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Abstract: The effects of plantain stem fibres on cassava peels starch-modified LDPE composite for use as
secondary packaging materials were investigated. The plantain stem fibres (PSF) and cassava peels starch (CPS)
were processed to powdered form, and were characterized using Fourier transform infrared (FTIR)
spectroscopy, differential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA). FTIR analysis of
the PSF and CPS revealed presence of cellulose, hemicellulose, and lignin. The DSC and TGA thermal analyses
results showed that the PSF exhibited good thermal properties. It was further observed that the lignin
component of PSF did not decompose, but the hemicellulose and cellulose content decomposed at 185.27 °C.
The TGA results indicated that the pulverized CPS remained thermally stable up to 492.78 °C. The mechanical
properties — tensile, compressive and flexural properties of the composite samples were conducted using a
universal testing machine. Shore D hardness was conducted using a Durometer. Consequently, the tensile,
flexural, and compressive strengths of the composites were observed to increase with PSF. The hardness values
of the composites fall within the range of 42 and 49, which is relatively good. The linear coefficient of thermal
expansion values of the composite samples were found to be low, ranging from 12.658 x 10% to 46.774 x 10
/°C, making them less prone to thermal expansion and contraction. Gravimetric determination of water and oil
absorptions displayed low percent water and oil absorptions. Considering the obtained results, the composite
samples could serve satisfactorily as secondary food packaging materials.

Keywords: Cassava peels starch; Composites; Low Density Polyethylene; Plantain stem fibres; Secondary
packaging materials.

. Introduction

Growing consumer expectations, regulatory requirements, and industrial demands have intensified
the need for packaging materials capable of maintaining product quality while reducing environmental and
health impacts. As these demands evolve, there is increasing pressure for packaging options that are not only
reliable and safe, but also sustainable and resource efficient. In this wise, secondary food packaging which
refers to the outer packaging that contains primary packaged food products provides additional protection,
convenience, and marketing appeal. It protects primary packages from damage, contamination, and
environmental factors (Marsh and Bugusu, 2007).

However, usage of non-biodegradable materials for the various packaging applications has raised
environmental pollution concerns (Khalil et al., 2016 ; Nurul et al., 2016). Food packaging accounts for the
biggest growing sector within the synthetic plastic packaging market domain (Attaran, et al., 2015; Cazon et.al.,
2017; Muller et al., 2017). Large amounts of different materials, like paper, glass and plastics, are used globally
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to manufacture packaging materials and more than two thirds are used in the food sector alone. This amount is
growing unceasingly as a result of changes occurring in habits of food preparation and consumption, as well as
the positive development of various areas and markets in the world. The packaging industry consumes the
highest volumes of plastics produced globally and is the main source supplying waste plastics into the
environment at an alarming rate (De Kock et al., 2020).

As demand for food rises, so does the demand for food packaging materials. Packaging materials need
to be tailored to be able to maintain the quality of product as well as other rising demands from the
consumers, producers, as well as legislative forces. Such demands have grown very dynamic, with calls not only
for the best quality of product, but also for that product to be delivered using a sustainable packaging that
imposes less impact on the health of consumers as well as the environment.

On account of this, the packaging industry is now in pursuit of biodegradable and compostable
packaging that is lightweight for reducing materials use, waste, transportation costs and lower greenhouse gas
emissions while supporting responsible resource utilization (Afshar et al., 2024). Plastics from biopolymers are
promising to fulfil this requirement. For non-contact food packaging application, secondary packaging is used.
Secondary packaging influences consumer purchasing decisions through branding, labeling, and visual appeal
(Silayoi and Speece, 2007). Biodegradable packaging material is sustainaible because it is eco-friendly,
recyclable, and enhances consumer convenience (Rundh, 2005).

Although significant progress has been made in the development of biopolymer-based packaging
materials, challenges persist in balancing environmental sustainability, cost effectiveness, and packaging
performance (Gruji¢ et al., 2017). Natural polymers and their blends remain promising alternative due to their
abundance, biodegradability, low cost, and flexible processing characteristics, offering opportunities to tailor
packaging properties to specific applications (Aliotta et al., 2019; Scarfato et al., 2015). Biodegradation driven
by heat, moisture, and microbial activity enables these materials to break down into simpler compounds with
minimal environmental burden (Ashok et al., 2016; Peelman et al., 2013).

In view of the above, cassava starch has been widely explored for bioplastic production, including
through blending with natural or synthetic polymers to enhance mechanical and thermal performance
(Abotbina et al., 2022; Gémez-Bachar et al., 2024; Matheus et al., 2023; Mueller et al., 2024). However,
comparatively, few studies have focused on starch-rich cassava by-products such as cassava peels, which
represent the major solid residue of cassava processing and account for more than 5% of root mass (Matheus
et al., 2023; Zhang et al., 2024). Research by Dasumiati et al. (2019) demonstrated that cassava peel-based
bioplastics reinforced with chitosan can achieve improved tensile and thermal properties, further supporting
their potential for food packaging applications. On the other hand, potato peels represent another under-
utilized agro-industrial by-product rich in bioactive compounds, including phenolics and glycoalkaloids with
notable antioxidant and antimicrobial activities. Their valorization has been explored in various sectors,
including bioethanol and biobutanol production, underscoring their potential as a lignocellulosic resource
(Hijosa-Valsero et al., 2018). Likewise, plantain stem fibres and eggshell powder present abundant, low-cost
waste materials with high cellulose and calcium carbonate content, making them promising alternative for use
as reinforcement biofillers in biodegradable polymer matrices.

Given the urgent need for environmentally sustainable packaging solutions and the abundance of
these agricultural residues, further exploration of non-edible cassava and potato peels, plantain stem fibres,
and eggshell powder as biofillers is needed. Understanding their chemical structure and thermal behaviour is
essential for evaluating their compatibility with bio-based composite systems.

Therefore, this study seeks to investigate the effect of plantain fibre on cassava starch-low density
polyethylene composite for us as sustainable secondary packaging materials.
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. Experimental section
2.1 Materials
The low density polyethylene (LDPE) used as a base material was obtained from the Polymer Engineering
Laboratory, Federal University of Technology Owerri, Imo State. Cassava peels were procured locally from
cassava processing sites in Owerri, Imo State. Then, they were washed thoroughly with clean water before
shredding to small pieces. The shredded cassava peels were soaked in water for about 15 minutes and later
placed in a mixing blender for grinding. This was followed by filtration, decantation and drying at 60 °C for one
hour to have it in powdered form using a 75 um mesh sieve. It was then stored in a dessicator prior to use. On
the other hand, the waste plantain pseudo-stems were harvested from plantain plantation. The pseudo-stems
were initially cut into pieces of about 60 cm length and then scraped with a knife to separate the fibres. The
extracted fibres were subsequently washed with clean water, and sun-dried for one week. Thereafter, they
were mixed with 2 g glycerol and oven-dried at 60 °C for one hour. Then, the dried plantain stem fibres were
pulverized, sieved with 75 um mesh and stored prior to use. Gum Arabic was used as a compatibilizer or
bonding agent to improve the mechanical properties of the bioplastic composites.
2.2 Sample preparation
The composite samples were fabricated following the formulations given in Table 1. Firstly, each of the
formulation was thoroughly mixed and homogenized using a blender. Thereafter, the different homogenized
mixtures were each processed using an injection moulding machine. The temperature at the feed zone
(hopper) was set 110 °C, while the temperature at the pumping zone (nozzle end) was 150 °C. The pressure
was maintained at 100 psi. Consequently, flat circular samples of composite materials were produced, and kept
in a cool dry place prior to characterization.

Table 1: Samples formulation involving LDPE, Cassava peel starch (CS), Plantain stem fibre and gum Arabic.

S/N Sample Composition Sample ID
1 100 LDPE (Virgin Sample) VS

2 100 LDPE +100CS + 2 GA BS1

3 100 LDPE + 100 CS + 10 PF + 2 GA BS2

4 80 LDPE +100CS+20PF+2GA BS3

5 60 LDPE+100CS+40PF+2GA BS4

6 50 LDPE+100CS+50PF+2GA BS5

2.3 Characterizations
(a) Characterization of Cassava peel starch and plantain stem fibre

(i) Fourier transform infrared (FTIR) analysis

The FTIR spectra of cassava peel and plantain stem fibre were acquired in the range of 450-4000 em™”
wavenumber by use of PerkinElmer Spectrum IR spectrophotometer, version 10.7.2. The procedure involved
mixing 4 mg each of the cassava peel starch and plantain stem fibre samples with 100 mg of pure anhydrous
KBr. The mixture was ground to fine powdered form using a mortar and a pestle. The ground mixture was then
placed onto a circular disk and pressed into a transparent flake. Subsequently, it was placed into the detection
chamber of IR spectrophotometer with a sample holder, and the IR spectra were recorded with the Omnic
software at a resolution of 4 cm_l, with 64 scans and a gain of 1.

(ii) Gas chromatograph mass spectroscope (GC-MS)

The GC—MS chemical composition analysis of cassava peel starch and plantain stem fibre was performed using
a gas chromatograph equipped with a autosampler and a mass-selective detector (Agilent, Santa Clara, CA,
USA), according to the already established protocol (Becerra and Odermatt, 2013). The capillary column used
was HP-5MS, 30 m x 0.25 mm x 0.25 mm, from Agilent (Santa Clara, CA, USA). Helium was used as carrier gas
at 1.5 mL/min. The split—splitless injector was operated in pulsed pressure splitless mode as follows: initial
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pressure 0.2 MPa (30 p.s.i.) for 1.3 min, decreased to constant flow. The purge valve was opened after 1.5 min.
The injection volume was 5 pL. The temperatures of the GC system were set as follows: injector temperature
290 °C; transfer line temperature 280 °C; oven temperature program: 50 °C (1.5 min)—-30 °C/min-180 °C-20
°C/min—280 °C (20 min). MS detector (quadrupole) was operated in the EI mode at 70 eV with a mass scan
range of 50-450 m/z and the sampling rate of 3.6 scans/s.

(iii) Differential Scanning Calorimetry (DSC)

A small quantity of cassava peel starch and plantain stem fibre powder were taken from the bulk sample. An
empty reference pan was placed on the reference side of the DSC instrument, while the sample was placed in
the sample pan. Thereafter, the chamber lid was closed, and the DSC control software was opened. The
essential details such as the sample mass, sample name, test parameters such as start temperature,
heating/cooling rates, maximum temperature and other relevant information were entered. The file name and
data storage location were entered. Following the programmed inputs, the test was initiated by clicking the
start button. Thus, the DSC measured the difference in heat flow required to maintain equal temperatures
between the sample and reference. This data were recorded as thermograms. Hence, the melting temperature
and absorbed heat energy could be determined.

(iv) Thermogravimetric Analysis (TGA)

The mass of each of cassava peel starch and plantain stem fibre powder samples was measured, and placed on
sample pan of the thermogravimetric analyzer (TGA). The TGA instrument was programmed to heat the sample
from the room temperature to 1000 °C. The heating rate was set at 20 °C/minute. The test was initiated by
clicking the start button on the TGA instrument. The TGA generated thermogravimetric curves which plotted
the percentage of weight loss against the temperature. Thus, the oxidation and degradation temperatures
were obtained.

(b) Characterization of Composite samples

To gain insight into the composite samples properties and then understand their performance during service
operation, they were subjected to different characterization techniques.

(i) Microstructure analysis using Advanced Optical Microscope

A small section of the composites was cut for examination under the microscope. The mounted sample was
polished using a series of abrasive papers and diamond pastes, progressing from coarse to fine grit, to achieve
a mirror-like surface finish. The polished sample was etched using a sodium hydroxide solution to reveal the
microstructure. The advanced software in the optical microscope was used to reveal the microstructural
features such as size, shape, distribution of constituent materials. and pores observed under the microscope.
The presence of pores and voids within the microstructure is critical for assessing the material's performance.
thus, high porosity can lead to reduced mechanical strength and increased water absorption.

(ii) Mechanical properties analysis

The tensile properties for each sample was carried out using an electronic universal testing machine (Model:
INSTRON 3369). One end of the dumb bell brake pad sample was gripped by the jaws attached to the
adjustable crosshead. The tensile load (force) was hydraulically applied to the sample by pressing the start
button and the magnitude of the applied load would be indicated in the input and output display unit. The load
would gradually be increased until the sample breaks off and the corresponding extension recorded. From this
analysis, the ultimate tensile strength, yield strength, Young’s modulus, and elongation at break were obtained.
The compressive strength test for the composite samples measured the maximum compressive stress that the
material can withstand before failure. Each sample was placed between the plates of the local frame. Load was
applied gradually and the values of compressive strength were read on a digital device. From each formulation,
three samples were tested for compressive strength and the average value was determined and recorded.

However, the compressive strength (oc) was determined using the established equation (1):
F
=

(1)

Oc
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where; F = Applied force, A, = Cross sectional area.

Flexural test on the bioplastic composite samples was conducted via a three-point bending test using a
Universal Testing Machine (UTM) to determine its flexural strength. The test evaluates how the material bends
under load before breaking or reaching a specified deflection. Each of the samples was placed on a support
span, and a load was applied to the center of the sample at a specified rate. As the load increased, the UTM
measured the deflection of the specimen and the corresponding stress. The test was stopped when the sample
got broken.

The hardness test for the composite samples is an important quality control process used to evaluate the
material's resistance to deformation, which is critical for ensuring the performance and longevity of the
composites. A shore D durometer, a standard method that measures the resistance of the material to
indentation was used following the ASTM D2240. Each of the samples was placed on a flattened surface. The
indenter of the instrument was then pressed into the sample with an applied load of 50 N for 15 seconds. The
Hardness value was read from the durometer, and recorded.

(iii) Thermal Property Analysis — Linear Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) of food packaging material is measured to ensure its dimensional
stability under temperature changes, which is crucial for proper sealing, fit, and overall reliability of the
packaging system over its entire temperature range. This measurement helps prevent critical failures like
package deformation or seal breakage that could compromise food safety and quality, ensuring the packaging
performs as designed in different environments from storage to use.

Hence, the linear coefficient of thermal expansion was measured by dilatometry method. Firstly, each of the
samples’ room temperature was noted. Secondly, each of the composite samples was placed in a controlled
furnace. The sample was heated for 2 minutes at elevated temperature of 50 °C. Thereafter, the sample was
retrieved and change in length was recorded. By measuring this change in length (AL) over the initial length (Lo)
and the corresponding change in temperature (AT), the CTE (a) was calculated using equation (2):

AL
@ = ToxoT (2)

(iv) Water and Oil Uptake

The determination of water and oil absorption by ASTM D570 allows for the measurement of the quantity of
water and oil that are taken up by sample materials, which provides insight into how the materials perform in
water-based environments or in contact with oil. Each of the composite samples was cut into 2 x 4 cm
dimension and oven-dried at 60 °C. The initial weight of each of the samples was noted. The samples were
immersed in water (at 25 and 50 °C) and groundnut oil (at 25 and 50 °C) for 6 hs. The weights after immersion
were measured. Thus, the percentages of water and oil uptake were calculated using equation (3):

Water or oil uptake (%) = (%) x 100 (3)
d

where W, represents wet weight, while W, = dry weight of the bioplastic composite.

1. Results and discussion

3.1 Processing of Cassava Peels and Plantain Stem Fibres
The procured cassava peels and plantain stems were processed to powdered form and fibre, respectively.
Consequently, the obtained results are shown in Plate 1 and Plate 2, respectively.
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Plate 1: Cassava peel powder

The pulverized cassava peels starch obtained were fine, dry and light brown in colour. The plantain stem fibres
revealed a heterogeneous mix of irregular fillers which reflects the fibrous nature of plantain stem fibres.

3.2 Fourier transform infrared (FT-IR) results

The FTIR results of the pulverized cassava peels are given in Figure 1. Figure 2 shows the FTIR spectra of the
plantain stem fibres.
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Figure 1: FT-IR spectra of pulverized cassava peels starch
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The FT-IR analysis of cassava peels starch depicted in Figure 1 revealed prominent peaks at 3750.08 cm™ and
3274.50 cm™ corresponding to O-H stretching, indicating the presence of hydroxyl groups in cellulose, starch,
and lignin. The absorption spectrum at 2930.87 cm™ corresponds to C-H stretching which indicates the
presence of aliphatic components in the cassava peels. The absorption peaks at 1645.97 cm™ and 1541.77 cm™
are attributed to the stretching of carbonyl (C=0) groups, which can be found in carboxyl groups present in
cassava peels. The presence of absorption peaks at 1149.14 cm™, 1076.56 cm™ and 998.17 cm™ are
characteristic of C-O stretching common in alcohols, carboxylic acids, and polysaccharides. The characteristic
peaks at 860.87, 673.30, 571.85 and 522.95 cm™ suggests Fingerprint regions vibration, which are related to

aromatic ring deformation of the lignin structure (De-la-pava et al., 2023; Kayiwa et al., 2021).
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Figure 2: FT-IR spectra of pulverized plantain stem fibres

FTIR analysis of plantain stem fibre (shown in Figure 2) revealed major functional groups which provide
information about the fibre's composition. Thus, the absorption peak at 3276.28 cm™ corresponds to O-H
stretching vibrations, indicating the presence of hydroxyl groups from cellulose, hemicellulose and lignin. The
peak at 2921.91 cm™ ia attributed to C-H stretching, also found in cellulose, hemicellulose, and lignin. The
absorption peak at 1721.12 ecm™ is characteristic of a C=0 (carbonyl) group, often associated with
hemicellulose. The FT-IR absorption peak at 1622.64 cm™ suggests C=C stretching from aromatic compounds, a
component of lignin. The intensity of the peaks at 1317.78 cm ' and 1025 cm™" characterized by C-O and C-O-C
stretches, respectively, can be related to the presence of lignin, hemicellulose, and cellulose (Adeniyi et al.,
2019).

3.3 Differential Scanning Calorimetry and Thermogravimetric Analysis Results

Result of the differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) conducted on the
pulverized cassava peels starch are presented in Figure 3. The DSC analysis was undertaken to enable
determination of the melting temperature of cassava peels starch. For in-depth analysis on the decomposition
of the pulverized cassava peels starch, the TGA thermogram was plotted to clearly reveal the steps involved in
the decomposition of the pulverized cassava peels.
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Figure 3: DSC and TGA results for pulverized cassava peels starch

The DSC analysis was undertaken to enable determination of the melting temperature of cassava peels. From
the Figure 3, the melting temperature of cassava peel was observed to be 74.86 °C. Further, thermogravimetric
analysis (TGA) of cassava peel was conducted to measure its weight loss as a function of temperature, revealing
information about its thermal stability, moisture content, and volatile matter. Thus, the TGA thermogram was
plotted and presented in Figure 3 to clearly reveal the steps involved in the decomposition of the pulverized
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cassava peels. The first step decomposition phase occurred between 27.80 and 161.98 °C, where evaporation
of water (dehydration) took place. The second step decomposition occurred between 161.98 and 407.63 °C,
where degradation of hemicellulose and cellulose occurred. In this step, there was a significant mass loss of
2.152 mg corresponding to 65.06 %. Finally, the degradation of lignin occurred between 407.63 and 492.78 °C.
This phase involved the breaking of chemical bonds and the formation of ash residue. This implies that the
cassava peel powder has high thermal stability.

The DSC thermogram for plantain fibres is given in Figure 4. From the Figure 4, the water evaporation from
plantain fibres occurred at 59.67 °C. Meanwhile, plantain fibre, a lignocellulosic material does not have a
melting temperature but instead decomposes at high temperatures, due to its main components of cellulose,
hemicellulose, and lignin. Thus, the decomposition temperature of hemicellulose and cellulose content of
plantain fibres was observed at 185.27 °C. This implies that at 185.27 °C, the hemicellulose and cellulose
contents of plantain fibres would be degraded. Therefore, any property that depends on hemicellulose and
cellulose contents of the plantain fibres will not be operational beyond this temperature.

But closer observation of the thermogram shows that beyond the endothermic peak at 185.27 °C, no other
peak was observed. The implication is that the lignin content of plantain fibre which degrade at temperatures
higher than the degradation temperature of hemicellulose and cellulose is intact. Hence, the lignin content of
the plantain fibre did not degrade, and therefore any property that depends on the lignin content of the
plantain fibre can withstand temperature of 185.27 °C, since the function of lignin in plantain fibres is to
provide structural integrity, stiffness, and compressive strength.

The TGA plot with corresponding DTG plot of plantain fibres are also presented in Figure 4. The first
decomposition phase where moisture and light volatile compounds were removed occurred from 36.40 to
160.52 °C with 0.1672 mg mass loss corresponding to 6.272 % of the total mass. Between 160.52 and 397.60
°C, the slope of TGA curve indicate a significant change, and it is referred to as the second decomposition
phase. Thus, there was a substantial loss of some structural composition of the plantain fibre such as volatile
hydrocarbons, cellulose, and hemicellulose due to dissociation and decomposition of the molecular bonds
(Subramanian et al., 2020). The mass loss due to the second decomposition is 1.537 mg which corresponds to
57.64 % of the total mass. The observed mass loss is in accordance with an established fact that during
degradation of plantain fibre, loss of hemicellulose occurs first at lower temperature, followed by loss of
cellulose which occurs at mid temperature.

Further, beyond the second decomposition step, there was another decomposition that occurred between
397.60 and 812.24 °C. This is called the third decomposition phase where degradation of lignin occurred.
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Figure 4: DSC and TGA results for pulverized plantain stem fibres

3.4 Results of the production of composite samples

Plate 3 shows the different samples of composites produced using the formulations given in Table 1. Visual
observation of the virgin sample (100 LDPE) clearly confirms there is no other constituent material. A cursory
look at the composite samples confirms presence of pulverized cassava peels starch and plantain stem fibres in
the LDPE matrix. However, the shape of the samples produced was circular as shown in Plate 3. The average
thickness of the flat circular samples was determined to be 5.80 mm.
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Plate 3: Produced samples of the composite.

3.5 Results of Microstructure Analysis

Figure 5 shows the microstructural examinations of the tensile fractured virgin LDPE, 100 LDPE+100 CS+2 GA,
100 LDPE+100 CS+10 PF+2 GA, 80 LDPE+100 CS+20 PF + 2 GA, 60 LDPE+100 CS+40 PF + 2 GA and 50 LDPE+100
CS+50 PF + 2 GA. From the Figure 5, it could be clearly observed that the virgin sample is plain with
characteristic lustre of polymeric matrix. The sample with 100 LDPE+100 CS+2 GA reveals sparse presence of
cassava peels starch held together by gum Arabic within the LDPE polymer matrix. The sample with 100
LDPE+100 CS+10 PF+2 GA shows dense presence of the fillers bound by the gum Arabic within the polymer
matrix. However, some voids were observed in samples 80LDPE+100CS+20PF+2GA and 60LDPE+100CS+40
PF+2GA which was due to pull off during tensile fracture. Again, one can see presence of fibrous fillers in
samples 50 LDPE+100 CS+50 PF+2 GA. A closer observation shows that the gum Arabic could not bind the fillers
together.

2 : . Sl e A 3 YRR
Figure 5: Microstructural examinations of the tensile fractured virgin LDPE, 100 LDPE+100 CS+2GA, 100
LDPE+100CS+10PF+2GA, 80 LDPE+100 CS+20 PF+2GA, 60 LDPE+100 CS+40 PF+2GA, 50 LDPE+100 CS+50 PF+2
GA.
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3.7 Results of Mechanical Properties Analysis

(a) Tensile properties

The stress-strain curves for the virgin LDPE and composite samples are given in Figure 6. From the plots, the
values of ultimate tensile strength (UTS), yield strength, Young’s modulus of elasticity, and % elongation at
break were determined. It is important to note that high ultimate tensile strength (UTS) signifies a material's
ability to withstand large amounts of stress before failing, crucial for applications with heavy loads. Conversely,
low UTS indicates a material's low fracture toughness, making it unsuitable for high-stress situations but
potentially useful for applications requiring flexibility. The virgin sample has the highest UTS value. With
inclusion of plantain stem fibres, the UTS values for the composite samples decreased.

Yield strength value is the point where a material transitions from elastic behavior to plastic behavior.

Therefore, high yield strength is significant for packaging materials needing rigidity and load-bearing capacity,
preventing permanent deformation under stress, but it can decrease ductility and increase brittleness. Low
yield strength indicates greater ductility and toughness. The high yield strength of 10.360 MPa exhibited by the
virgin sample indicate that it could be rigid, with reduced ductility and increased brittleness. However, the
composite samples exhibited yield strength between 4 and 6 MPa, suggesting higher ductility and toughness.

A high Young's modulus of elasticity indicates a stiff material that resists deformation, which is ideal for rigid
structures, while a low Young's modulus of elasticity indicates a flexible material that easily deforms. Thus,
Figure 6 presents 94.445 MPa value for the Young’s modulus of elasticity of the virgin sample. Considering the
Young’s modulus for the composite samples, the obtained values reveal they are neither flexible nor rigid,
meaning they exhibit mid-range properties.

Determination of elongation at break is a measure of durability and optimal performance of materials. From
the obtained results in Table 4.9, it is clear that the virgin sample has low elongation at break. The virgin LDPE
sample displayed low elongation at break. The 80 LDPE+100 CS+20 PF+2 GA composite sample exhibited the
highest elongation at break, and therefore implies that it is most ductile and flexible. The 50 LDPE+100 CS+50
PF+2 GA sample also exhibited high elongation at break.
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Figure 6: Plots of stress-strain curve for virgin LDPE and the composite samples

Table 4: Values of tensile properties for the bioplastic composite samples

S/N  Sample ID Ultimate  Tensile Yield Young’s Modulus %
Strength (UTS), Strength, of Elasticity, MPa  Elongation
MPa MPa at Break

1 100 LDPE (Virgin Sample) 11.321 10.360 94.445 17.354

2 100 LDPE + 100 CS + 2 GA 7.298 6.070 50.675 90.553

3 100 LDPE+100 CS+10 PF+2 GA  5.519 4.667 67.092 31.933

4 80 LDPE+100 CS+20 PF+2 GA  8.722 7.778 37.278 280.148

5 60 LDPE+100 CS+40 PF+2 GA  6.531 6.224 48.545 74.556

6 50 LDPE+100 CS+50 PF+2 GA  6.143 5.524 64.418 103.925

(b) Results of Compressive strength, Flexural strength and Shore D Hardness tests

The compressive strength is significant because it determines the materials’ ability to withstand compressive
forces exerted during packaging. Thus, Table 5 presents results of the compressive strengths for the virgin
sample and composite samples. The virgin sample exhibited highest compressive strength. Notwithstanding,
the composite samples displayed relatively high compressive strength values. The high compressive strength
value observed in composite samples is due to presence of cellulose.
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The flexural strength of a composite material is significant because it determines the material's ability to resist
bending forces and maintain structural integrity, preventing premature failure, cracking. Thus, Table 5 presents
values of the flexural strengths for the virgin LPDE and composites samples. A cursory look at the results
reveals that the virgin sample exhibited the highest flexural strength. Considering the composites, the samples
exhibited relatively high flexural strength values. The observed high flexural strength value is attributed to high
flexural strength of cellulose present in cassava peels starch and plantain fibres.

Measuring a material’s hardness is important because it determines a material's resistance to scratching,
indentation, and wear, which directly correlates to its durability and performance. Therefore, Table 5 presents
Shore D Hardness values for the virgin LDPE and composite samples. The observed results revealed that the
virgin sample exhibit highest value of hardness. Considering the composites, the hardness values fall within the
range of 42 and 49, which is relatively good. Thus, the hardness values of the composites indicate that they
could resist scratching and wear during packaging applications.

Table 5: Values of compressive strengths for the bioplastic composite samples

S/N Sample ID Compressive Flexural Strength  Shore D
Strength (MPa) (MPa) Hardness
1 100 LDPE (Virgin Sample) 25.767 25.015 52
2 100 LDPE +100CS + 2 GA 18.951 16.479 46
3 100 LDPE+100CS+ 10 PF+2 GA 17.572 15.278 46
4 80 LDPE+100CS+20PF+2GA 19.461 16.923 42
5 60 LDPE+100CS+40PF+2GA 20.438 17.772 46
6 50 LDPE +100CS+50PF+2GA 18.448 16.042 48

3.8 Thermal Property Analysis — Linear Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) is a measure of how much a material expands or contracts in
response to a change in temperature, and is crucial for ensuring product integrity, safety, and quality by
predicting dimensional changes that can lead to leakage, structural failure, or seal breaches during storage and
transport. A high CTE means the material changes significantly in size with temperature. A low CTE is good for
packaging applications because it ensures that the packaging maintains its shape and size even when subjected
to varying temperatures during processing, shipping, and storage. It also ensures seal integrity and product
protection because the material is more dimensionally stable.

Thus, Table 6 presents the CTE values of the virgin LDPE sample and those of the composite samples. From the
obtained results, the LDPE virgin sample exhibited the highest coefficient of thermal expansion. For the
composite samples, the CTE values were found to be quite lower, and therefore implies that it could serve
veritably as packaging materials.

Table 6: Values of linear coefficients of thermal expansion for the bioplastic composite samples

S/N Sample ID Linear Coeff. of Thermal Expansion
(1/°c)
1 100 LDPE (Virgin Sample) 72.063x 10
2 100 LDPE + 100 CS + 2 GA 34.841x10%
3 100 LDPE + 100 CS + 10 PF + 2 GA 37.841x10%
4 80 LDPE + 100 CS + 20 PF + 2 GA 14.171x 10
5 60 LDPE + 100 CS + 40 PF + 2 GA 33.892x10%
6 50 LDPE + 100 CS + 50 PF + 2 GA 32.500x 10
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3.9 Results of Water and Oil Uptake Test

Fluid uptake in packaging materials can affect their performance and durability. Thus, Table 7 presents values of
water and oil uptake by the virgin LDPE sample and composite samples at room temperature (25 °C) and at
elevated temperature (50 °C). From the obtained results, water and oil uptake by the samples increased with
increase in temperature. Comparatively, both the virgin LDPE sample and composite samples exhibited higher
uptake of water than oil. This could be attributed to the hydrophilic nature of the additives in the LDPE.
However, the values of both water and oil uptake are relatively low.

Table 7: Values of water and oil uptake for the bioplastic composite samples

S/N  Sample Water uptake (%) Oil uptake (%)
25°C 50°C 25°C 50°C
1 100 LDPE (Virgin sample) 2.231 3.043 2.316 2.326
2 100 LDPE + 100 CS + 2 GA 3.215 3.374 2.842 2.935
3 100 LDPE + 100 CS + 10 PF + 2 GA 3.421 3.631 2.961 3.016
4 80 LDPE+100CS+20PF+2GA 3.928 4.141 3.121 3.307
5 60 LDPE+100CS+40PF+2GA 4,173 4.243 3.285 3.428
6 50 LDPE+100CS+50PF+2GA 4.282 4.504 3.310 3.553
Iv. Conclusion

The effects of plantain fibre on cassava starch-modified low density polyethylene composite for use as
sustainable secondary packaging material have been investigated. FTIR analysis of the plantain stem fibres
revealed presence of cellulose, hemicellulose, and lignin which have inherent mechanical properties. Thus, the
mechanical strengths of the composites were enhanced. The DSC and TGA thermal analyses results showed
that the plantain stem filler exhibited good thermal properties. It was observed that the plantain fibres did not
melt but the hemicellulose and cellulose content decomposed at 185.27 °C, but the lignin did not decompose.
The linear coefficient of thermal expansion (CTE) values of the composite samples were found to be quite
lower as they range from 12.658 x 10 to 46.774 x 10%° /°C, making it less prone to expansion when heated,
and contraction when cooled. This effect is due to the inclusion of plantain stem fibre particles which hindered
the LDPE polymer's ability to expand freely, leading to a more dimensionally stable material.

Also, it is important to note that plantain stem fibres and cassava peels starch are known to be
biodegradable. In view of these, the produced composites would be non-toxic, biodegradable and sustainable.
Thus, the produced composite samples could serve veritably as secondary food packaging materials.
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