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Abstract: The study investigated the impact of mixture ratio on various physico-chemical and mechanical properties of a bio-composite
material made from bamboo and recycled polyethylene terephthalate (PET). The bamboo and recycled PET bottles were sourced from
Adeleke University, Ede research farm and waste buckets in male hostels of the same university, respectively. The weight percentages
(Wt%) of bamboo and PET powder were adjusted as follow: 60 wt% bamboo and 40 wt% PET, 65 wt% bamboo and 35 wt% PET, 70
wt% bamboo and 30 wt% PET, 75 wt% bamboo and 25 wt% PET, and 80 wt% bamboo and 20 wt% PET, respectively. The findings
indicate that as the mixture ratio of the constituents varied, the composite samples exhibited a decrease in density (from 915.45 — 819.24
kg/m?3), flammability (from 25.84 — 19.93 s), hardness (from 88.55 — 55.57 BHN), compressive strength (from 14.78 — 9.10 N/mm3), and
wear resistance (from 0.0096 — 0.0011 cm/cm3). In contrast, the composite exhibited an increase in oil and water absorption rates
ranging from 0.0010% to 0.0810% and from 0.0112% to 0.12%, respectively, as the mixture ratio varied. Furthermore, the ratio of the
mixture does not impact the acidity or alkalinity of the resulting composite material. Hence, the mixture ratio that yields optimal
attributes result in excellent performance, tailored to the specific requirements of industries such as automotive and aeronadutics.
Finally, the diverse combination of bamboo and PET powders provides a practical approach to creating efficient, environmentally-
friendly bio-composite materials suitable for various industrial applications.
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1. INTRODUCTION

Plastic waste can disrupt the marine food chain and present serious risks to both the environment and public health [1].
Plastic wastes are not biodegradable and end up in estuaries and drainage systems, leading to complex problems like
significant floods during rainy seasons [2]. But because there is a growing recognition of the need to develop new materials
that are environmentally friendly, biodegradable, and perform better, efforts are focused on recycling plastic waste. Plastic
bottles are ubiquitous in our day-to-day existence. Water is packaged in plastic bottles, which are very popular because
they don't affect the quality of the water enclosed in it. When creating plastic bottles, the most common material used is
polyethylene terephthalate (PET). PET bottles are valuable because they can be recycled, and exhibit high tensile strength,
low creep at elevated temperatures, high strength and torsion, and impact resistance [3], in addition to being lightweight [4].
PET bottles can be softened and shaped into useful shapes when heat and pressure are applied [5], but they also cool
quickly before solidifying [6]. PET bottles are chemically stable, elastic, and resistant to corrosion [7]. Recycled PET
bottles are used in this study as one of the constituent materials of the composite under study. It was specifically chosen
due to its low weight, affordability, availability, low cost of transportation, waterproof nature, and break resistance.
Reducing the environmental risks that Nigerians face is another important reason why PET bottles are taken into
consideration for this study.

Bamboo is widely distributed throughout Nigeria, with Bambusa vulgaris being the most common species and having a
rapid growth rate. Although bamboo is plentiful in southwest Nigeria, its use is restricted to building construction and
scaffolding, which highlights Nigeria's slowness in discovering other uses for this resource. According to [8], bamboo is
more cost-effective than wood and is lightweight, flexible, tough, and durable [9, 10]. Bamboo is regarded as a vital plant
fiber among natural fiber plants and has enormous potential in the bio-composite sector. Bamboo is regarded as an organic
material for engineering. Bamboo's fiber has mechanical qualities that are comparable to those of traditional fibres [11].
High compressive and tensile strengths are found in bamboo [12]. The high strength to weight ratio of bamboo has
attracted researchers’ attention to maximize its potential in composites [13]. A study by [42] showed that bamboo has
densities ranging from 0.54 — 0.76 g/cm3, [43] reported that the compressive strength of bamboo ranges between 40 and 50
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MPa, [44] reported that bamboo has hardness value of 6.585 N, and according to [45], the range of bamboo’s moisture
content is between 14% and 19%.Bamboo in natural composites has been used widely in various applications, such as the
interiors of vehicles and aircrafts, bicyclist helmets, and decks for leisure activities [14]. These qualities make bamboo the
second constituent material of the composite this study will explore.

Composite materials are materials that have been altered through the combination of two or more different materials to
create a single material with superior and distinct qualities. Composites can also be defined as a single material composed
of two or more distinct materials with unique mechanical, chemical, and physical properties that, when combined, create a
material with special characteristics. Importantly, the desired qualities of a chosen new material are taken into
consideration when selecting the constituent materials [15, 23]. The main component, referred to as the matrix, accounts
for a greater portion of the composite. The component acting as reinforcement is the other, and the matrix acts as the
binder. By maintaining the settings of the reinforcements, the matrix phase encloses, embeds, and supports them. The
unique mechanical and physical characteristics of the reinforcing material improve the matrix's qualities [16]. A study
carried out by [46] on bamboo composite showed a compressive strength of 67.60 MPa, and it was reported by [47] that
hardness values of polypropylene-bamboo/kenaf composite range between 70 and 90. The effect of mixture ratio was seen
in a study by [48], as the impact strength of bamboo fiber reinforced biocomposite increased with increased wt% of
bamboo but declined when the wt% of bamboo reached 40, conversely, the flexural strength decreased as the wt% of
bamboo fiber was increased. The composite material under investigation in this study was made up of PET bottles, bamboo
fiber, glass fiber, and epoxy resin. Previous studies have explored the performances of several biocomposites but have yet
to fully explore the effect of varied mixture ratios of bamboo and PET on the mechanical properties of the composite
material. The novelty of this study is in the investigation of a sustainable composite material made up of bamboo powder,
which is a renewable resource, and recycled PET, addressing plastic waste reduction. This is in agreement with the global
emphasis on sustainability, waste reduction and the need for environmentally-friendly products. To determine the
composite sample with the best qualities, bamboo and PET fibres were combined in variations to produce composite
samples for scrutiny in this study. The study aims to find the ideal ratio that enhances the strength of the resulting
composite material and for structural applications.

2. MATERIALS AND METHODS
2.1 Materials
The materials used in carrying out the experiment include bamboo, PET bottles, glass fiber, and epoxy resin. The
bamboos used for this study were as freshly harvested from the teaching and research farm of the Adeleke University, Ede,
Nigeria. They were about 5 years old at the time of harvest. The species of the bamboo utilized is Bambusa Vulgaris,
which is well known for its extreme strength and widely distribution within Southwestern Nigeria. The equipment utilized
to perform the experiment include a hacksaw, hammer mill, mold, digital weighing scale, and cross-cutting machine.

2.2 Method
2.2.1 Production of bamboo powder

The bamboo was put through a number of processes before turning it into powder because the study needed the
components of the composite materials to be in powder form in order to optimize the properties of the resulting product
[18]. Prior to processing, the bamboo plants were harvested and sun-dried for a period of fourteen (14) days in order to
reduce its moisture content [25]. To remove any last traces of moisture, the bamboo culms were further dried at 50°C in an
electric oven. After drying, circular saw was used to slice the bamboo culms before being fed into the hammer milling
machine and were ground to powder form with a hammer milling machine.

2.2.2 Preparation of PET powder with glass fiber

Polyethylene terephthalate (PET) was sourced from post-consumer plastic bottles. The waste PET bottles were
gathered from refuse dumps of Adeleke University, Ede, Nigeria. The waste PET bottles were cleaned by washing them to
remove dirt, cut into smaller sizes, air-dried and then melted in a crucible placed in a furnace at 250°C. The melt was
allowed to cool down and solidify, afterward pulverized to powder form [26]. Also, used glass bottles were sourced
locally. The waste glass bottles were pulverized with hammer mill and finely ground into powder [27]. In order to restore
the strength of the recycled PET powder, glass powder was added and thoroughly mixed [28, 29].

2.2.3 Formulation of composite samples

The composite constituents include bamboo and PET powders, which were mixed and bound by using epoxy resin. The
bamboo powder constitutes reasonable percentage than PET powder. The composite was poured into a mold and
compacted by using a 20-ton hydraulic press for 1 hour. These samples were allowed to cool before tests were conducted
on them. The formulation of the composite samples was replicated twice. The mixture ratios in terms of percentage
weights (wt%) of the samples are as stated in Table 1 at constant volume of epoxy resin [24]. Sample A consists of 60 wt%
of bamboo powder and 40 wt% of PET powder [30]. Also, sample B consists of 65 wt% bamboo powder and 35 wt% PET
powder [31]; and sample C consists of 70 wt% bamboo powder and 30 wt% PET powder [32]. Likewise, sample D
consists of 75 wt% of bamboo powder and 25 wt% PET powder [33]. Lastly, sample E consists of 80 wt% of bamboo
powder and 20 wt% PET powder [34] (Table 1). The wt% of bamboo powder and PET powder were consistently increased
and decreased respectively. The reduction in wt% of PET power is augmented by increasing the wt% of bamboo powder in
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order to obtain a composite material with enhanced structural integrity and rigidity, which is a requirement in automobile
component production.

Table 1: The mixture ratios of the constituents

Sample Bamboo powder (wt%) PET powder (wt%)
A 60 40
B 65 35
C 70 30
D 75 25
E 80 20

2.3 Physical, Chemical and Mechanical Tests
The following tests were conducted on each sample and repeated twice to obtain average results.

2.3.1 Density test

This test was carried out to determine the sample that is most closely packed [18]. Equation (1) was used to determine
the density for each sample. The samples were weighed and recorded, while the volume of the samples was given by the
volume of the mold used.

. Mass
Density = — 1)
2.3.2 Absorption test
Absorption test was used to determine the amount in percentage of liquid (oil, and water) that each sample absorbed
after being immersed for more than 24 hours [18] by calculating with equation (2) the difference between the weight of the
sample after it has been immersed in either water or oil and the weight of the sample before immersion in either water or
oil. The results obtained showed how porous each composite sample produced could be.

Wa—-Wq

Absorption (%) = x 100 2)
where,

W, = weight of the sample before immersion,

W, = weight of the sample after immersion [39].

2.3.3 Acidity and alkalinity test
The acidity and alkalinity test were performed on bamboo and PET powders using blue and red litmus papers as the
indicator [35]. The result obtained was recorded.

2.3.4 Flammability test

The flammability test was conducted on samples by utilizing a simple method that calculates the time to ignition, which
implies the time taken for each sample to ignite [36]. This test was aimed at determining how each of the bamboo powder,
PET powder and the composite samples ignites. The time required for each sample to ignite under a steady flame of 25°C
was recorded.

2.3.5 Hardness test

Each sample was subjected to hardness test using a Brinell testing apparatus (HUATEC HBRV-187.5E electric Brinell)
in accordance with standard procedure (ASTM D1037). The resistance to permanent indentation deformation was
ascertained by doing this test [37, 40, 41]. The values of Brinell hardness were measured and recorded.

2.3.6 Compression test

Compression test was performed on the composite samples in order to ascertain how the material behaved when
crushing loads are applied [38]. Using a compression testing machine (WA-300B digital display universal testing machine),
the samples for each of the five mixture-ratios were tested at a constant speed rate of 0.01 mm/s in accordance with
standard procedures. The maximum load each sample can withstand before failure as well as its corresponding
compressive strength were recorded.

3. RESULTS AND DISCUSSION

3.1 Impact of Mixture Ratio on Physical Properties of the Composite Produced
3.1.1 Impact of mixture ratio on density

The average density for each mixture ratio is as presented in Table 2. Samples A, B, C, D, and E have densities of
915.45 kg/m3, 900.87 kg/m3, 895.04 kg/m?3, 865.89 kg/m3 and 819.24 kg/md, respectively. The findings established that
sample A with 60 wt% of bamboo powder and 40 wt% of PET powder has the highest density, indicating that the sample is
more tightly packed when compared to others. Thus, the density of each sample decreases as the wt% of PET powder is
decreased. PET exhibits a higher density than bamboo, resulting in a more compact and tightly packed mass of composite
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samples at higher PET powder concentrations compared to those at lower concentrations. This agreed with the work of [17,
18], through microstructure analysis, that high-density composite materials are tightly packed with tiny space between the
particles and have adequate interfacial bonding. In order to determine consistency in the density across the samples, the
Microsoft Excel app was used to find the errors in the average density values, and are plotted in Figure 1. The error bars
indicate minimal variation across the density of the samples.
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900
867.215
850 820.775
800 .
750
1 2 3 4 5

Figure 1: Density of the composite samples

Table 2: Effect of mixture ratio on physical properties of the composite samples

Sample Density (Kg/m®) Absorption Rate (%)
Oil Water
A 91545 916.43 0.0010 0.0112
B 900.87 901.55 0.0224 0.0333
C 895.04 899.13 0.0512 0.0453
D 865.89  868.54 0.0648 0.0767
E 819.24 82231 0.0810 0.1200

3.1.2 Impact of mixture rate on absorption rate

Table 2 shows the average result of absorption test used to determine the amount of liquid (oil, and water) absorbed by
each composite sample. It was observed that as the mixture ratio constituent varied, the oil and water absorption rates of
the samples increased from 0.0010 — 0.0810 % and 0.0112 — 0.1200 %, respectively, due to the reduction in the bonding
ability of the composite. Figure 2 demonstrates the differences in these absorption rates. The result showed that sample E
absorbed oil and water more (at 0.0810 % and 0.1200 %, respectively), which can be attributed to increase in the
percentage weight of bamboo powder and decrease in the proportion of PET because PET augments the binding ability of
resin mixed with the composite materials. This suggests that the lesser the wt% of PET powder in a composite material, the
more absorptive the composite material becomes and is in agreement with the work of [19], which asserted that PET serves
as an optimal binder for compaction of powder and diminishes water absorption.
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Figure 2: Absorption rate

3.1.3 Impact of mixture ratio on acidity and alkalinity
The pH status of the distilled and demineralized water, bamboo powder solution, PET powder solution, and bamboo
and PET powder solution are described in Table 3. This Table shows that each of the distilled and demineralized water,
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bamboo powder, PET powder, and bamboo and PET powder solutions has no effect on the blue and red litmus papers
respectively, indicating that the solutions are distinctly neutral. The testing procedure is shown in Figure 3. The neutrality
of these solutions to blue and red litmus papers suggest that they are neither acidic nor basic, which can be said to be an
attestation that these materials are environmentally friendly. Thus, mixture ratio has no effect on the acidity and alkalinity
of the composite. Figure 3 illustrates the samples process.

Figure 3: Acidity and basicity test

Table 3: Acidity and basicity test

Solution(s) Litmus Papers

Blue Red
Distilled and demineralized water No effect on litmus paper No effect on litmus paper
Bamboo powder No effect on litmus paper No effect on litmus paper
PET powder No effect on litmus paper No effect on litmus paper
Bamboo and PET powder No effect on litmus paper No effect on litmus paper

(at varying mixture ratio)

3.1.4 Impact of mixture ratio on flammability

The time to ignition was used to establish sustained flaming on the sample surface. The time to ignition for flaming
combustion of bamboo powder, PET powder and the composite samples under a steady flame of 25°C was observed. Each
of the samples was tested at three different times and the average values are as shown in Table 4. The average values of the
ignition time of bamboo powder, PET powder and the composite samples at steady flame of 25°C are 10.14 s, 64.10 s,
25.84, 24.39 s, 23.62 s, 21.51 s and 19.93 s, respectively (Figure 4). The results demonstrated that the time to ignition of
bamboo powder was lowest compared to PET powder and the composite samples when exposed to heat source. The PET
powder took highest time to ignite due to the fact that it melted before igniting when the flammable volatile concentration
at the PET-heat source contact reached a certain threshold. Also, the time to ignition of the composite samples was higher
than bamboo powder due to their polymer matrix. However, among the composite samples, the time to ignition decreased
as the wt% of PET powder is decreased. Therefore, the flammability of the composite samples produced reduced with
increased wt% of PET powder in the mixture ratio, and influences how long they were able to withstand exposure to heat
source. In order to determine consistency in the time each sample takes to ignite, Microsoft excel app was used to find the
errors in the average time to ignition and are plotted in Figure 4. The error bars indicate minimal variation across the time
to ignition of the samples.

Table 4: Flammability of produced samples

Sample T1(s) T2(s) T3(s) Average time to ignition (s)
Bamboo 12.22 9.43 8.78 10.14
PET powder 59.34 62.92 70.04 64.10
Composite A 24.50 26.02 27.00 25.84
Composite B 25.50 24.07 25.60 24.39
Composite C 23.60 22.90 25.36 23.62
Composite D 20.34 21.16 23.03 21.51
Composite E 18.10 19.40 22.29 19.93
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Figure 3: Time to ignition

3.2 Impact of Mixture Ratio on Mechanical Properties of the Composite Produced
This section discussed the results of effect of mechanical properties on the composite samples.

3.2.1 Hardness

The hardness test performed on the composite samples was to identify the mixture ratio with the highest resistance to
permanent indentation. Table 5 shows the average hardness value for each mixture ratio. The average hardness values of
the samples A, B, C, D and E are 88.55, 85.78, 76.98, 65.60 and 55.57 BHN, respectively (Figure 5). According to the
result, the mixture ratio of 60% bamboo powder and 40% PET powder has the highest hardness value. Also, the mixture
ratio of 80% bamboo powder and 20% PET powder has the least hardness value. This implies that an increase in wt% of
PET powder influences the resistance to permanent indentation of the samples of composite which attests to the density of
the samples. The composite samples with higher wt% of PET powder demonstrated higher density and mixture ratios with
higher density results in higher hardness; this disagrees with the reports of [20, 21, 22] who had reported that whenever the
filler content in a composite material increases the hardness value will increase.

100
g 80
©
> 60
g 40
°
£ 20
0
A B C D E
Sample
Figure 5: Hardness
Table 5: Average values of mechanical properties
Specimen Hardness Compressive Strength Wear Resistance
(BHN) (N/mm?) (cm/cm’)
A 88.55 14.78 0.0096
B 85.78 14.58 0.0053
C 76.98 14.32 0.0040
D 65.60 14.29 0.0028
E 55.57 9.10 0.0011

3.2.2 Compressive strength

The result of samples subjected to compressive test is depicted in Table 5. The average values of compressive strength
of the samples A, B, C, D and E are 14.78, 14.58, 14.32, 14.29 and 9.10 N/mm?, respectively. The load each sample can
withstand varies despite having the same surface area (of 4900 mm?), which is attributed to the mixture ratios constituents.
For instance, sample A has compressive strength of 14.78 N/mm?2 and can sustain a load of 72.40 KN without failing. Also,
sample B with compressive strength of 14.58 N/mm?2 will withstand a load of 71.45 KN. Likewise, sample C with
compressive strength of 14.32 N/mm?2 can bear a load of 70.18 KN. Similarly, samples D and E with compressive strengths
of 14.29 N/mm2 and 9.10 N/mm”* can withstand loads of 70.04 KN and 44.59 KN, respectively (Figure 6). The finding
shows that sample A with 60 % bamboo powder and 40% PET powder has the highest compressive strength, thus
signifying a better ability to resist deformation when external loads are applied. This can be attributed to the influence that
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PET power has on the mixture ratio, such that a higher compressive strength is obtained as the wt% of PET powder is
increased [23].
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Figure 6: Compressive strength

3.2.3 Wear resistance

Table 5 shows the values of resistance of the reinforced composite samples produced to wear. The average values of
the wear resistance for samples A, B, C, D and E are 0.0096, 0.0053, 0.0040, 0.0028 and 0.0011 cm/cm?, respectively
(Figure 7). This implies that the resistance to wear of each sample decreases as the mixture ratio of the sample varied. The
ability of these samples to resist material loss by some mechanical actions or withstand the effect of two materials rubbing
against each other which can take many forms including adhesion, abrasion, scratching and scouring against one another
decreased with the PET powder ratio. The samples of the composite material produced have different hardness property;
the softest sample wears easily while the hardest sample resists the effect of wear. This demonstrates the influence that
PET powder has on wear resistance of mixture ratios of polymer matrix composite. Decreased wt% of PET powder in the
mixture ratio resulted in reduced wear resistance of the composite samples.

100
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Figure 7: Wear resistance

4. CONCLUSION

The study examined the effect of mixture ratio on the composite material produced from bamboo and PET powders in
order to determine the mixture ratio with the optimum physical, chemical and mechanical properties. The findings indicate
that the density of the bamboo and PET composite material is affected by the PET powder, resulting in a denser and more
compact product at higher weight percentages of PET. Similarly, PET influences the oil and water absorption rates of
bamboo and PET powders as the mixture ratios with higher wt% of PET absorbs less water, and oil resulting in a less
porous product. Both bamboo and PET powders have no effect on blue and red litmus papers indicating that they can be
used for the production of ecofriendly components. The higher the wt% of PET in the mixture ratio, the higher the time it
takes the composite material to ignite. Higher wt% of PET powder also leads to a composite material with higher
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resistance to indentation, and increased ability to withstand crushing loads, and even enhanced resistance to wear. In
general, 80 wt% bamboo powder and 20 wt% PET powder has the highest characteristics suitable for the production of
high performing, eco-friendly products which include automotive, wall panels, bicycle frames, and interior components of
an aeroplane.
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