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ABSTRACT

The accumulation of low density polyethylene (LDPE) waste from sachet water packaging and the
calcium-rich shell waste from the seafood industry represents two significant environmental challenge.
This paper explores a sustainable approach to fix both waste streams by reinforcing waste LDPE with bio-
derived calcium oxide (CaO) nanoparticles (NP) synthesized from oyster shells. The calcium oxide from
the shell was gotten by washing, drying, milling, calcinating at 1000°C and sieving the shells. While the
CaO nanoparticles were obtained using maceration method. The analysis of the synthesized CaO NP
revealed that there were Ca-O, COs and (OH), groups present. The particle size analysis reveals that the
CaO NP has an average diameter of 32.61 nm. Also, the XRF analysis on samples revealed that the
particles were majorly composed of 8§4.205 wt.% CaO and 9.473 wt.% MgO. The synthesized bio-derived
CaO nanoparticles was incorporated into waste LDPE at varying loading to produce polymer
nanocomposite samples labelled E1 — E5 evaluated against a neat LDPE as control. The hardness result
revealed that E3-E5 had higher mean hardness values of 27.0+1.73, 28.0+1.53 and 26.33+1.86 Shore D
respectively which are higher than the control. For the impact test, the control had the highest impact
value of 0.0037 J/mm, while the tensile analysis reveals that the control had the highest peak force of
166.4N and flexural strength at peak of 4.81 N/mm?. The study suggests that surface functionalization of
the nanoparticles and dispersion technique should be improved on to get better mechanical properties of
the composites.
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1.0 INTRODUCTION

Waste management is probably one of Nigeria’s most significant problems right now, and it seems to
keep getting worse. The waste streams include polymers and plastics, and the research kind of shows that
these materials can be quite difficult to handle properly. One element, that keeps showing up as a reason
for poor waste management in Nigeria, is the high population density (Kehinde et al., 2018). Meanwhile,
the production and disposal of plastic waste keep rising, especially single-use low density polyethylene,
(LDPE) like sachet water packing, and that has turned into a very serious environmental issue in the
twenty-first century (Biswas and Darbha et al., 2025). Much of this waste, mainly due to industrialization,
ends up becoming an environmental nuisance, and if it is not dealt with, pollution basically follows.

In a broad sense, pollution prevention and control means stopping or removing harmful substances from
waste streams or effluents before they reach the environment (USEPA, 2006). Polymers, on the other
hand, are widely used in modern life because they have several useful properties like low density,
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flexibility, resistance to corrosion, easier processing, and cost friendly production. Because of these
benefits, polymers have become indispensable for industrial purposes, especially low-density
polyethylene (LDPE), which is often thrown away after only a single use. Still, the heavy reliance on
polymers (and yes, especially LDPE) has also led to more polymer waste being generated, and that
creates serious environmental issues (Kehinde et al, 2020). These polymer residues harm not only land
animals, but also aquatic life, so it becomes kind of global, and frankly, a necessity for urgent adoption of
polymer management approaches (Meena et al., 2024).

One of the most used ways of dealing with polymer waste is, recycling these polymers in the first place.
Recycled polymers, like LDPE, often end up with lower mechanical strength, worse impact resistance,
and less heat stability, mainly because polymer chain scission and oxidation happen during repeated
processing (Ugwuagbo et al., 2026). So if property augmentation techniques are not applied, those issues
mean recycled polymers become not so good for high-performance engineering uses (Awaja & Pavel,
2005). Because of that polymer reinforcement kind of keeps showing up as a core research direction to
improve the properties of recovered polymers. Polymer reinforcement, basically means mixing fillers,
fibers, or nanoparticles into a polymer matrix , so you can boost mechanical and thermal performance
,think more stiffness, higher toughness, hardness, better wear resistance, and improved thermal stability,
relative to unreinforced polymers (Rajak et al., 2019; Ugwuagbo et al., 2026).

Lately, nanoparticle-reinforced polymer composites have looked really promising, because they can offer
better overall outcomes, like higher elastic modulus, stronger mechanical behavior, stronger barrier
capability, even optical transparency, and more, especially compared to near polymers and also micro-
particulate based systems (Abdulraheem et al., 2025). Calcium oxide, CaO nanoparticles have drawn a
lot of interest among the different inorganic nanomaterials used as reinforcement, since they are
chemically stable, relatively cheap, and can increase stiffness and thermal resistance inside polymer
matrices. CaO is an inorganic metal oxide with a high melting point and strong ionic bonding, and it can
work like nucleating agents that raise polymer crystallinity (Parveen et al., 2026). An important progress
in sustainable materials research is the product. This paper therefore investigates the mechanical
properties of waste LDPE sourced from discarded sachet water packaging reinforced with bio-derived
CaO nanoparticles synthesized from oyster shells.

2.0 MATERIALS AND METHODS

The oyster shells were obtained from Borokiri market in Port Harcourt, Rivers state, Nigeria. They were
properly washed, rinsed with distilled water, sun dried and then oven dried at about 200°C for about 2
hours to remove moisture and to increase the brittleness before it was milled to powder. The shell powder
was divided into two halves, one of the halves was calcinated at 1000°C for 24 hours while the other half
was soaked in ethanol for 24 hours to extract its chemical contents, it was filtered and placed in a water
bath at 78°C for the ethanol to evaporate so as to get a dry extract. Next, 50g and 15g of the extracted
shell powder and the calcinated powders respectively were dissolved separately in distilled water and
stirred properly before it was mixed together and heated at about 70°C while being properly stirred for
about 40 minutes and then filtered. The residual after the filtration was placed in an oven set to 400°C for
24 hours to completely remove every moisture. The dry mixture was grinded, sieved to get the
nanoparticle CaO, after which it was properly packed to avoid exposure to air.

The waste LDPE were waste sachet water packs cut into small bits from which 50g of it was melted over
heat and different weight potions of the bioderived CaO nanoparticles (1g, 2g, 3g, 4g and 5g) were added
to the melted polymer at a temperature of about 123°C and mixed properly for 5 minutes before it was
poured out to a mould of dimension 200mm x 30mm x 5Smm. In the mould, sisal fibres were already
arranged to serve as reinforcement to the combination. The mixture was allowed to cool naturally until it
cured to get the samples labelled Si, S», S3, S4 and Ss. A control was also obtained without any filler in it.
The bioderived CaO nanoparticles from oyster shell were characterized to evaluate their structural
properties. An FTIR Analysis was done to identify the functional groups present in the synthesized CaO
nanoparticles sample. The FTIR Analysis was carried out with a Buck Scientific Infra-Red
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Spectrophotometer with model M530. Potassium Bromide alongside nujol solvent were used in the
preparation of the sample for the analysis. Next was the particle size analysis to determine the mean
diameter of the sample so to ascertain if what was produced was is in the nanoscale. This analysis was
done using a Zetasizer Ver 7.01 from the Malvem Instruments Ltd. This instrument uses dynamic light
scattering mechanism to measure the mean diameter of particle sizes. An X-ray fluorescence (XRF)
analysis was also carried out to investigate the elements and compounds present in the bioderived CaO
nanoparticle powder.

The mechanical properties of the samples produce were also analyzed some of the properties analyzed
were; hardness, flexural strength, tensile strength and impact. For the hardness test, a 5.0 mm thick
samples were machined from the samples for the Force-Time based Durometer test to predict tool
longevity in line with ASTM D2240-15 standard (ASTM International, 2015). The sample was held on a
jig mounted on the specimen support table of the testing machine while observing the degree of
indentation depth using a spring-loaded indenter made of hardened steel. For the tensile test the sample
with a dimension of 198mmx30mmx5mm was tightened to the UTM M500-25CT in line with the ASTM
D638 — 14 Standard (ASTM International, 2014) with a test speed of 50 mm/min and a pretension of 5.0
N. On the other hand, the flexural strength was carried out on the sample using a sample dimension of
100mmx30mmx5mm fixed on a UTM MS500 — 25CT in line with the ASTM D790-17 (ASTM
International, 2017). This was done with a test speed of 50mm/min. Lastly, the impact test was done
using a pendulum impact testing machine JB series model in line with the ASTM — D256-10 (ASTM
International, 2010). These test was carried out on all the five synthesized samples alongside the control.

3.0 RESULTS AND DISCUSSION

3.1 FTIR Analysis

The result shown in figure 1 is the FTIR result for the bio derived CaO nanoparticles from oyster shells.
The FTIR spectrum shows several characteristic absorption bands distributed across the wavenumber
region of about 4000 — 700 cm™. From the result, several broad absorption peaks were observed which
indicated the presence of different functional groups and compositions.

Calcium Oxide (Ca—0): This is evident at the far right of the spectrum within the region below 600 cm’!
and sharp peaks appearing between 400 cm™ and 550cm!. These peaks represent the presence of Ca—O
bond. The presence of these low frequency bands confirms the formation of the CaO metallic oxide which
is a chemical proof that calcium oxide was successfully synthesized.

The Hydroxyl Group (- OH) Region: The region of this spectrum was most prominent at the left of the
spectrum with its peak around 3642 cm'. This is an indication of the presence of the hydroxyl group (-
OH). This is seen because CaO is “hygroscopic” meaning that it has the natural tendency to absorb
moisture from the surrounding air and forms thin layers of calcium hydroxide (Ca(OH),) on the surface of
the nanoparticles CaO.

The Carbonate group (C Og_) region: this is evidenced by the strong bands within the regions of
1415 cm™! to 1480 cm™'. This is an indication of the presence of the carbonate group. This is because the
oyster shells are naturally composed of calcium carbonate (CaCO3) which was converted to CaO by heat
treatment. The presence of these peaks indicates the presence of some unconverted carbonate remaining
in the sample. This suggests the heat treatment (calcination) did not successfully and completely break the
carbonate bonds to completely produce CaO or the powder was exposed to CO; immediately after
treatment.

Intermediate Impurities: a peaks of about 874cm™ known as “out-of-plane” blending of the carbonate
group can be observed and the peaks of about 1415¢cm™ and 2500cm™ can also be observed. The first
peak confirms the presence of some residual minerals while the small peaks near the 2500cm™! are usually
the “overtone” bands or atmospheric CO; noise often observed in FTIR scans unless conducted in a
vacuum.
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Figure 1: FTIR Result for CaO nanoparticles from Oyster shells
3.2 Particle Size Analysis of the Calcium Oxide Nanoparticles
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Figure 2: Particle size analysis result for bio-derived CaO nanoparticle from oyster shell

The results in figure 2 shows the particle size analysis for the bio-derived calcium oxide nanoparticles

from oyster shell by intensity. This was performed using Dynamic Light Scattering (DLS) and the result
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presented are by intensity distribution. The result confirm the sample is primarily composed of Calcium
Oxide nanoparticles with a Z-average of 32.61 nm. The Z-average, also known as the cumulants mean, is
the intensity-weighted average hydrodynamic diameter measured by DLS. The result also reveals a low
polydispersity index (PDI) of 0.238. The PDI is an important parameter that describes the width or
uniformity of the particle size distribution. A PDI wvalue that is below 0.1 indicates a highly
monodispersed system, whereas PDI values between 0.1 and 0.3 represent a moderately narrow and
acceptable nanoparticle distributions while values above above 0.5 indicates a highly polydisperse or
unstable system (Yadav et al., 2025). Based on this, the PDI of 0.238 gotten from the result above
suggests that the synthesized CaO nanoparticle from oyster shell have a relatively uniform and moderate
narrow size distribution.

The intensity distribution result reveals two observable peaks with the major peak (peak 1) occurring at
approximately 35.26 nm and an intensity distribution of 95.7%. This indicates that majority of the
particles in the suspension exist within the nanoscale range around 35 nm, confirming that the synthesized
material basically consists of well-dispersed calcium oxide nanoparticles. This is also confirmed by a
standard deviation of 14.42 indicating a moderate variation around the average nanoparticle size. The
second minor peak (peak 2) appears at approximately 4611 nm with an intensity contribution of 4.3%.
This peak corresponds to larger agglomerated particles or nanoparticle clusters present in very small
amounts within the suspension.

33 XRF Analysis Result for CaO NP from Oyster Shell

Table 1: XRF Analysis Result for CaO NP from Oyster Shell

Layer Component Type  Concn. (wt.%)  Error (wt.%) Mole% Error
(Mole%)
1 Si02 Calc 1.136 0.271 1.043 0.249
1 V205 Calc 0.009 0.018 0.003 0.006
1 Cr203 Calc 0.010 0.013 0.004 0.005
1 MnO Calc 0.045 0.012 0.035 0.009
1 Fe203 Calc 0.194 0.017 0.067 0.006
1 CoO Calc 0.028 0.008 0.021 0.006
1 NiO Calc 0.016 0.006 0.012 0.004
1 CuO Calc 0.050 0.009 0.035 0.005
1 Nb205 Calc 0.002 0.024 0.000 0.005
1 w03 Calc 0.033 0.024 0.008 0.008
1 P205 Calc 0.000 0.000 0.000 0.000
1 SO3 Calc 0.178 0.058 0.120 0.040
1 CaO Calc 84.205 0.481 82.847 0.474
1 MgO Calc 9.473 7.321 12.968 10.022
1 K20 Calc 0.000 0.000 0.000 0.000
1 BaO Calc 0.022 0.061 0.008 0.022
1 AI203 Calc 3.333 1.294 1.804 0.700
1 Ta205 Calc 0.038 0.030 0.005 0.004
1 TiO2 Calc 0.002 0.022 0.002 0.015
1 ZnO Calc 0.005 0.006 0.003 0.004
1 Ag20 Calc 0.000 0.000 0.000 0.000
1 Cl Calc 0.441 0.037 0.687 0.057
1 7rO2 Calc 0.000 0.000 0.000 0.000
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1 SnO2 Calc 0.511 1.184 0.187 0.434
1 PbO Calc 0.007 0.020 0.002 0.005
1 Rb20 Calc 0.006 0.009 0.002 0.003
1 Cs20 Calc 0.000 0.000 0.000 0.000
1 SrO Calc 0.258 0.019 0.138 0.010

Table 2 shows the X-ray Fluorescence (XRF) or Energy Dispersive Spectroscopy (EDS) analysis, aimed
at determining the elemental/compound composition of the CaO nanoparticles from oyster shell. The
result shows the key components and the overall purity of the synthesized nanoparticles:
The analysis confirms that Calcium Oxide (CaO) is the primary component of the material, but it is not
pure.

e Calcium Oxide (CaO): 84.205 wt.%

e Magnesium Oxide (MgO): 9.473 wt.%
The intended product (CaO) makes up a significant majority of the sample. However, the presence of
MgO at about 9.5 wt.% indicates a substantial impurity. This MgO is likely naturally occurring in the
oyster shell's structure, substituting for calcium ions, and would not decompose or separate during the
calcination process, thus remaining in the final filler.
34 Mechanical Properties Analysis
This section reveals the results of the mechanical properties carried out on the samples produced from the
mixture of the LDPE waste polymers from waste sachet water packs and the bio-derived CaO
nanoparticles from oyster shell at different loading mass. The samples are labelled E1 — ES with loading
mass of 1 — 5 g respectively of the filler. While the control is the LDPE without any filler.
3.4.1 Hardness Test
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Figure 3: Hardness test of LDPE and CaO NP from Oyster shell

Figure 3 reveals the result of the mean value of the hardness test of the LDPE waste sachet water packs
and the bio-derived CaO nanoparticles from oyster shells. The result reveals that samples E1 and E2 has
low mean hardness values of 6.33+1.33 and 19.67+3.28 Shore D respectively. While samples E3, E4 and
ES5 have high mean hardness values of 27.0+£1.73, 28.0+1.53 and 26.33+1.86 Shore D respectively which
are higher than the control with a mean hardness value of 22.33+1.45 Shore D. This reveals that as the
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loading mass of the filler is added to the mixture the higher the hardness value. As E3-E5 have hardness
values higher than that of the control without any filler. It was also observed that E5 with a loading mass
of 5g has a slightly reduced hardness value which can be attributed to a reduction in the bond of the
polymer-composite ratio. It is obvious from this finding that the addition of the CaO nanoparticles as
fillers into the melted blend of LDPE improved the hardness, this is in agreement with the work of Silva

et al., (2020).
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Figure 4: Impact test of LDPE and CaO NP from Oyster shell
From the result in figure 4, it can be observed that the control had the highest impact value of 0.0037
J/mm followed by E4 with a value of 0.0029 J/mm, then E5 with a value of 0.0016 J/mm, then E3 with a
value of 0.0008 J/mm and lastly E2 with a value of 0.0005 J/mm. This is because the addition of CaO to
the melted blend of LDPE would increase its stiffness, thereby increasing its hardness but not its impact
strength as Impact strength is a measure of how much sudden energy a material can absorb before
fracturing. This corroborates the findings of Zapata et al., (2019).
3.4.3 Tensile Strength Analysis of the Samples
Table 2: Tensile Strength Analysis for LDPE and Bio-derived CaO NP from Oyster Shell

0.0016

m
Ln

0.0037

CONTROL

Sample Peak force Stress at Strain at Young Energy to Elongation
N) peak peak (%) modulus break at peak

(N/mm?) (N/mm?) (N.m) (mm)

E1 122.5 0.817 3.095 53.202 0.737 6.129

E2 63.4 0.423 1.786 71.597 0.293 3.537

E3 114.3 0.762 2.111 188.7 0.469 4.181

E4 129.4 0.863 2.717 184.819 1.74 5.38

ES 146.4 0.976 1.948 246.276 0.972 3.858

Control 166.4 1.109 2.186 241.371 2.214 4.329
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From the results in table 2, it can be seen that the control has the highest tensile strength properties. The
peak force of 166.4N, then followed by E5 then E4, E1, E3 and E2 respectively with peak forces of
146.4N, 129.4N, 114.3N, 122N and 63.4N respectively. For the Young modulus, ES has the highest value
of 246.3 N/mm?, followed by the control, then E3, E4, E2 and E1 respectively with values of 241.4
N/mm?, 188.7 N/mm?, 184.8 N/mm?, 71.6 N/mm? and 53.2 N/mm? respectively. This irregularity can be
attributed to nanoparticle agglomeration of the bio-derived CaO nanoparticles and the poor interfacial
adhesion between CaO and LDPE since LDPE is non-polar and hydrophobic while CaO nanoparticles are
polar and hydrophilic. This finding agrees with the findings of Silva et al., (2020).

3.4.4 Flexural Test Analysis of the Samples

Table 3: Flexural Test for LDPE Waste and CaO NP from Oyster Shells

Sample Bending Strength Bending Strength Bending modulus Force at Strain at

at Peak (N/'mm?)  at yield (N/mm?  (N/mm?) Peak (N) Break (%)
E1l 1.216 0.392 54.495 6.08 8.183
E2 1.0 0.824 43.206 5.001 6.359
E3 2.511 2.491 139.956 12.553 2.197
E4 1.549 1.51 137.058 7.747 2.857
ES 3.06 3.001 545.935 15.298 2.283
Control 4.805 4.786 194.468 24.026 5.225

It can be observed from table 3 that the control had the highest flexural strength with bending strength at
peak of 4.81 N/mm? followed by E5, E3, E4, El and E2 with bending strength at peak values of 3.06,
2.51 N/mm?, 1.55 N/mm?, 1.22 N/mm? and 1.0 N/mm? respectively. On the contrary, E5 has the highest
bending modulus of 545.94 N/mm?, followed by the control, then E3, E4, E1 and E2 respectively with
values of 194.47 N/mm?, 139.96 N/mm?, 137.06 N/mm?, 54.50 N/mm? and 43.21 N/mm? respectively.
Like the case with tensile strength, this can be attributed to nanoparticle agglomeration of the bio-derived
CaO nanoparticles and the poor interfacial adhesion between CaO and LDPE since LDPE is non-polar
and hydrophobic while CaO nanoparticles are polar and hydrophilic, which also agrees with the findings
of Silva et al., (2020).

4.0 CONCLUSION

The results of the mechanical properties considered in this study reveals that bio-derived CaO
nanoparticles synthesized from oyster shells reveals that incorporating nanoparticles of CaO at the
different loading mass tested does not enhance the some of the mechanical properties of the LDPE such
as the impact strength, tensile strength and the flexural strength. As the measured parameters of these
properties reveals that the unreinforced control consistently outperformed the CaO reinforced samples
except for hardness. This pattern indicates that the incorporation of CaO nanoparticles introduces
structural discontinuities into the LDPE matrix such that they act as stress concentrators rather than
reinforcing elements. This can also be attributed to the incompatibility between the hydrophilic, polar
CaO nanoparticles and the hydrophobic non-polar LDPE matrix. In the absence of a coupling or surface
modification such as silane or oleic acid treatment, the interfacial adhesion between the filler and matrix
would remain weak. These findings suggest that while bio-derived CaO nanoparticles from oyster shells
present a sustainable and low-cost filler option for valorizing waste LDPE, achieving reinforcement
would likely require surface functionalization of the nanoparticles or the introduction of compatibilizer to
improve interfacial bonding, alongside optimizing filler loading and dispersion technique before the
mechanical properties of the composites can meaningfully approach or exceed those of the neat polymer.
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