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Abstract

This study explores a new composite material enhanced with biocarbon from Selenicereus undatus (dragon fruit) and pineap-
ple fibers, set in a sturdy vinyl ester base. We used a green method, pyrolysis, to obtain the biocarbon, adding an eco-friendly
aspect to our work. Following the strict ASTM standards, we crafted the composites using the hand layup method to ensure
quality and consistency. Our findings reveal that the composite named VPB3, with its specific mix of 2% biocarbon and 40%
pineapple fiber, shows outstanding mechanical strength, achieving high marks in tensile, flexural, and compression strengths,
along with significant impact resistance. However, increasing the biocarbon content in another composite, VPB4, slightly
lowered these properties due to the clumping of biocarbon but improved hardness and wear resistance. VPB3 also exhibited
excellent fatigue resistance, while VPB4 showed reduced creep and better hydrophobic properties. Overall, our research
highlights the benefits of adding biocarbon and pineapple fibers to composites, enhancing their strength, durability, and
environmental resistance. The use of these natural fibers not only improves the material’s performance but also contributes

to a more sustainable approach to composite manufacturing.
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1 Introduction

Biocomposites are the exclusive domain of composites, a
specific type of composite. A regular composite can also
address all of the concerns associated with biocomposite
materials, with the exception of the extra biocompatibil-
ity requirement. Among these concerns are the following
material selection of composite manufacture from indi-
vidual components, mechanical, physical, and geometri-
cal characterization of the composite and its components,
and analysis and design of the composite to optimize its
performance in the intended application [1]. This arti-
cle primarily focuses on the analysis and design issue,
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whereas the other difficulties have been handled using
illustrations. A bottom-up design goal can be achieved
by combining the bridging model with the matrix true
stress theory. It works for any two-phase composite where
the void content can be ignored, whether it is formed of
continuous fibers, short fibers, particles, or the matrix.
Analytical calculations of the mechanical behaviors of
biocomposites are possible with simply the geometric
data of fibers or particles and the parameter values of
constituent properties [2]. Among those, polymer matrix
biocomposites are widely utilized in many industrial areas
due to their specific characteristic features such as cor-
rosive resistance, wear resistance, chemical resistance,
and improved stability and strength in the material [3].
Generally, the polymer matrix biocomposite constituents’
natural fiber or natural fillers as reinforcing agents will
produce lightweight, less dense, high strength, high stiff-
ness, and improved mechanical and tribological proper-
ties of the material [4]. The plant natural fibers have been
prominently researched and utilized in recent decades,
and it is due to the presence of natural cellulose content
[5]. These specific features of natural fibers are obtained
from banana, coir, abaca, pineapple, aloe vera, sisal,
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basalt, bamboo, hemp, etc. From these natural fibers, the
pineapple leaf fibers are tremendously utilized because
they are naturally available, affordable, non-toxic, and
less dense, and the natural presence of cellulose ranges
up to 70% which indeed enhances the tensile behavior of
the composite material [6].

Further, Saha et al. [7] examined the mechanical and
thermal properties of natural pineapple fiber—reinforced
composite material. The author has found that the addition
of 5% NaOH solution into 30 vol.% of pineapple fiber has
improved the bonding adhesion between fiber and polymer
matrix, tensile, flexural, compression, and impact strength
of the composite material. Similarly, Gokilakrishnan and
Uvaraja [8] investigated the mechanical, wear, and flamma-
bility properties of chitin biopolymer dispersed pineapple
fiber—reinforced polyester composite. The study reported
that the addition of 40 vol.% pineapple fiber and 4 vol.%
of chitin biopolymer reinforcement within the composite
shows a lower specific wear rate, good fire retardant, and
water-resistant properties. Furthermore, Pandurangan et al.
[9] evaluated how the fiber aspect ratio of pineapple leaf
fiber influences the mechanical properties of the composites.
The resultant of the study reveals that fiber length between
5 and 20 mm, diameter of 42.65 pm, and weight of 30 vol.%
has significantly improved the mechanical properties of
the composite. However, poor interfacial adhesion, bond-
ing strength, delamination between fiber and matrix, and
some void formation occurred during the fiber and matrix
reinforcement [10]. To overcome such a thing and to fill the
void gaps, as well as enhance the strength of the composite,
the filler particulates are reinforced along with the compos-
ites [11]. There were many studies done on bio-based filler
particle-reinforced composite material. The fillers such as
biocarbon, cellulose, lignin, biosilica, and chitin from waste
biomass reinforcement have been prominently researched
in recent decades due to their renewable, affordable, eco-
friendly, and improved mechanical and thermal properties
of the composite [12]. For example, Dahal et al. [13] stud-
ied the mechanical properties of hemp biocarbon-reinforced
composite material. The biocarbon reinforced in this com-
posite was extracted from hemp fiber and switch grass, and
it has a particle size of 50 p. The biocarbon filler of that size
range and a weight of 10% show maximum tensile strength
and flexural strength.

Similarly, Selenicereus undatus extracted biocarbon, and
their influence on mechanical, wear, fatigue, and hydropho-
bic properties of acrylonitrile butadiene styrene biocompos-
ite was examined by Alshahrani et al. [14]. The biocarbon
from this banana bract of 3 wt.% shows maximum tensile,
flexural, and impact strength, and then, the addition of 6
wt.% biocarbon shows good wear-resistant and hydrophobic
properties. Furthermore, Kumar et al. [15] investigated the
mechanical and thermal behavior of curtain climber fiber
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and Kigelia pinnata biochar-reinforced composite. The
author reported improved load-bearing properties when 5
vol.% of biochar was added. Further, the presence of bio-
char also enhances the thermal conductivity and dielectric
properties of the composite. Thus, based on the above lit-
erature studies, the biocarbon in the composite not only pro-
vides better bonding strength but also increases the overall
mechanical and thermal behavior of the composite [16, 17].
Further, it also cleans the environment by utilizing the waste
biomass into utilized filler particulates. One such agro bio-
mass was Selenicereus undatus commonly called dragon
fruit, which is a perennial crop and widely grown in most of
the tropical climatic conditions. The edible part of this Sele-
nicereus undatus or dragon fruit is rich in nutritious content
and consumed by all the people around the nation. The outer
cover from this edible part of dragon fruit is considered
waste biomass [18]. Thus, the utilization of this biomass-
extracted biocarbon reduces global carbon footprints, as well
as enhances the material strength of the composite. Further,
biocarbon has certain specific characteristic features such as
high surface area which promotes better bonding adhesion
and carbon sequestration [19].

Thus, recent development in biocomposite promotes
sustainable growth both economically and environmen-
tally. Though there are more biocomposites developed and
characterized in the past, still there is possible scope for
new high-performance composites for specific engineering
applications. It is now clear that the biocomposites made out
of fruit fiber and fillers now gotten much attention due to
their eco-friendliness and easy processing ability. But still,
few biomass resources are out of researchers’ eyes, and they
have huge potential to conduct research and make compos-
ites. In this lineup, there is no previous research conducted
on dragon peel waste biomass and its biocarbon content.

The burgeoning interest in sustainable materials has cata-
lyzed the exploration of biocomposites, which are emerg-
ing as viable alternatives to synthetic materials in numer-
ous industrial applications. Despite extensive research into
various natural fibers and fillers for biocomposites, the
utilization of pineapple leaf fiber and Selenicereus undatus
(dragon fruit) peel as a source of biocarbon remains under-
explored, particularly in their application within vinyl ester
composites. This gap highlights a critical need for a focused
study on these materials to understand their potential to
enhance the mechanical and environmental performance of
biocomposites.

This study aims to characterize the mechanical properties
of pineapple leaf fiber and Selenicereus undatus peel bio-
carbon within a vinyl ester matrix, examine the load-bearing
properties of these composites, and compare these properties
to those of traditional composite materials to validate the
effectiveness and sustainability of the proposed biocompos-
ites. The research will utilize a combination of mechanical
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testing, scanning electron microscopy (SEM) analysis, and
environmental impact assessments to evaluate the perfor-
mance of the composites. The scope is confined to under-
standing how these specific biocomposite configurations can
be optimized for use in sectors such as automotive, aviation,
defense, and other structural applications. This study will
also contribute to the broader discourse on sustainable mate-
rial development, focusing on underutilized resources like
dragon fruit peel waste, which offers significant potential
due to its high biocarbon content. Through this study, we
seek to expand the knowledge base on biocomposite mate-
rials, thus supporting the development of more sustainable
industrial practices.

2 Experimental procedure
2.1 Raw material

With a viscosity of 350 cps and a density of 1.05 g/cm?,
the present study used stiff vinyl ester resin (V-9102) as its
matrix. The vendor, Aypols Polymers Private Limited of
Chennai, India, sells it in a light yellow hue. Also, Huntsman
Private Limited of Mumbai, India, supplied the cobalt naph-
thenate accelerator, methyl ethyl ketone peroxide catalyst,
and dimethyl amine promoter needed to start the process.
Metro Composite of Chennai, India, supplied the pineapple
leaf fiber used for reinforcing. The fiber is woven in a plain
weave pattern ranging from 0 to 90 degrees, and it has a den-
sity of 1.18 g/cm®. Its areal density is 220 GSM. The higher
tensile strength (350 MPa) and elongation (around 15-20%)
of this fiber made it the choice for this research. And (3-ami-
nopropyl)triethoxysilane, or APTMS, is what is used for
silane surface treatment. Its molar mass is 221.372 g/mol,
and its density is 0.9 g/cm’. The liquid is white. The sup-
plier was Sigma-Aldrich in the USA. The last step in mak-
ing biocarbon was using peel from Selenicereus undatus,
sometimes known as dragon fruit, which was sourced from
a plant nursery in Chennai, India.

2.2 Synthesis of porous biocarbon
from Selenicereus undatus

Peels of the Selenicereus undatus plant were used to prepare
the biocarbon material used in this study. There are a lot of
nutrients in fresh dragon fruit peel, including water (92.6%),
protein (0.95%), fat (0.10%), ash (0.10%), carbs (6.20%),
betacyanin (150.4 mg/100 g), pectin (10.8%), and dietary
fiber (up to 69.5%) [20]. In order to remove any pollutants,
such as moisture and dust, the Selenicereus undatus was first
washed three times with distilled water and then dried in a
hot air oven at 80 °C for 3 h. The next step was to chop the
Selenicereus undatus and store it in the pyrolysis kiln. The

biocarbon is extracted using the slow pyrolysis process to
get high carbon content [21].

After preparing the Selenicereus undatus in the kiln, it is
time to put it beneath the furnace and raise the temperature
slowly. Nitrogen inert gas was passed through the system to
create an oxygen-depleted environment with temperatures
ranging between 400 and 700 °C since the temperature range
going beyond could compromise the structural integrity of
the biochar. Permitting pyrolysis rather than combustion,
this heat treatment is applied gradually. It is normal prac-
tice to let the biocarbon-containing kiln cool down to room
temperature when the pyrolysis process is finished. Provid-
ing nitrogen and preventing atmospheric reaction are two
examples of the many measures used to safeguard the envi-
ronment during this procedure.

Additional processing involves fine-grinding the bio-
carbon particles in a high-energy ball mill at 150 RPM for
30 min. For optimal particle collision and size reduction, this
lower RPM is used. Ten tungsten carbide balls, each with a
diameter of 10 mm, were utilized in keeping with the 1:15
powder-to-ball ratio [22]. Lastly, Fig. 1 shows the process
flow chart for obtaining 1 um biocarbon from Selenicereus
undatus. The biocarbon yield was 17.4%, calculated from
the starting mass of peels. In contrast to previous studies,
this one actually found a higher biocarbon content. A study
on the synthesis of biocarbons from bio-oil wastes via a
slow pyrolysis process was described by Mishra et al. [23].
At 600 °C, the author obtained a yield of 13.57%, whereas
at 900 °C, it was 10.27%.

The morphology, crystalline structure, structural, and
porosity/cum surface of the biocarbon isolated from Sele-
nicereus undatus peels are revealed in Fig. 2 using the
FESEM, X-ray diffraction (XRD) graph, Raman shift, and
BET analysis. Biocarbon was prepared as shown in the
FESEM image (Fig. 2a). These particles have pores that vary
in size from 10 to 40 um. The XRD graph of the produced
biocarbon is also shown in Fig. 2b. A sharp peak at 20.45
(002) indicates that the biocarbon is crystalline, according
to the graph. The presence of little peaks at 41.74 (100)
further verifies the C—C bond in the synthesized biocarbon.
Figure 2c also displays the prepared biocarbon’s Raman
spectra. The presence of a hexagonal arrangement of car-
bon atoms is shown by the peak at 1180 cm™'. Lastly, the
biocarbon adsorption and desorption curves in N2 gas flow
are displayed by the BET analysis. Juxtaposed with its pore
volume of 0.83 cm’g” and average pore size of 26 um, the
graph shows that the biocarbon has a BET surface area of
725 m%g?. In addition, Table 1 displays the results of com-
paring different biocarbons. The biochar from this study is
very similar to other biocarbon made from different sources,
as can be seen in the table. This proves that the dragon fruit
peels used in this investigation resulted in a notable biocar-
bon output.
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Fig. 1 Biocarbon extraction route from Selenicereus undatus (dragon fruit)

2.3 Silane surface treatment on fiber and biofiller

In order to achieve high mechanical and bonding strengths
between the matrix and the natural fiber, the biofiller rein-
forcement and the natural fiber were treated with silane.
Simple and inexpensive, silane treatments of surfaces
include a chemical reaction that can take place in either the
liquid or vapor phases. Surfaces that have been hydroxy-
lated are often modified through silane reactions. Surfaces
of metal oxides, glass, silicon, alumina, titania, and quartz
are especially rich in hydroxyl groups, making them ideal
candidates for modification using silanes. It is possible to
add a wide variety of chemical functions onto surfaces using
the many commercially available silane chemicals. Because
of their covalent, cross-linked structure, silane reactions are
advantageous since they are stable and easy to implement.
Hydrolysis can also affect the silane hydroxyl group cou-
pling, which means that film disintegration under certain
conditions needs to be taken into account. The fiber and
particles are cleaned thoroughly before the silane treatment
procedure. Typically, there are two phases involved in treat-
ing reinforcements with silane. The silane (APTMS) solu-
tion was first made by gently swirling 95% ethanol and 5%
water for 10 min. The pH of the solution was tested using
a pH card after the fine mixing had taken place, and acetic
acid was added to bring it up to a range of 4.5 to 5.5, where
it would facilitate a more effective hydrolysis process [27].
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Overdosing on silane can harm the fiber surface, so
it is limited to 2 wt.% when added. Before being spread
out throughout the solution bath, the fiber is soaked in
it to make sure it is treated evenly. The particles are
immersed in a cotton bag once the fiber treatment process
is complete. To create Si—O-Si (silanol) structures, the
treated fiber and particles are extracted from the solution
using Whatman filter paper and then heated to 110 °C for
20 min in a hot air oven [28]. By forming strong covalent
bonds, the resin’s amine-functionalized fiber and filler
may enhance the load-bearing effect. The FTIR spectra
of biocarbon particles and fibers treated with silane are
displayed in Fig. 3a, b. It is likely that the silane solution is
responsible for the amine stretch, as indicated by the peaks
at 3486 and 3466 cm™'. During the curing process, this
is where the composite reacts. In a similar vein, the CH
stretch in the connected propyl group on the particle and
fiber surfaces is indicated by 2975 and 2928 cm™!, respec-
tively. Biocarbon and fiber peaks at 1487 and 1473 cm™!,
respectively, show the CH bend in the connected propyl
group. The result of treating the fibers and particles with
condensed silane is seen as a peak at 992 and 1028 cm™!,
which is indicative of vibrations in the silane group on
their surfaces. Thus, the FTIR spectra reveal that the tech-
nique of treating the surface of the fibers and particles with
silane was effective.
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Fig.2 a FESEM, b XRD, ¢ Raman, and d BET analysis of biocarbon prepared

Table 1 Comparison table of biocarbon and its properties

Source Size (um) Pore size Particle shape Reference
(um)
Onion peels  55-70 20-28 spherical [24]
Coffee ground 3045 15-18 elliptical [25]
flakes
Black gram 32-65 20-35 needle flakes [26]
pods

2.4 Biocomposite fabrication using hand layup
method

Composites were made using a process called hand layup.
When it comes to open molding techniques, the earliest and
most basic way to create composites is by hand layup. The
process begins with the physical placement of dry fibers in
the shape of woven, knitted, stitched, or bond fabrics into
the mold. Then, the reinforcing material is coated with a
resin matrix using a brush. The next step is to roll the wet

composite using hand rollers. This will make sure the rein-
forcement and matrix interact better, distribute the resin
evenly, and get the desired thickness. The last step is to let
the laminates cure at a typical room temperature and humid-
ity. Mold preparation, gel coating, layup, and curing are the
four main processes in this procedure. The fiber-reinforced
resin composite is hardened during curing, which does not
use any external heat [29]. The mold is prepared for the pro-
duction of high-quality products by first applying a colored
gel coat. Table 2 shows the volume percentages of vinyl ester
resin combined with biocarbon particles generated from
Selenicereus undatus, and Fig. 4 shows the process flow of
composite fabrication. Twenty minutes of sonication in a
water bath at room temperature was used to create a uniform
solution from the resulting mixture. The curing process was
accelerated by adding 2 wt.% of accelerator and promoter.
Before pouring resin into the silica rubber mold, a layer of
wax was applied to ensure a smooth final surface. To meet
ASTM criteria, the mold had to be 3 mm thick to guarantee
that the created composites would also be 3 mm thick.
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Fig.3 FTIR spectra of silane-treated (a) fiber and (b) particle

Table 2 Composition designation of various composite

Composition Vinyl ester resin ~ Pineapple fiber ~ Biocar-

designation (vol.%) (vol.%) bon filler
(vol.%)

\% 100 - -

VPB1 59.5 40 0.5

VPB2 59 40

VPB3 58 40 2

VPB4 56 40 4

In addition, a base layer of catalyst-mixed resin was
applied, and three layers of pineapple fiber woven mat, each
accounting for 40% vol., were deposited in sequence. As the
operation progressed, the air bubbles that formed during the
laying process were gently compressed with a cotton roller,
which was moved forward and backward with light hand
pressure. After meticulously removing any surplus resin and
allowing it to cure for 24 h at room temperature, the final
product met all specifications. To make sure that the com-
posites were fully cured, they were post-cured in a hot air
oven at 120 °C for 48 h [30]. Previous literatures confirm the
successful curing method, which is used to select the curing
period. Composites require utmost caution throughout pro-
duction. Protect your eyes with goggles and your hands with
fireproof gloves. Also, we made sure that the extra resin in
the bowl and the wiped-out resin contents were not damag-
ing the air or land by disposing of them safely for potential
recycling in powder form.
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3 Composite characterization and testing

Table 3 presents the detailed methodologies followed in
the evaluation process of the composites prepared. Simi-
larly, Fig. 5 shows the real-time test specimens utilized in
the evaluation process.

4 Results and discussion
4.1 Mechanical characteristics

Figure 6a—e shows the mechanical properties of compos-
ites with the designations V, VPB1, VPB2, VPB3, and
VPB4. In terms of mechanical properties, composite mate-
rial V initially exhibits somewhat moderate values, such
as flexural strength of 110 MPa, compression strength of
97 MPa, impact energy of 0.36 J, and a Shore-D hard-
ness of 75. Because of its vinyl ester matrix’s intrinsic
brittleness and the absence of reinforcement, V has lower
mechanical characteristics than other composites [31].
This causes the matrix to have lesser strength. Mechanical
properties are significantly improved upon with the addi-
tion of pineapple mat fiber (40 vol.%) and biocarbon iso-
lated from Selenicereus undatus at different concentrations
(0.5, 1, 2,4 vol.%). Some examples of enhanced mechani-
cal properties are increased hardness (78), impact energy
(3.621J), flexural strength (160 MPa), compression strength
(137 MPa), and tensile strength (114 MPa) of composite
VPBI. Surface treatment with silane improves mechanical
qualities by chemically binding fiber and resin and facili-
tating load transmission from matrix to natural fiber. In the
process of creating composites, the NH, functional group
binds effectively to the resin’s OH group, reacting with
the treated fibers and particles. As a result, the qualities
are much enhanced.

The molecules travel moderately over the major C-C
chain because the operating setting is room temperature.
This may have a small effect on the composites’ mechani-
cal characteristics, especially their flexural and impact
strengths [32]. When biocarbon is slowly added to the
vinyl ester matrix, it improves mechanical capabilities.
Among the composite designations, VPB3, which con-
tains 2 vol.% of biocarbon, is the strongest. The specific
mechanical properties of VPB3 include a hardness of 81,
impact energy of 4.69 J, a flexural strength of 188 MPa,
compression strength of 164 MPa, and a tensile strength
of 147 MPa. There are significant improvements between
V and VPB3. The tensile strength, flexural strength, com-
pression strength, impact energy, and hardness are all up
59.1%, 41.4%, 40.85%, and 92.3%, respectively, over V.
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Fig.4 Process flow of compos-
ite fabrication

Pineapple
fiber

Prepared
composite plate

Table 3 Detailed methodology in the evaluation process

Biochar
mixed resin

Fiber reinforced
mold surface

Molten wax coated
mold surface

Resin poured on
mold surface

Test ASTM

Machine specification

Tensile flexural compression  D-3039,

Universal testing machine. INSTRON, 4855, UK. Run at a traverse speed of 1.5 mm/min (most
recommended by ASTM standard to avoid slipping of test specimens during test). Minimum 5

Metro precision testing equipment, India. Maximum run at a load capacity of 20 J. 5 identical test
Surface of the fabricated composite was tested by using shore-durometer. Blue steel, India. The

hardness is measured in 5 different spots in the composite and the average hardness is measured
A tension-tension fatigue tester (MTS Bionic Landmark 370 load frame, USA) with a loading

condition of 50% UTS, applied frequency of 5 Hz, Young’s modulus of 5 GPa, and stress ratio

Metro Precision Machine ToolsIndia, Pvt. Ltd., Load of 30% UTS, time of 15,000 s, and tempera-

D-790,
D-3410 identical test specimens were tested to find the average
Impact D-256
specimens were tested to find the average
Hardness D-2240
Fatigue D-3479
of—1
Creep D-7337
ture of 50 °C were set as process parameters
Wear G-99

Water contact angle -

Pin-on-disc (Contech Micro Systems, India), 10 N load, 1000 m track run, and 500 rpm. The
counter disc material is EN 31 (mostly used in automobiles), and the test was conducted at room
temperature. 5 identical test specimens were tested to find the average

Contact angle goniometer (HOLMERC, HO-IAD-CAM-01). Between the bubble’s surface angle
and horizontal surface is measured for angle. The bubble size used here has diameter of 5 mm.
This device uses CMOS sensor, 2592 X 1944 pixels, 640 x 480 at 17 fps video resolution pixels,
LED-based diffused lighting mechanism, and mechanical dispenser with precise control. The
test is repeated in 5 different places, and the average contact angle is computed

strong interfacial contact with the matrix. Because of

There are multiple pathways by which the mechanical
qualities of a vinyl ester matrix that contains biochar and
pineapple fiber were improved. One option is to use bio-
char, a carbon-rich substance obtained from biomass, as a
filler to strengthen the composite. The material’s strength
and stiffness are enhanced by its large surface area and

its natural origins, high aspect ratio, and ability to lie
flat within a matrix, pineapple fiber can also serve as
reinforcement.

Pineapple fiber interacts with biochar to improve the
composite’s qualities even further. To further distribute and
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(Compre.;sion

Fig.5 Test specimens as per ASTM standards

align the pineapple fibers within the matrix, biochar parti-
cles can act as anchor points. Better mechanical qualities are
the outcome of improved alignment, which in turn improves
load transfer between the matrix and the fibers [33]. Addi-
tionally, synergistic benefits can be achieved when biochar
and pineapple fiber are combined. One typical problem with
composites made of natural fibers is that they absorb too
much water. Biochar can help with this. The combination
of biochar’s mechanical reinforcing and pineapple fiber’s
moisture resistance leads to enhanced mechanical qualities
such as strength, impact resistance, and stiffness [34]. The
filler and fiber are both treated with silane, which guaran-
tees that the biocarbon is evenly distributed and increases
the adhesion between the biocarbon particles and pineapple
fiber by the reaction of the attached NH2 functional group.

However, while the higher biocarbon content did improve
mechanical strength at first, subsequent escalation led to a
small loss of characteristics. The mechanical parameters of
VPB4, which contains 4% biocarbon, were slightly reduced;
it exhibited a flexural strength of 173 MPa, compression
strength of 152 MPa, and impact energy of 4.34 J. The
tensile strength, flexural strength, compression strength,
and impact energy of VPB4 were all lower than those of
VPB3. The reductions were 8.16%, 7.97%, 7.31%, and
7.46%, respectively. Because biocarbon particles aggre-
gate at larger volumes, they create stress points within the
matrix and cause the material to break under load [35]. Par-
ticles at larger volumes can fill the gaps in polymer chains
and enhance cross-linking at specific locations. When the
stress is too great for the crack tip to store, cracks form at
these stress points, which also serve as points of high-stress
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intensity. Among the composite designations, VPB4 had the
highest hardness of 84, even though its mechanical qualities
decreased.

This provides more evidence that biocarbon’s stiffness
and rigidity had a favorable effect on hardness. In spite of a
drop in mechanical qualities, VPB4 outperformed the simple
vinyl ester matrix in terms of overall performance, which is
worth noting. Research by Sundarakannan et al. [36] used
a polymer matrix to strengthen biochar made from cashew
nutshells. Results showed that a tensile strength of 31 MPa
and a flexural strength of 108 MPa were achieved with 10
wt.% biochar added to the matrix, respectively, as the highest
mechanical properties. In contrast to this study, the VPB3
designation, which incorporates 2 vol.% biochar from the
dragon fruit peel and 40 vol.% pineapple leaf fibers, per-
forms better. So VPB3 has a flexural strength that is 42%
greater and a tensile strength that is 78% higher than what
Sundarakannan et al. found.

Overall, the developed composites are capable of serv-
ing and utilizing the automotive panels since the strength
requirement of the component is around this present com-
posite level. In most cases, the door inner panels in the com-
posites are made using cardboard or paper boards. The life
of these boards and materials will last up to 57 years. But
compared with these materials, the present composites could
last up to 15 years since they have higher strength than the
presently used materials. Thus, based on these achievements,
it is suggested that with different new fibers also, the pre-
sent research could be conducted to improve the mechani-
cal properties further. Fibers like hemp, kenaf, and ramie
could be implemented as fiber reinforcement since they are
bast fibers and have medium cellulose content. Moreover,
by keeping the cost constraints, blended resins also could be
used, and low-cost fillers like biomass residues also could
be used.

Figure 7a—d depicts the SEM tensile fractographs of com-
posite designations V, VPB1, VPB3, and VPB4. In Fig. 7a,
fragility marks are evident on the plain vinyl ester matrix,
highlighting its vulnerability to deformation due to the
absence of reinforcement. Moving to Fig. 5b, fiber breakage
is observed, indicating lower bonding in the matrix where
0.5 vol.% of biocarbon is insufficient to fulfill the bonding
requirements. In Fig. 7c, there is a noticeable improvement
in bonding and adhesion, attributed to the presence of 2
vol.% of biocarbon. The silane treatment applied to both
fiber and filler further enhances adhesion within the matrix.

Figure 7d portrays agglomerated particles of biocarbon
at 4 vol.% with fiber, initiating material breakage under
applied load. This aggregation results in clusters within
the matrix, creating stress points and ultimately leading to
material failure. The microscopic analysis underscores the
critical role of biocarbon content in influencing the bond-
ing and mechanical integrity of the composite. While lower
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concentrations lead to insufficient bonding, an optimal level,
such as 2 vol.%, enhances bonding and adhesion, contrib-
uting to improved material strength. However, excessive
biocarbon at 4 vol.% can result in particle agglomeration,
leading to structural weaknesses and material breakage. The
significance of proper bonding and distribution of biocarbon
particles is highlighted, emphasizing the delicate balance
needed for optimal composite performance [37].

4.2 Fatigue properties

Figure 8 illustrates the fatigue life counts of various com-
posite designations, with the initial composite designation
V exhibiting fatigue counts of 1185, 964, and 329 for 25%,
50%, and 75% of the ultimate tensile strength (UTS). These
lower fatigue life counts are the reason for the vinyl ester
resin’s inherent brittleness. In contrast, the incorporation

of pineapple fiber (40 vol.%) and varying concentrations of
biocarbon (0.5, 1, 2, 4 vol.%) significantly boosts fatigue
counts. For instance, VPB1 achieves fatigue counts of
21,5215 19,972; and 16,451 for 25%, 50%, and 75% of UTS,
respectively. The incremental increase in biocarbon content
further enhances fatigue resistance. VPB3 demonstrates the
highest fatigue counts of 27,436; 24,981; and 22,144 for
25%, 50%, and 75% of UTS, emphasizing the reinforcing
role of biocarbon in distributing stress uniformly throughout
the material.

The combination of biocarbon with pineapple leaf fiber
has shown a promising trend in enhancing fatigue resistance
in composite materials. This improvement can be attributed
to several factors, including the reinforcing effects of bio-
carbon and pineapple leaf fiber, as well as their effective
adhesion with the composite matrix via silane surface treat-
ment. Biocarbon, being a carbon-rich material derived from
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Fig.7 a—d SEM images of
fractured tensile specimens

biomass, can act as filler in the composite, enhancing its
stiffness and strength. This reinforcement helps to distrib-
ute stress more evenly throughout the material, reducing the
likelihood of fatigue failure. Additionally, biocarbon par-
ticles can serve as nucleation sites for crack propagation,
thereby hindering the growth of fatigue cracks and increas-
ing the material’s resistance to cyclic loading [38].
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Fig. 8 Fatigue counts of different composite designations
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However, there is a strong relationship between bio-
carbon content and fatigue resistance. While the presence
of biocarbon enhances fatigue resistance, an excessive 4
vol.% results in agglomeration in the matrix, leading to
reduced fatigue strength [39]. VPB4 records fatigue counts
of 26,327; 24,001; and 21,307 for 25%, 50%, and 75% of
UTS, respectively, presenting a slight decrease compared
to VPB3. Nevertheless, VPB4 still outperforms the plain
vinyl ester matrix (V composite designation) in terms of
fatigue resistance. This intricate balance between biocar-
bon content and fatigue resistance underscores the impor-
tance of optimized composite formulations for superior
mechanical performance. Wang et al. [40] investigated
the effect of adding flax and glass fiber—reinforced epoxy
resin composite and its fatigue properties. According to
the study’s results, the present study composites produced
higher fatigue life counts in the S—N curve plot. Simi-
lar research studies [41] also reported marginally closer
results to the present study composite.

Figure 9 shows the SEM fractograph of fatigue failure
test specimens. Figure 9a shows the plain flat fracture with
propagated cracks. This is because of the brittle nature of
the resin. However, in Fig. 9b, the fiber-resin interface
bonding is high, and more cracks are propagated; thus, the
wavy fracture is observed. Moreover, Fig. 9c—e shows evi-
dences of particles and wavy fracture. This wavy fracture
indicates the improved toughness and also the effective
load-bearing phenomenon.
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4.3 Creep strain behavior

Figure 10 illustrates the creep behavior of composite desig-
nations V, VPB1, VPB2, VPB3, and VPB4. The V desig-
nation exhibits a higher creep strain of 0.0082, 0.014, and
0.062 for 5000; 10,000; and 15,000 s, respectively. This
elevated creep strain in V is attributed to the absence of
reinforcement, leaving the matrix more susceptible to defor-
mation under continuous load at elevated temperatures.
However, the incorporation of pineapple fibers (40 vol.%)
and biocarbon filler particles (at 0.5, 1, 2, 4 vol.%) results in

Matrix )
Particle

Fibre R ¥

Wavy fracture
i

partiele

N‘\in

a notable reduction in creep strain. For instance, VPB1 dem-
onstrates decreased creep strain values of 0.0071, 0.0099,
and 0.029 for 5000; 10,000; and 15,000 s. This reduction
is the cause of an improved load-bearing effect across the
composite and its effective load dispersion. Thus, when the
composites are subjected to prolonged temperatures, the
climb dislocation and local mobility of polymer molecules
are hampered due to highly adhered fiber-matrix interfaces
and densely packed cross-linked structures [42].
Furthermore, an increase in biocarbon filler content con-
tributes to a further reduction in creep strain. VPB4 stands
out as the designation with the overall lowest creep strain,
registering values of 0.0007, 0.001, and 0.0057 for 5000;
10,000; and 15,000 s. The collaborative effect of pineap-
ple fiber and biocarbon particles contributes to this superior
performance. Both biocarbon and pineapple fibers function
as reinforcing agents, imparting additional strength and stiff-
ness to the material [43]. This reinforcement minimizes sus-
ceptibility to deformation and creep, ensuring that the mate-
rial maintains its shape under sustained loads. The improved
structural integrity is further enhanced by silane treatment
on both materials, optimizing their bonding with the matrix.
This enhanced adhesion creates a robust interface between
the reinforcing agents and the matrix, reducing the likeli-
hood of creep-related deformation. Overall, the combined
effects of reinforcing agents and surface treatments result
in a composite material, exemplified by VPB4, that dem-
onstrates significantly reduced creep strain and improved
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stability under prolonged loading conditions compared to
the plain vinyl ester matrix (V designation). Moreover, it is
noted that up to 15,000 s also, the composites produced a
minor amount of strain which indicates that the composites
could last for a longer time duration in the elevated tempera-
ture. Li et al. [44] studied the effect of diatomite dosage on
the physical, mechanical, and rheological creep properties
of poplar wood/polypropylene composites. The creep results
show with the addition of wood powder into the polypropyl-
ene, the properties are improved. However, compared with
the present study, the creep strain is higher. Similarly, Xi
et al. [45] investigated the effect of temperature on the bend-
ing and creep properties of wood plastic composites. In this
research, the creep study is conducted on the composites at
20 °C for 24 days. But, in this present study, the compos-
ites are under creep load for more days than in the reported
literature. However, the composites experience very little
strain due to the silane-treated fiber and particles. Figure 9
shows the SEM fractograph of composites after the creep
test was performed.

4.4 Wear properties

Figure 11 illustrates the wear behavior of composite designa-
tions V, VPB1, VPB2, VPB3, and VPB4. The V composite
designation exhibits low wear resistance, characterized by a
high specific wear rate of 0.041 mm?/Nm and a coefficient
of friction (COF) of 0.35. The inherent softness and brit-
tleness of the vinyl ester make it susceptible to abrasion,
lacking the required hardness to withstand frictional forces
without material loss. However, wear resistance improved
significantly with the inclusion of 40 vol.% of silane-treated
pineapple fiber and silane-treated biocarbon particles at 0.5,
1, 2, and 4 vol.%. VPB1 demonstrates a reduced specific
wear rate of 0.02 mm*/Nm and a COF of 0.31, marking a
51.21% decrease in wear rate and an 11.4% reduction in COF
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Fig. 11 Wear characteristics of composites
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compared to the V composite designation. This improve-
ment is the reason for the reduced direct contact area of the
composite, and instead of resin, the fiber is exposed to the
abrasion disc. Moreover, due to silane treatment, the fiber
layers adhere to each other firmly, and no interlaminar break-
ing due to abrasion shear force occurred. This phenomenon
reduced the 3-body abrasion and erosion wear loss in the
material. Moreover, further inclusion of biocarbon continues
to enhance wear resistance [46].

Thus, VPB4 stands out with high wear resistance, show-
casing a reduced specific wear rate of 0.002 mm?/Nm and
a COF of 0.13. The carbon-rich nature of biocarbon con-
tributes to the increase in hardness. When the particles are
added, the entangling nature of resin molecules increases,
and the molecules are not able to stretch. This means the
hardness-improved composites effectively withstand against
wear loss phenomenon. This indicates the increment in hard-
ness directly influencing the wear loss stability [47], syner-
gizing with pineapple fiber reinforcement. This enhanced
hardness enables the material to effectively resist wear and
abrasion [48]. The orientation and alignment of pineapple
fibers within the matrix play a pivotal role in creating a
protective barrier against abrasive forces [49]. This addi-
tion of fiber and particles reduces the direct impact on the
matrix, thereby augmenting wear resistance. Both biocarbon
and pineapple fibers work in concert to distribute applied
loads evenly throughout the material, preventing localized
wear and enhancing overall durability. In a study by Jaya-
balakrishnan et al. [50], it was found that the wear rate was
observed to be 0.006 mm?*/Nm with a coefficient of friction
(COF) of 0.44 for a composite containing 2 vol.% of biochar
combined with opuntia cladode fiber in an epoxy matrix.
However, when compared to this study, the composite desig-
nation VPB3 demonstrates improved wear rate performance
with 54.5% reduced COF at the same filler content compo-
sition within a vinyl ester composite. Figure 12 shows the
optical microscope worn surface images of composites. Fig-
ure 12a shows the plain resin having wear scars. However, in
Fig. 12b, the fiber shows a burnt nature indicating effective
contact with the abrasion disc. Moreover, there is no fiber-
matrix debonding. This indicates the improved adhesion in
the silane treatment process. However, Fig. 12c—e indicates
the wear scars with pit marks. These pits are possibly due to
the evacuation of biocarbon as well as the matrix material.
But, overall, the addition of fiber and biocarbon particles
improved the wear resistance by offering effective reinforce-
ment via fiber as well as a lubrication effect via biocarbon.

4.5 Water contact angle
Composite design designations V, VPB1, VPB2, VPB3,

and VPB4 are shown in Fig. 13 along with their water con-
tact angles. Because the vinyl ester matrix is hydrophobic,
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the first composite (V) shows a water contact angle of 93°.
Because of its ester groups’ carbon—carbon double bond
(C=C), vinyl ester polymers are less polar than hydrophilic
materials and have a lower attraction for water molecules,
which is why they are hydrophobic [51]. On the other hand,
VPBI1 reveals a small decrease in the water contact angle to
87°. The addition of pineapple fiber (40 vol.%) to the matrix,
which introduces intrinsic hydrophilic behavior, is respon-
sible for this reduction. Since the silane-grafted fiber is not
very prone to absorb water, the contact angle value remains
in the hydrophobic region [52].

pit§ ‘ilui
dlmp’et
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Incorporating 0.5 vol.% of biocarbon into VPB1 negates
the hydrophilic properties of pineapple fiber, suggesting that
a higher biocarbon concentration improves the hydrophobic
properties of the vinyl ester matrix. Then, VPB2, VPB3, and
VPB4 show up with 90°, 95°, and 98° of increased water
contact angles, respectively. Because of their carbon—car-
bon bonds, which are nonpolar and have little contact with
water molecules, biocarbons improve hydrophobic behavior
[53]. This hydrophobic property is further influenced by the
pyrolysis process that Selenicereus undatus undergoes when
treated at high temperatures without oxygen. The remaining
material is more carbon-rich and hydrophobic after this pro-
cess removes functional groups that include oxygen, such as
hydroxyl (-OH) groups. Larger biocarbon content improves
the hydrophobic properties of the vinyl ester matrix, as seen
by the systematic rise in water contact angles throughout
VPB2, VPB3, and VPB4. However, when the atmosphere
temperature increases, there may be a chance of increas-
ing water absorption due to pore opening and accelerated
water pulling. But the silane coating could further support
this aspect too. Since the silane layer acts as a barrier in the
fiber, its stability is high against temperature rise and acidic
or base water conditions [54].

Figure 14 shows the SEM images of composite surfaces.
The plain resin shows (Fig. 14a) micropores in small con-
tent, and the remaining surface is pore-free. Thus it gives
a high contact angle. However, when adding the fiber, the
micropores and minor pit marks are visible (Fig. 14b).
These pits and minor voids allow the water to go in and
improve the surface energy. Thus, a lesser contact angle is
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observed. Finally, in Fig. 14b—d, the complete trace of fiber
and particles on the surface shows lots of pores, interfacial
gaps, and void gaps. These places significantly admit water
and produce lower contact angles. Mohammed et al. [55]
reported a study on improving hydrophobicity and compati-
bility between kenaf fiber and polymer composite by surface
treatment with inorganic nanoparticles [55]. These findings
are correlated with peer group researchers and their work.
Prakash and Viswanthan [56] reported a hydrophobic study
on the oil-toughened epoxy composite. In this, the fiber and
particles are silane-treated using APTMS. Results revealed
that the treated fiber and particles in the composites retain
hydrophobicity. This literature indicates that the silane treat-
ment process supports the composites well in hydrophobic
conditions [57-60].

4.6 Economic analysis of composites

It is noted that the developed composites in this research are
almost made using biodegradable materials from agricul-
tural biomasses. Though the composites are biodegradable,
there are still issues with viability and economic perspec-
tives. However, there could be a future scope of work where
these issues could be addressed to reduce the barrier to the
implementation of these biodegradable eco-friendly com-
posites in the industrial sectors. For example, as of now,
glass fiber—based composites still rule the market since
they are cheaper and highly sustained. The product lineup
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in the market is high, and thus, the supply is greater. But
in natural fiber and filler-based composites, there are some
supply issues, so the initial cost is marginally higher than
the glass fiber—based composites. In economical point, the
cost of these glass fiber—based composites is a minimum of
30% lesser cost than the bio fiber and filler-based compos-
ites. However, in eco-friendly point, these composites are
in upfront. Being good mechanical, abrasion, and fatigue
properties, these composites could be used in automotive
pumpers instead of so-called ABS pumpers. Cost-wise, the
pumper made of ABS costs approximately 75 USD, and
the proposed pumper made using the present material costs
around 105 USD. However, the difference of 30 USD also
can be minimized when producing the fibers and fillers on
a large scale and continuing production lines. Thus, in the
future, the cost may be similar, and more automotive prod-
ucts could be produced in a safe eco-friendly manner.

5 Future scenarios

This study has demonstrated the potential of using dragon
fruit peel biocarbon and pineapple fiber in vinyl resin com-
posites, showcasing an environmentally friendly alterna-
tive to synthetic materials harmful to both humans and the
planet. While this research marks a significant step for-
ward, the scope for exploration within the domain of bio-
based composites remains vast and varied. Here are several
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prospective research paths that could further enhance our
understanding and application of these innovative materials:

Diversification of biocarbon sources Future studies could
explore a broader range of biocarbon sources, particularly
focusing on underutilized agricultural residues. For instance,
the biomass wastes from crops like rice husks or coconut
shells could provide unique properties worth investigat-
ing. Comparative studies on the performance of composites
made from these varied sources under uniform testing con-
ditions would offer invaluable insights into their practical
applications.

Exploration of alternative plant-based fibers Replac-
ing pineapple fiber with other plant-based fibers such as
kenaf, ramie, or jute could uncover new applications and
performance metrics. These fibers, known for their robust
mechanical properties and low environmental impact, could
be tailored for specific uses in industries like automotive,
construction, or consumer products. Understanding the
unique properties of each fiber could guide their integration
into composites for optimal performance.

Optimization of material properties There is a critical need
to optimize the size, shape, and pore size of biocarbon par-
ticles and to explore the effects of varying fiber dimensions
and treatment methods on composite properties. Advanced
material characterization techniques could help in under-
standing how these variables affect the mechanical strength,
thermal stability, and durability of composites.

Advanced treatment techniques Further research could
delve into advanced silane treatment methods to enhance the
bonding properties and water resistance of fibers. Exploring
how these treatments modify the interface between the fiber
and the matrix would provide deeper insights into improving
composite performance.

Sustainability assessments Conducting comprehensive life-
cycle analyses of these bio-based composites could quantify
their environmental benefits, such as reduced carbon foot-
print and potential biodegradability. Additionally, economic
analyses comparing the cost-effectiveness of natural versus
synthetic composites would be beneficial for assessing the
feasibility of large-scale industrial adoption.

Interdisciplinary collaborations Encouraging collaboration
across disciplines—combining insights from material sci-
ence, environmental science, and industrial application—
could accelerate the development of bio-based composites.
Such collaborations would be crucial for translating labora-
tory findings into scalable industrial processes that lead to
sustainable material solutions.

By pursuing these directions, future research can build
on the current study’s findings to develop deeper insights
into the deployment of bio-based composites in engineering
applications, ultimately leading to more sustainable indus-
trial practices.

6 Conclusions of present study

Finally, this study has investigated in depth the hydropho-
bic, creep, wear, mechanical, and biochemical character-
istics of a new composite material that is reinforced with
pineapple fiber and biocarbon derived from Selenicereus
undatus in a stiff vinyl ester matrix. When it comes to
mechanical qualities, VPB3 stands out among the manu-
factured composites. The impact energy is 4.69 J, the ten-
sile strength is 147 MPa, the flexural strength is 188 MPa,
and the compression strength is 164 MPa. Conversely,
VPB4, which contains a greater amount of biocarbon, has
improved Shore-D hardness of 84 to make up for a little
drop in mechanical characteristics. To give you an idea of
how fatigued VPB3 is, at 25%, 50%, and 75% of UTS, it
displays tiredness counts of 27,436; 24,981; and 22,144,
respectively. When it comes to creep qualities, VPB4 shows
decreases of 0.0007, 0.001, and 0.0057 for 5000; 10,000;
and 15,000 s, respectively. An increased coefficient of fric-
tion (COF) of 0.13 and a decreased wear rate of 0.002 mm?/
Nm are the results of VPB4’s increased hardness, which in
turn improves wear resistance. Moreover, the increased bio-
carbon content in VPB4 contributes to heightened hydropho-
bic behavior, achieving a water contact angle of 98°. These
findings underscore the potential of this composite material
for diverse applications where a combination of strength,
durability, and environmental sustainability is required
predominantly. Specifically, in the automotive sector, the
developed composite holds potential for applications such as
bumper guards, offering a dual advantage of cost reduction
and enhanced safety features. By integrating this compos-
ite into bumper guard designs, manufacturers can achieve
eco-friendly sustainable products without compromising
on safety standards. There is considerable potential for the
future scope of the study by investigating the performance of
the composite with the same filler content but utilizing dif-
ferent natural fibers. However, in other conditions where the
composites may be subject to forced aging by temperature
or water with the same fiber in silane-treated form for better
stability. By conducting such evaluations, researchers can
gain insights into how varying fiber types interact with the
filler and matrix, influencing the mechanical properties and
overall performance of the composite. Moreover, another
possible potential for this research study is implementing
this composite as a real-time product in an automotive either
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in a pumper or roof panel. This may give a wide opening for
the development of similar types of composites in different
application areas in automotive.
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