Heliyon 10 (2024) e28110

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Waste natural fibers for polymer toughening and biodegradability
of epoxy-based polymer composite through toughness and
thermal analysis

Mohammad Salman Haque **, M.A. Islam "

@ Department of Materials and Metallurgical Engineering, Bangladesh University of Engineering and Technology (BUET), Dhaka, 1000, Bangladesh
b Department of Materials Science and Engineering, Khulna University of Engineering and Technology (KUET), Khulna, 9203, Bangladesh

ARTICLE INFO ABSTRACT
Keywords: Polymeric materials are being increasingly used to replace many metallic components due to their
Waste natural fiber beneficial properties such as higher strength-to-weight ratio and corrosion resistance. However,
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the widespread use of polymers poses a risk to the environment as they are not biodegradable.
The addition of the waste jute fiber and sawdust fiber as reinforcement to the epoxy resin
improved its toughness and induced the biodegradability of the polymer. To examine the effect of
the jute fiber and sawdust fiber on biodegradability, the composites were then kept in the
drainage system for one year, and the impact energy and fracture morphology of the as-cast and
weathered samples were examined using a drop ball impact test and a Charpy impact test. During
the weathering period, weight gain was initially observed due to the water absorption by the
porous fibers, but after three months, the composites started to lose weight due to the degradation
of the fiber by swelling and microbial attacks. Microorganisms in the drainage system used the
fiber as their energy source, which resulted in the deterioration of the fiber and the production of
COs. The production of CO, was identified by the FTIR analysis of the weathered composite
samples. TGA analysis of the as-cast and weathered samples reveals the reduction of the onset
thermal degradation temperature of the weathered composites due to the degradation of the
composites. The fiber disintegrated through microbial attack and the fiber swelling caused by the
absorption of water by jute fiber and sawdust fiber is identified through SEM imaging. The SEM
image also reveals the formation of biofilms and the growth of microorganisms at the fibers. A
higher growth rate of the microorganisms was observed in the jute fiber composite than in the
sawdust fiber composite, as sawdust contains a high level of lignin that protects it from degra-
dation. The results of this study suggest that both sawdust fiber and jute fiber composites induce
biodegradability in the epoxy matrix, but jute fiber was more prominent in this regard. The
discovery paves the way for using natural fibers in biodegradable polymer composites, reducing
polymeric pollution in the environment.

1. Introduction

The engineering industry is experiencing a growing demand for materials that are lightweight yet offer high strength. Composite
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materials are playing a crucial role in meeting this requirement [1]. Polymer-based composites have tremendous potential for use in a
wide range of applications, including automobile bodies, energy production and storage, construction, packaging materials, and even
space exploration. The automotive industry is increasingly adopting polymer composites for their fuel-efficient vehicles due to their
low weight and high performance Because of their easily adjustable qualities, including their viscoelasticity, chemical and mechanical
resistance, and adaptability, polymers are used in a broad variety of applications. Furthermore, a vast array of synthetic techniques can
be employed to generate polymeric materials with diverse structures and morphologies, such as films, elastomers, fibers, micro- and
nanoparticles, branching, linear, and crosslink. Due to its adaptable architecture and ability to be modified into multifunctional
responsive platforms that are sensitive to chemical and physical stimuli, the usage of these polymeric materials has gained interest in
the creation of sensors, including radiation measurement systems, actuators, and biosensors [2,3].

Load-bearing components are frequently subjected to impact-type loading and unloading under regular service conditions.
However, it should be noted that thermosetting polymers are susceptible to notches, which makes them vulnerable to the detrimental
effects of impact-type loading [4,5]. According to the fracture mechanics hypothesis, an alternate approach to mitigate notch sensi-
tivity is to improve the toughness of these polymers by creating composites [6,7]. Reinforcement fiber composites have been
increasingly used in engineering applications for many decades, surpassing traditional materials such as concrete and steel. This is due
to their high strength-to-weight ratio, remarkable resistance, and lightweight characteristics along the fiber direction. Composite fibers
consist of strong fibers, such as carbon, glass, or aramid, and soft matrices, such as epoxy, polyester, vinyl-ester, and others. These
materials exhibit remarkable properties such as excellent strength in tension and better absorption of energy [8].

Synthetic fibers possess unique properties that are unmatched by natural fibers. These include good thermal and electrical con-
ductivity, higher stability, and lower moisture absorption, making them ideal for high-end applications such as wind turbines and
aerospace. Additionally, they have a longer lifespan. However, these fibers are generated from finite sources like fossil fuels which
mostly end up accumulating at landfill sites, posing a risk to the environment [9]. Plastics that have been contaminated can release
toxic substances into the soil, which may eventually seep underground and pollute other water sources in the vicinity. This can have
severe consequences for the organisms that rely on this water. Landfills are constantly accumulating huge amounts of plastic waste,
which can include various types of plastics. Degradable substances are materials that can be easily decomposed or degraded in the
natural environment. Biodegradable composites have the potential to revolutionize the upcoming era, as they are composed of
biodegradable fibers and polymers that can be altered to meet the product specifications. Natural fibers are biodegradable and can be
used in various product development processes, which are environmentally conscious [10,11]. Furthermore, natural fibers have
several advantages, including a favorable fiber aspect ratio, low density, and high tensile and flexural moduli. Due to their availability
and biodegradability, natural fibers such as wood sawdust and waste jute fibers are preferred over synthetic fillers in countries like
Bangladesh [12,13].

In this experiment, composites based on epoxy were created using waste jute fiber and sawdust fibers to determine the effect of the
natural fiber on biodegradation into the drainage system through drop ball and Charpy impact test. FTIR, TGA, and SEM analyses were
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Fig. 1. a) As-cast epoxy, sawdust composite, jute fiber composite for drop ball impact test b) As-cast epoxy, sawdust composite, jute fiber composite
for Charpy impact test ¢) 1-year weathered epoxy, sawdust composite, jute fiber composite for drop ball impact test d) 1-year weathered epoxy,
sawdust composite, jute fiber composite for Charpy impact test.



M.S. Haque and M.A. Islam Heliyon 10 (2024) e28110

also performed to validate the degradation by the microbial attacks presented in the drainage system. The novel aspect of this work is
the assessment of the polymer’s biodegradability using a composite of waste natural fiber to reduce the pollution caused by polymers in
the drainage system. These waste natural fibers were utilized to lay the foundation for advanced and eco-friendly polymeric materials.
The natural polymer addition increases the composites’ toughness, making them suitable for usage in automotive body parts. Addi-
tionally, when the utilized structure is discarded into the environment, the natural fiber will aid in its degradation.

2. Experimental procedure
2.1. Collection of the reinforcements

The main components used in this investigation were natural fibers, which were utilized to improve the three-dimensional, cross-
linked thermoset epoxy polymer’s biodegradability. Waste Jute fibers and waste wood sawdust fibers were collected from an agri-
cultural field and a carpentry shop, respectively, and used in this experiment. The jute fibers were then chopped to a length of 2 mm,
and the sawdust fibers were screened to obtain fibers of that length.

2.2. Samples manufacturing

The initial quantity of epoxy resin (Bisphenol A-based) was added to a beaker and cured with methyl-tetrahydro phthalic anhydride
at normal temperature using a volumetric ratio of 1:10 for hardener and resin [14]. To ensure a homogeneous mixture of hardener and
resin, the mixture was stirred. Cast polymer products often contain defects such as blow holes, micro-cracks, and voids, which can
negatively affect their mechanical qualities [15,16]. Thus the resin mixture underwent a 10-min vacuum degassing process to remove
moisture before being cast into the circular mold. At a minimum 25 samples, each 5 mm thick, were created using the same technique
(Fig. 1a).

The sawdust and jute fiber particles were treated with NaOH to remove wax and dust from the fiber, then dried in the sunlight to
remove the moisture, and combined with epoxy resin [17,18]. The mixture was stirred to ensure homogeneity before adding a
hardener (10% volume of the resin). Dissolved gases were removed before pouring the substance into the mold by vacuum degassing
process. Fig. 1a depicts the 5 mm thick as-cast wood sawdust composite and 25 circular test samples for jute fiber produced with the
same method. Waste jute and sawdust fibers were used to prepare the samples for Charpy impact samples by ASTM D6110-10 standard
shown in Fig. 1b.

2.3. Weathering method

To understand the effect of natural fiber on the biodegradability of epoxy-based composite, the samples for the drop ball test and
Charpy impact test were kept in the drainage system for about 1 year. During the period, the necessary data of the submerged samples
and drainage water were collected regularly. The water parameter of the drainage water is given in Table 1. The color of the epoxy
sample changed to brown, and numerous voids were observed at the jute and sawdust fiber composites suggesting microbial degra-
dation (Fig. 1). The samples in Fig. 1(c) and (d) show significant texture alteration, severe damage, and numerous voids due to the
thickness swelling and microbial attacks of the fibers.

Table 1
The average value of the swater parameter of the drainage water.

Water Parameter (Average value)

Immersion Time (Days)

Color Odor pH Temperature °C BOD (mg/L) COD (mg/L) DO (mg/L) TDS (mg/L) Appearance

0 Black Present 7.4 34 462 1680 1.8 1345 Not Clear

15 Black Present 8.0 36 530 1632 2.1 980 Not Clear
30 Black Present 7.8 41 380 1578 1.5 1780 Not Clear
45 Black Present 5.9 39 537 1674 2.4 2027 Not Clear
60 Black Present 6.5 41 480 1890 1.2 1304 Not Clear
75 Black Present 7.9 38 430 1764 3.1 1426 Not Clear
90 Black Present 6.2 42 532 1527 2.7 1535 Not Clear
120 Black Present 5.7 40 375 1696 2.9 1387 Not Clear
150 Black Present 7.3 38 560 1858 1.6 2145 Not Clear
180 Black Present 5.6 34 424 1952 2.4 937 Not Clear
210 Yellowish Present 7.2 32 418 1860 1.5 1159 Not Clear
240 Black Present 7.8 36 567 1685 3.1 1862 Not Clear
270 Black Present 6.2 30 396 2021 2.8 1434 Not Clear
300 Yellowish Present 7.5 18 580 1984 3.4 1256 Not Clear
330 Black Present 5.9 26 490 1996 1.6 2053 Not Clear
345 Black Present 7.4 24 372 1578 2.3 1625 Not Clear
360 Black Present 7.8 30 434 1657 1.7 1793 Not Clear
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2.4. Test methods

Polymers, polymer composites, and glassy materials are often subjected to the drop ball impact test to determine their toughness.
This investigation used a drop ball impact test setup (Fig. 2a) according to the ASTM F3007-19 Standard to measure the toughness of
the polymer and its composites by starting the cracking process at a weak point and spreading it throughout the sample until it shatters
[18].

The following formula was used to determine the toughness values:

Potential Energy U =m x g x h @

Where the ball’s mass is represented by m in kilograms, g is 9.8 m per second, and h is the height in meters at which the ball was
dropped.

A 0.11 kg steel drop ball was used in the experiment. The initial drop height was selected by the trial and error process. For the pure
epoxy sample, the initial height was selected at 1025 mm where two samples out of the five samples were broken. To break all samples
in each group, the second set of five test samples was evaluated at a height greater than 25 mm of the initial drop height and increased
the height continuously to find out the height at which all five samples were shattered. At, 1075 mm, all the tested samples were
broken and the corresponding energy was 1.16 J (Equation (1)) that value has been considered as impact energy for the as-cast epoxy
sample. The details of the drop ball impact energy determination for pure epoxy are presented in Table 2.

The Charpy impact test was also measured according to the ASTM D6110-10 standard [19] and the test setup is shown in Fig. 2b.
Three samples were tested for each type and the average value was taken as the impact energy. The Charpy impact energy for the
as-cast samples is shown in Table 2.

3. Results and discussion
3.1. Improvement of toughness by addition of natural fiber

The results of the drop ball impact energy and charpy impact energy of the as-cast samples are shown in Fig. 3. For drop ball impact
energy, the height and the corresponding energy that completely broke down the all tested samples is considered as the impact energy.
The epoxy samples were the least tough of the three groups, cracking at the minimum drop height (1075 mm) due to the release of
kinetic energy from the drop ball breaking the atomic bonds of the polymeric materials. On the other hand, the composite sample
reinforced with chopped jute fibers had the highest toughness, indicated by its maximum drop height (1550 mm). For the Charpy
impact test, the average energy for the break of the as-cast epoxy sample was found to be 3.73 J, and after the addition of the sawdust
and jute fiber the impact energy was improved to 5.14 J and 6.5 J respectively (Fig. 3). Other researchers additionally reported similar
kinds of improvements in toughness associated with the addition of natural fibers [20,21].

Fig. 3 illustrates how the addition of wood sawdust and chopped jute fibers as reinforcement enhances the toughness of pure epoxy-
based polymer. Reinforcement with waste sawdust and waste-chopped jute fibers improved the impact resistance by around 31% and
44% respectively. When a composite was tested with a drop ball, the jute and sawdust fibers carried out the impact load, slowed down
the crack growth, and considerably improved the composite’s durability [20,21]. Jute fibers, due to their small diameter, are more
suitable than wood sawdust particles for mechanical bonding and load distribution in the composite matrix [22]. The same kind of
resistance by the jute fiber and sawdust fiber is also found for the charpy impact test that’s why the impact energy is improved with the
fiber addition.

3.2. Effect of weathering in the drainage system

From Fig. 4, the drop ball impact energy of the weathered sample of pure epoxy decreased by 4.5% (1.16J-1.11 J) after one year of
weathering in the drainage system. However, the degradation of pure epoxy is negligible compared to the degradation of jute fiber
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Fig. 2. a) Drop ball impact test setup b) Charpy impact test setup.
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Table 2
Determination of drop ball impact energy for pure epoxy samples.
Height (mm) Number of Samples Tested Number of Samples Broken Energy (J) Impact Energy (J)
1025 5 2 1.10 1.16
1050 5 4 1.13
1075 5 5 1.16
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Fig. 3. Impact energy of the as-cast epoxy and composite samples.

composite and saw dust fiber composite (Fig. 4). The drainage system is full of pollutants (Table 1) and microorganisms such as
bacteria and fungus causing a 45% fall in the impact energy of the jute fiber composite whereas impact energy for sawdust is decreased
by 29%. The natural fiber from the composite serves as a source of energy for the microorganisms, breaking down the bonding between
the matrix and the fiber, which significantly reduces the toughness [23].

It can be observed from Fig. 5 that the weathered samples experienced a decrease in the Charpy impact energy. The epoxy
composite, which did not undergo microbial degradation, experienced a very slight degradation. On the other hand, the jute fiber and
sawdust fiber composites experienced degradation of 67% and 32% respectively. A lower degradation rate is observed at the initial
period as a lower reduction of the impact value during the 6-month weathering compared to the 1-year weathering. However, as time
passed, microorganisms started to attack the composites at a faster rate and developed a zone to attack the fibrous materials [24,25].

Figs. 4 and 5 reveal that the incorporation of jute fiber has a more pronounced effect on decreasing impact energy than the sawdust
composite when exposed to weathered conditions in drain water. Sawdust fiber composite is less susceptible to microbial degradation
due to its higher lignin content compared to jute fiber composite [26,27]. When jute fiber is exposed to drain water for an extended
period, its cellulose component gets oxidized and degraded, which eventually leads to a decrease in its toughness resistance [28]. On
the other hand, sawdust, which has a higher concentration of lignin derived from wood, exhibits heightened resistance against
weathering, resulting in enhanced stability and durability in the presence of various environmental factors. Lignin in the cellular
matrix of wood acts as a safeguard for carbohydrates against microbial decomposition due to its intrinsic resistance to degradation by

As Cast
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Average Impact Energy (J)
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Fig. 4. Comparison of drop ball impact energy of as-cast and weathered samples.
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Fig. 5. Comparison of Charpy impact energy of as-cast and weathered samples.

most microorganisms. However, it is essential to note that the durability and robustness of sawdust can deteriorate over time when
exposed to weather conditions, especially if it is not adequately protected from moisture [29,30]. Moisture in the area makes it
susceptible to microbial degradation, oxidation, and deterioration when exposed to drainage water. This phenomenon can lead to the
degradation and weakening of the toughness of the composites that incorporate sawdust over time [31].

3.3. Comparison of impact fracture patterns of the as-cast and weathered samples

Fig. 6 reveals the fracture pattern of the as-cast samples and weathered samples after the performing of the drop ball impact test.
The as-cast epoxy sample was found to be susceptible to brittle fracture - when the drop ball hit the samples, they broke into several
pieces due to the lack of resistance to failure shown in Fig. 6a. However, the natural fibers (both sawdust and jute) resisted crack
formation during the instantaneous loading from the drop ball, making them tougher as seen in Fig. 6b and c.

As time went by (6 months and 1 year of weathering), the resistance of the natural fibers decreased due to the breakdown of the
fiber matrix bonding caused by water absorption and microbial attack on the matrix wall. This is visible in the fracture pattern, as more
fragmentations are formed, indicating no resistance during the failure shown in Fig. 6(d-i). Furthermore, it was observed that the jute
fiber composite underwent more fragmentation compared to the sawdust fiber composite after one year of weathering (Fig. 6h and i).
This suggests that the jute fiber composite experienced a higher level of degradation as compared to the sawdust fiber composite [32].

Fig. 7 shows the fracture surfaces of the as-cast and weathered samples after the Charpy impact test. The fracture surface of the as-
cast epoxy sample is smooth and brittle with a river pattern shown in Fig. 7a. However, the addition of fiber changed the fracture
pattern as the fiber resisted crack propagation (Fig. 7b and c). The fracture pattern of the weathered epoxy sample was quite similar to
the as-cast epoxy samples (Fig. 7d and g), but the weathered natural fiber composites showed various types of porosity and holes,
particularly in the jute fiber composite (Fig. 7e, f, 7h, and 7i). That’s why the jute fibers in the weathered composite samples were not
able to resist the load and reduced the impact energy of the composites after weathered in the drainage system.

Fig. 8 displays the TGA curve for both as-cast and weathered samples, which provides thermal degradation information. The onset
thermal degradation temperatures for the as-cast epoxy, sawdust fiber, and jute fiber composite are found to be 330 °C, 298 °C, and

6 Months Weathered

1 Year Weathered

0]

Epoxy Epoxy + 5 wt.% sawdust Epoxy + 5 wt.%
Jute Fiber

Fig. 6. Fracture pattern of Pure Epoxy Sample (a, d, g), Waste Saw Dust Epoxy Composite (b, e, h), and Waste Jute Fiber Composite (c, f, i) formed
by drop ball impact test at 1550 mm.
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Fig. 7. Fractured surface of Charpy impact test samples.

303 °C respectively (Fig. 8a, b, and 8c). The addition of fiber caused a decrease in the thermal degradation on-set temperature due to
the lower thermal stability of the jute fiber and sawdust fiber [33,34]. However, after one year of weathering, the onset temperature for
the epoxy only slightly degraded to 323 °C. In contrast, the onset temperature for the weathered jute fiber and sawdust fiber
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Fig. 8. Thermo-gravimetric analysis of a) As-cast and weathered epoxy samples b) As-cast and weathered sawdust epoxy composites c¢) As-cast and
weathered jute fiber epoxy composite.
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composites significantly decreased as the degradation of the fibers occurred by the microorganisms. Notably, the degradation of jute
fiber was more significant compared to the sawdust fiber composite as more degradation occurred in the jute fiber composite. Fig. 9
displays a comparison of the onset of thermal degradation temperature of the as-cast and weathered samples.

Microbial organisms, including bacteria and fungi, are known to cause biological oxidation in natural fiber epoxy composites,
rendering them susceptible to damage. Microbial enzymes such as lipases and proteases can break down the matrix material, jute
fibers, and sawdust fibers present in composites [34,35]. Thus, thermal degradation occurred for the weathered composite samples due
to the lack of bonding between the fiber and matrix that is responsible for the stability of the composite materials [36].

3.4. Degradation by thickness swelling

Fig. 10a and b show that both jute fiber and sawdust fiber are porous, making the composites susceptible to water absorption when
immersed in the drainage system. This results in a reduction of the bond strength between the fiber and matrix, as well as thickness
swelling of the composite, as seen in Fig. 11. Thickness swelling caused by water absorption leads to the disintegration of the fiber and
weakens it, decreasing the efficacy of stress transfer at the fiber-matrix interface [37].

Fig. 11 reveals that pure epoxy experienced minor thickness swelling during the initial period due to the presence of air bubbles
during casting, which created voids in the sample. However, jute fiber and sawdust fiber absorbed more water and swelled during the
same period. However, the thickness swelling stopped as the porous fiber was filled with drain water within two months. Eventually,
the fibers disintegrated and weakened the bond with the matrix leading to the degradation of the composites, causing a decrease in
their toughness.

The graph in Fig. 12 shows the change in mass over time. In the initial period, the samples gained some weight due to water
absorption, with jute fiber being better at absorbing water than sawdust fiber because of its lack of lignin content [27]. However, after
three months, the composite samples began to lose weight due to microbial attack in the drainage system. The drainage system is full of
microorganisms, and some of them were observed using computer-based light microscopy as shown in Fig. 13.

Microbial enzymes like lipases and proteases can break down the matrix material, jute fibers, and sawdust fibers in composites,
resulting in significant degradation of the mechanical and structural properties of lingo-cellulosic materials [38,39]. The consumption
of degraded organic components by microorganisms for energy also leads to degradation of the mechanical properties of the composite
material when submerged in drain water.

3.5. SEM image of the fracture surface

The scanning electron microscopy (SEM) technique was employed to conduct a microanalysis of the fractured surface of both as-
cast and weathered composites. Fig. 14 reveals that the formation of cracks is attributed to the presence of an air pocket, while the
propagation of these cracks leads to a brittle fracture that exhibits a distinct river pattern for the as-cast epoxy and weathered epoxy
samples [40,41]. The as-cast samples’ fractured surfaces displayed a relatively even texture, as illustrated in Fig. 14a. After being
exposed to drain water, the samples displayed observable signs of surface roughness, voids, and Degradation (Fig. 14b and c).

The ability of jute and sawdust fibers to carry loads makes them resistant to deformation during the impact test. Figs. 15a and 16a
show that the crack caused by the impact force was terminated by the sawdust and jute fibers. The bonding between the fiber and
matrix appears to be good for both the as-cast sawdust sample and the jute fiber sample. However, in Fig. 15b and c, the distortion of
the fiber due to swelling and microbial attack can be observed. When exposed to drain water, the jute and sawdust fiber-epoxy
composites underwent absorption process where water molecules infiltrated the porous fibers, resulting in their subsequent expan-
sion and deterioration of the adhesive properties of epoxy, leading to the detachment of fibers from the matrix [42]. Fig. 15c shows that
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Fig. 9. Comparison of on-set thermal degradation temperature of as-cast and weathered samples.
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Fig. 10. a) Porosity in single jute fiber and b) Porosity in the single sawdust fiber.
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Fig. 11. Thickness swelling of the weathering samples for two months.
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Fig. 13. Microorganisms found in the drainage system.
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Fig. 14. SEM image of the fractured surface of the (a) non-weathered epoxy sample (b) 6 month weathered epoxy sample and (c) 1-year weathered
epoxy sample.
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Fig. 15. SEM image of the fractured surface of the (a) non-weathered saw dust fiber composite (b) 6 months weathered saw dust fiber composite
and (c) 1-year weathered saw dust fiber composite.

Distorted
Fibe

(a) (b) (©)

Fig. 16. SEM image of the fractured surface of the (a) non-weathered jute fiber composite (b) 6 months weathered jute fiber composite and (c) 1-
year weathered jute fiber composite.

after a year of weathering, the sawdust fibers were severely damaged, and large cavities were formed due to microbial attack. The
weight loss observed in Fig. 12 for the weathered composite samples can be explained by the degraded fiber, which microorganisms
used for energy and deteriorated the composites. Thus, the impact energy was degraded due to weathering into the drainage system
over time. However, the jute fiber composites underwent notable severe degradation after 6 months and 1 year of weathering due to
the lack of protection by lignin content (Fig. 16b and c). Therefore, the degradation of jute fiber composites was greater than sawdust
fiber composites due to higher fiber swelling and cavity formation.

10
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3.6. FTIR analysis

Fig. 17 shows the FTIR analysis of the as-cast samples. It reveals that the fibers absorbed moisture from the environment [43,44].
However, for the weathered jute and sawdust fiber samples, a new peak emerged at the 1700 em™! wavenumber, representing the
C=O0 group that is absent for weathered epoxy. The C—=O functional group indicates CO5 formation [43,44]. The CO, formation
provides information that suggests microorganisms used the fibers as their energy sources and degraded them. As a result, microor-
ganisms in the drainage system helped to degrade the natural fiber composites, making the sawdust and jute fiber composites
biodegradable.

3.7. Microbial activities within the natural fiber

Microorganisms have been detected on the outer surface of weathered composite materials made of jute and sawdust fibers, as
illustrated in Fig. 18a and c. Scanning electron microscope (SEM) images of the weathered composite samples show that fungi and
bacteria are growing on the surfaces of both jute and sawdust fibers. The filaments and clusters of these bacteria are seen adhering to
the fibers of the matrix. The images demonstrate how the growth of microorganisms inside the natural fibers leads to the development
of biofilms and colonies. Some disintegration of the jute and sawdust fibers has also been observed due to these microbial attacks.
According to the EDS analysis (Fig. 18b and d), there were no trace metals found from the drainage system except for Au, which came
from the gold coating used during SEM sample preparation. The presence of oxygen represents the fiber’s oxidation process during the
weathering period by the microorganism [45,46].

Fig. 19a and c depict the growth of microorganisms and biofilm on jute and sawdust fibers. These microorganisms attach them-
selves to the fibers, which they utilize as their energy source and for their growth. The size distribution of the microorganisms’ growth
is shown in Fig. 19b and d. It can be observed that the microorganisms grow more rapidly on jute fibers than on sawdust fibers, as they
can easily degrade the fibers and use them as an energy source. This makes jute fiber composites more degradable than sawdust fiber
composites.

4. Conclusions

The study aimed to examine the effects of adding 5% each of waste jute and wood sawdust fibers to epoxy-based polymer com-
posites on toughness and fracture behavior through the drop ball impact test and Charpy impact test. The addition of waste sawdust
and chopped jute fibers improved the impact resistance of the polymer by slowing down the crack propagation. However, weathering
in drain water degraded the sawdust fiber composite and jute fiber composite reduced their toughness energy, and altered the fracture
patterns. The textures and color of the epoxy and composite samples changed with numerous voids after one year of weathering in the
drainage system. Weight gain occurred in the initial period, but weight loss happened after three months due to the degradation of the
fiber. Microorganisms present in the drainage system used the fiber as their energy source deteriorated the fibers and produced CO,.
The production of CO, was identified by the FTIR analysis of the weathered composite samples. TGA analysis of the as-cast and
weathered samples shows that the onset thermal degradation temperature of the weathered composites was reduced due to composite
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Fig. 17. FTIR analysis of the (a) as-cast samples and (b) 1-year weathered samples.
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Fig. 18. a) Microbial activity at the jute fiber surface of the weathered sample; b) EDS analysis of the weathered jute fiber composite; ¢) Microbial
activity at the sawdust fiber surface of the weathered sample; c) The weathered saw dust composite d) EDS analysis of the weathered jute
fiber composite.
degradation. One year of weathering in the drainage system disintegrated the fiber through microbial attack and fiber swelling by the
absorption of water by the porous jute fiber and sawdust fiber was identified by the SEM image. A higher growth rate of the micro-
organisms was found in the jute fiber composite than the sawdust fiber composite as sawdust contains a high level of lignin that
protects it from degradation. All the findings suggest that both sawdust fiber and jute fiber composites induced biodegradability to the
epoxy matrix, but jute fiber was more prominent in this regard. Thus, the addition of the waste natural fibers laid the foundation for
producing more advanced and eco-friendly polymeric materials.
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