A) retained tensile
strength, (B) retained elongation, (C) retained soluble
fraction, and (D) equilibrium swelling over time from
0-7 days.

3.2.3. FTIR analysis

The FTIR spectra of vulcanized EPDM composites
were displayed in Fig. 5 within the wavelength range
of 400-4000 cm™. The symmetric and asymmetric
stretching vibrations of C-H were responsible for the
absorption peak observed in the pure EPDM rubber,
which was measured at 2917 cm™ and 2850 cm?,
respectively. In addition, the C-H vibrations in -CH,-
and -CHjz groups appear at 1461 and 1395 cm?,
respectively [42]. Furthermore, the alkene (C=C) and
carbonyl (C=0) were found to be stretching at 1730
and 1625 cm?, respectively [43]. EPDM composites
spectrum demonstrated all the distinctive bands
denoted in the pure EPDM counterpart. Notably, no
new discriminative bands or band-shifting for the
obtained composite  spectra  were  noticed.
Furthermore, the EPDM composites; E2, E5, and E7,
exhibited the characteristic bands correspondence to
both MBi and HAF. These discriminating FTIR
spectra verified the physical dispersion of utilized
fillers within the EPDM matrix. (Fig. 5).
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Figure 5: FTIR spectra for composites E1, E2, E5,

and E7

3.2.4. Thermal analysis

The reactions and thermal characteristics of EPDM
composites; E1, E2, E5, and E7, were assessed over
varying temperatures throughout the study. (Fig. 6).
The findings indicated that a single phase of heat
degradation occurred in all composites. On the other
hand, the E1 composite had the lowest ultimate weight
at 500 °C and 22% solid residue left over. At 420 °C,
the EPDM composites E2, E5, and E7 started to break
down, and at 510 °C, the rate of weight loss was at its
highest. According to the findings, composite E2
outperformed composite E5 in terms of thermal
stability. Of the solid residue from E2 and E5, 34%
and 41%, respectively, remained after heating to 580
°C. This proved that, in terms of the thermal
degradation mechanism, HAF and MBi have
comparatively identical effects on EPDM composites.
Comparing the composite E7 to E2 and E5, on the
other hand, it demonstrated a moderate level of
thermal stability and had a 38% solid residual residue.
In fact, there hasn't been any significant difference
seen between the biochar-filled elastomer and its HAF
equivalent.

Furthermore, DSC profiles of the obtained EPDM
composite were also presented (Fig. 6B). The profiles
reveal an endothermic reaction correlated with TGA
thereof all the prepared EPDM composites showed an
endothermic horizontal step at 470 °C due to the
decomposition of EPDM rubber.
3.25 Scanning Electron
Characterization

The dispersion of the applied fillers (MBi and
HAF) in the elastomer matrix was investigated using
SEM analysis, where the structural properties and the
morphology of the EPDM composites (E1, E2, E5, and
E7) were represented in Fig. 7. The composite E5
elaborated that although the MBI particles were
randomly orientated; they were uniformly dispersed
along the whole length of the observed matrix. The
matrix morphology in the composite containing MBI
showcased no signs of a phase-separated blend.
Superior reinforcing for the EPDM composite was
supplied by HAF, a smaller and more uniform

Microscopy
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spherical particle, during the vulcanization process.
Consequently, the HAF fillers appear to be dispersed
more uniformly in the matrix than that of MBi because
of the greater surface energy of HAF particles.
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Figure 6: TG and DTG (A), and DSC (B) profiles of
El, E2, E5, and E7

3.2.6 Water and oxygen permeability

Table 2 illustrates WVTR and OTR values for the
obtained composites; E1, E2, E5, and E7. Pure EPDM
exhibited elevated OTR and WVTR with values of
713 cc/m?. d and 5.8 g/m2d, respectively. The
introduction of fillers whether HAF (E2), MBi (E5), or
a combination of both (E7), resulted in a decrease in
these values. This implies that HAF/MBi fillers
occupy some of the pores within the elastomer.
Notably, composite E2 exhibited the lowest OTR and
WVTR compared to E5, suggesting that the smaller
size of HAF (146 nm) in addition to its greater
hydrophobicity compared to MBi (389 nm) played a
key role in the improvement of the results (Fig. 8).

u : mag the unfilled EP (
composites E2, E5, and E7.
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Table 2: Water and oxygen permeability for E1, E2,
E5, and E7

Composites OTR WVTR
(cc/m?.d) (g/m2.d)

El 713 5.8

E2 427 4.5

E5 614 4.7

E7 515 4.3

3.2.7 Acoustic behaviour

Fig. 8 depicts the sound absorption levels within
the frequency range of 500 to 6000 Hz for the obtained
composites: E1, E2, E5, and E7. The absorption
coefficient (o) of the rubber composite is notably
influenced by the presence and the type of filler
employed. Enhanced sound absorption in rubber is
evident within the frequency range of 3000-4000 Hz,
where o experienced a substantial increase, peaking at
4000 Hz with a = 0.32. Beyond 4000 Hz, sample E1
demonstrates a decrease in o, indicating its ability to
absorb noise at a level lower than 0.32. In contrast, the
filled EPDM (E2, ES, and E7) exhibited a with values
less than 0.1, although there is an increase in this value
at a frequency within the range of 5000-6000 Hz to
reach an optimum value of 0.42.
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Figure 8: Sound absorption coefficient for E1, E2,
E5, and E7

3.3 Dielectric spectroscopy investigations
3.3.1 Dielectric constant

The permittivity, €', is determined for pure
vulcanized EPDM rubber and the obtained composites
(Fig. 9). From the findings, it was verified that the
electrical insulation features of the vulcanized EPDM
were not affected remarkably by the incorporation of
biochar particles to EPDM at 10 and 20 phr as ¢’ for
the obtained composites. In turn, E1, E3, and E4
collapsed together and possessed nearly the same
value (¢’ ~ 3.5). For composite E5, a slight increase in
the permittivity over all the considered frequency
windows has been displayed. Although there was a
slight decrease of permittivity with increasing
frequency in the E5 sample, the permittivity could be
considered stable all over the investigated frequency.
Since there is a small dispersion step that could be
notified at the highest frequency window, it was
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anticipated that a very small dynamic relaxation peak
in the dielectric loss spectrum would accompany this
step. On the other hand, it was observed that the
addition of HAF massively improved the permittivity
of the composite.

The data analysis revealed that composite E2
exhibited elevated permittivity compared to all other
composites. To facilitate comparison, we focus on the
permittivity values at a specific frequency point,
namely 1 kHz. Specifically, E2 demonstrated a
permittivity value of 8.79. On the other hand, E6 led
to a reduction in permittivity to 6.93. Furthermore, this
value decreased even further to 6.15 for composite E7.
All the results obtained intensively correlated with the
results obtained from the rheology and thermal
measurements.

3.3.2 AC-Conductivity

The dielectric spectra of both the pure rubber and
the obtained composites can be effectively
characterized by the complex conductivity, 6*. This
parameter is utilized to assess, alongside the complex
conductivity function (c*(v)) and the complex
dielectric function (¢*(v)). While these two parameters
are equivalent, they highlight distinct aspects of the
material's electrical properties [44-46].
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Figure 9: The dielectric constant, €', of the prepared
composites E1-E7.

In Fig. 10, the graphical representation illustrates
the real part of the complex conductivity, o'; also
referred to as ac-conductivity or cac, as a function of
frequency spanning from 0.1 Hz to 20 MHz at the
ambient temperature for EPDM composites; E1, E2,
E5, and E7. The observed linear decline on a log-log
scale with decreasing frequency indicates that all four
composites exhibited characteristics consistent with
perfect insulation behaviour [38, 47]. Nevertheless,
there is a marginal rise in ac-conductivity,
approximately one decade at 0.1 Hz, which is
attributed to the presence of the uploaded HAF/MBI.
Despite this effect, all four examined samples are
deemed perfect insulators, and the substitution of MBi
for HAF does not yield any significant impact. As a
result, this finding addresses the primary objective of
this study, whereby it indicated the feasibility of
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replacing carbon black with MBi as an
environmentally friendly and sustainable filler,
particularly in applications related to electrical
technology.

The dielectric dissipation factor, commonly
referred to as the loss tangent [tand = 5”/8,]), is
graphically depicted against frequency in the inset of
Fig. 10. In the same vein, the dissipation factor
exhibits stability against frequency, persisting until
around 1 kHz and beyond, even with the addition of
the HAF/MBI. The abrupt increase of about one
decade of the plateau value from 0.001 to 0.01 was
exhibited after examining the filled EPDM. However,
this slight elevation had no great impact and the yield
values remained within a reasonable range for typical
electrical insulators. At relatively higher frequencies,
a peak-like behaviour accompanied by a small
dispersion step was observed and it is assumed that
this phenomenon was due to some specific
polarization. The origin and characteristics of this
dynamic process are currently beyond the scope of the
present study; however, further investigations are
warranted to explore and understand this relaxation

process.
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Figure 10: The frequency dependence of the ac-
conductivity, o', as presented against frequency for
E1l, E2, E5, and E7. The inset shows a similar
illustration for the loss tangent, tan 3.

4. Conclusion

In this study, biochar derived from citrus tree
agricultural waste was modified with stearic acid to
enhance its surface hydrophobicity. The modified
biochar (MBi) demonstrated an improved synergy
with elastomer and did not impede the vulcanization
process; instead, it accelerated it, leading to reduced
energy consumption and processing costs. Moreover,
rheological tests confirmed the positive effects on
vulcanization without extending the tc90. For
thermogravimetric analysis, a higher thermal stability
in the biochar-filled composites compared to pure
EPDM has been obtained. The composites also
exhibited lower oxygen and water permeability, as
well as improved resistance to thermal aging and
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swelling. In the same stream, electric conductivity
assessments and SEM analysis indicated that the
uniform dispersion of modified biochar particles
contributed to increased permittivity, transforming the
composites into effective electrical insulators. Overall,
the study suggests that MBi can be considered safe
filler with no detrimental effects on EPDM, offering
potential as a replacement for traditional fillers like

HAF in industrial applications.
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