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Abstract: An option to reduce the exploitation and depletion of natural mineral resources is to
repurpose current waste materials. Fillers are often added to polymers to improve the properties and
lower the overall cost of the final product. Very few studies have assessed the use of waste brown
eggshell powder (BESP) as filler in polylactic acid (PLA). The addition of mineral fillers in a polymer
matrix can play an important role in the performance of a composite under load. Therefore, tailoring
the amount of filler content can be a deciding factor as to which filler amount is best. The goal of
this study was to investigate the effect of brown eggshells compared to conventional limestone (LS)
powder on the mechanical properties of PLA composites. One-way analysis of variance (ANOVA)
was used to carry out the statistical analysis on the average values of each composite mechanical
property tested. Scanning electron microscopy (SEM) was used to view if there were any differences
in the fractured surfaces. Overall, the LS performed marginally better than the BESP fillers. The
highest ultimate tensile and ultimate flexural strengths for eggshell composites containing 32 µm
fillers had values of 48 MPa (5–10 wt.% BESP) and 67 MPa (10 wt.%. BESP), respectively. Both the
tensile and flexural modulus improved with filler contents and were highest at 20 wt.% with values of
4.5 GPa and 3.4 GPa, respectively. The Charpy impact strength decreased for all filler amounts. SEM
micrographs identified changes in the fractured surfaces due to the additions of the filler materials.
The ANOVA results showed statistically significant differences for the composite materials. After five
weeks of soaking in distilled water, the composites containing 20 wt.% BESP fillers had the highest
weight gain. The study demonstrated that waste brown eggshells in powdered form can be used as a
filler in PLA composites.

Keywords: conventional limestone; waste brown eggshells; polylactic acid; mechanical properties;
bio-composite

1. Introduction

Polymers are used in many applications where synthetic thermoplastics are the most-
popular and account for nearly 80% of all plastics around the world [1]. After their
lifespan, developed countries tend to recycle them somewhat more than under-developed
countries, where plastics are discarded to landfills. From 1950 to 2015, it is estimated that
6.3 billion metric tonnes (BMT) of plastic waste have been produced globally and about
60% or 4.9 BMT have been accumulating in landfills or the environment. If this waste
trend continues, the amount of plastics discarded will reach an estimated 12 BMT by
2050 [2]. Recently, micro- and meso-plastics have been a growing problem in the marine
environment [3]. According to Lebreton et al. [4], the Great Pacific Garbage Patch, a region
in the North Pacific Ocean, has accumulated floating plastics in an area estimated to be
1.6 million km2 [4]. Putting this into perspective, it is about 2.5-times the size of France
(based on its land area of 643,801 km2). Plastic degradation in the environment can take a
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long time. For example, depending on the type of plastic, it is estimated that plastic bottles
can take 70–450 years to decompose, while plastic bags can take 10–1000 years [5].

Polylactic acid (PLA) is a bio-plastic product made from fermented plants such as corn,
wheat, and sugarcane, which is derived from renewable and sustainable biomass sources.
In order to lower the carbon footprint, PLA can be an alternative to petroleum-based
synthetic thermoplastics. PLA has the largest market segment of all bioplastics produced.
In 2022, the PLA global production was 20.7% or 460,000 tonnes and is estimated to reach
37.9% or about 2,390,000 tonnes by 2027 [6]. Presently, packaging relies heavily on synthetic
polymers. A shift to bio-plastics could reduce contamination from these plastic products
into the environment through biodegradation. PLA can be biodegraded by traditional
composting [7] or mechanical [8] and chemical [9] recycling. A study showed that PLA has
the ability to fully degrade into non-toxic products in a composting facility under specific
conditions of temperature (30–60 ◦C), humidity (30–70%), and pH (8.5) over a period of
28–98 days [7]. Mechanical recycling consists of cleaning, drying, cutting, and pelletizing
before reprocessing into new materials [8]. Chemical recycling involves the breakdown of
PLA using solvents without affecting the monomer structure [9].

Lower-cost fillers such as calcium carbonate are used in polymer materials generally
to reduce the overall cost of the polymers. Among other properties, fillers improve the
tensile modulus and toughness of polymers. For instance, Zuiderduin et al. (2003) [10]
added 0 to 60 wt.% of calcium carbonate to polypropylene (PP). Although the tensile
strength decreased with the increase in filler loading, the tensile modulus and impact
toughness increased within the tested temperature range of 20–70 ◦C compared to pure
PP. The authors highlighted that a good dispersion of particulates within the matrix was
important as agglomeration tended to have detrimental effects on the properties. Similarly,
synthetic polymers containing calcium carbonate powder as fillers have been studied for
polypropylene (PP) [11], LDPE [12–15], and HDPE [16,17] thermoplastic matrices.

The brown eggshell waste used in this study was acquired from the poultry industry,
where they are composed of 96–97 wt.% calcium carbonate, a common ingredient found in
geological formations of mineral limestone, with organic membranes as the balance [18].
Although both white and brown eggs are available on the market, the calcium carbonate
content in the shells were found to be comparable [19]. Collecting eggshells from homes and
restaurants would be a difficult task; however, there are large amounts of eggshell waste
being produced every day by an industrial breaking plant process, which produces liquid
eggs in bulk. There are many breaking plants located throughout the world. For instance,
Egg Processing Innovations Cooperative is an egg-breaking plant located in Canada, which
can process 180,000 dozen eggs per week. Newly emerging companies around the globe
such as Eco-SHELL in Spain, Ateknea Solutions Hungary LLC in Hungary, and Bionovel
Plus DOO in the Republic of Macedonia are advancing technology for extracting calcium
carbonate powders from eggshells. Within a short time, these companies will want to
find new niches for their powdered eggshells. The use of white eggshell powders in new
materials has been suggested as alternative fillers in polymers, paints, ceramic tiles, mortar,
and concrete [18]. A number of studies have been conducted on the use of white eggshells
and seashells (e.g., bio-limestone) in synthetic thermoplastic polymers. For example, the
mechanical properties have been evaluated for polypropylene (PP)/eggshells [20–24],
LDPE/eggshells [25,26], LDPE/oyster shell [27] and for polyester (PET)/eggshells [28].

The prospect of using a green PLA polymer inspires the use of a sustainable filler
material. Very few studies have been conducted on calcium carbonate fillers derived
from eggshells for use in PLA composites. Hassan et al. (2014) [29] studied the effect of
adding white eggshell powders to a biodegradable Bioplast thermoplastic polymer. The
results showed that adding 1–2 wt.% eggshell filler improved the flexural strength and
modulus, possibly due to the evenly dispersed particles throughout the matrix. Ashok et al.
(2014) [30] investigated the addition of white eggshell fillers in PLA films. At all levels, the
tensile strength and modulus increased, where the highest improvements were with 4 wt.%
filler additions. The authors observed that the particles were uniformly distributed when
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less than 4 wt.% fillers were added, while at 5 wt.%, agglomeration occurred. More recently,
Cree and Soleimani (2023) [31] investigated the addition of white eggshell powders to PLA.
The tensile and flexural strengths peaked when 5 wt.% and 10 wt.% fillers were added,
respectively, while the tensile and flexural modulus both improved as the filler loading
increased. The dispersion of particles in a polymer matrix was noted to be difficult to
achieve, which may affect the properties of the polymer composite materials.

In this work, calcium-carbonate-based filler; conventional limestone (LS), and brown
eggshell powder (BESP) were added to a PLA matrix using an extrusion injection method.
The brown chicken eggshells were initially crushed, washed, and dried prior to fine
grinding, and both filler types were sieved to a particle size of 63 µm and 32 µm. The goal
was to investigate the effect of adding various quantities of calcium carbonate powder
to virgin PLA. The ultimate tensile, ultimate flexural, and impact toughness properties,
fractured morphology, and water absorption, with and without calcium carbonate fillers,
were studied. Statistical analysis of the mechanical property results was conducted using
analysis of variance (ANOVA) to determine if a statistically significant difference existed
between the average values of the composites containing filler loadings. After five weeks
of soaking in distilled water, the moisture content and mass loss were measured. Water
samples from each beaker were assessed for calcium carbonate contents and pH levels.
The novelty of this study highlights the properties of PLA containing brown eggshells as a
sustainable filler material.

2. Materials and Methods
2.1. Materials

The injection molding matrix was virgin PLA Prime Natural 4043D (NatureWork®

LLC, Minnetonka, MN, USA) in pellet form. Conventional limestone was obtained from
Imasco Minerals Inc. (Surrey, BC, Canada), while brown eggshells were obtained from
Maple Lodge Hatcheries Ltd. (Stratford, ON, Canada).

2.2. Eggshell Preparation

The brown eggshells were dry-crushed in a steel drum, as shown in Figure 1a, which
contained eleven 50.8 mm (2 in)-diameter steel balls (not visible). Prior to drying, the
coarse eggshells were agitated and thoroughly washed several times to remove the organic
membranes from the eggshells. A detailed explanation of the process can be obtained from
a recent study [19]. To decrease the particle dimensions, a ball mill containing ceramic
spheres was used, followed by rinsing with water and drying at 105 ◦C for 24 h. The
ball mill jar with dimensions of 290 mm × 550 mm (diameter × length) is shown in
Figure 1b and the pulverized brown eggshell powder (BESP) along with the ceramic balls
ranging in diameter from 24–38 mm in Figure 1c. To evaluate the role of the filler particle
size, the conventional limestone and eggshell powders were sieved to final mesh sizes of
230 (63 µm) and 450 (32 µm).
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2.3. Composite Formulations

A three-step process was used to fabricate the composite materials. First, the PLA pel-
lets and calcium carbonate powders were mixed in a twin-screw extruder (SHJ-35, Nanjing
Yougteng Chemical Equipment Co. Ltd., Nanjing, China). The extrusion was conducted
at a temperature of 175 ◦C and a screw rotational speed of 16 rpm. Then, the filaments
leaving the extruder were cooled in a water bath and further pelletized. The pellets were
then dried at 80 ◦C for 4 h prior to injection molding. Finally, the composites were injection
molded (Shen Zhou 2000, Zhangjiagang Shen Zhou Machinery Co., Shenzhen, China) with
a temperature profile of 175, 180, 185, and 190 ◦C (feed zone to die zone). Compared to the
virgin PLA (the control), the amount of filler loadings for each PLA composite formulation
is shown in Table 1. The calcium carbonate fillers (LS and BESP) were used to replace a
portion of the PLA polymer. The injection mold die was only able to produce tensile dog
bone specimens and water absorption samples. The flexure and Charpy impact toughness
specimens were made from the center of the dog bone samples cut to different lengths, but
within ASTM standard sizes.

Table 1. PLA composites containing LS and BESP loadings for 63 µm and 32 µm particles.

Calcium Carbonate Contents

Sample PLA
(wt.%)

LS
(wt.%)

BESP
(wt.%)

Virgin PLA 100 0 0
LS-5 95 5 0
LS-10 90 10 0
LS-20 80 20 0

BESP-5 95 0 5
BESP-10 90 0 10
BESP-20 80 0 20

2.4. Mechanical Characterization

Tensile and flexural measurements were conducted using an Instron series 1137 (In-
stron, MA USA) instrument according to ASTM D638-14 and ASTM D790-17, respectively.
The dimensions of the tensile specimens measured 200 mm × 12.74 mm × 3.25 mm, while
the flexural specimens measured 65 mm × 12.74 mm × 3.25 mm (l × w × t). The ten-
sile specimens were tested using a 10 kN load cell and a crosshead speed of 5 mm/min,
while the three-point flexural test employed a 250 N load cell with a calculated crosshead
speed of 1.30 mm/min. To retain a support span-to-depth ratio of 16:1, a 50 mm span
length was used. For both tensile and flexural experiments, five specimens were tested
for each composition at room temperature and averaged. Un-notched Charpy impact
tests were conducted at room temperature using an Instron 450 MPX pendulum impact
machine according to the guidance of ASTM D6110-18. The specimen’s dimensions were
56 mm × 12.74 mm × 3.25 mm (l × w × t). At least ten samples were tested for each
composite formulation and the mean values obtained. Prior to conducting the mechanical
tests, all samples were conditioned at 23 ± 3 ◦C with a relative humidity of 50 ± 4% for
about 24 h.

2.5. Scanning Electron Microscopy

The calcium carbonate particles and fractured surfaces of the tensile, flexure, and
Charpy impact toughness samples were investigated using a JEOL JSM-6010 Scanning
Electron Microscope (JEOL Ltd., Tokyo, Japan) in secondary electron (SEI) mode. All
samples were initially gold coated to prevent electrostatic charging during viewing and
observed at an operating voltage of 10–20 kV.
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2.6. Water Uptake

The water uptake tests were conducted according to the recommended procedure
outlined in ASTM D570-22. Test specimens measuring 57.4 mm × 36.4 mm × 2.7 mm
(l × w × t) were performed at room temperature on a set of three samples placed in beakers
filled with distilled water. Before beginning the experiments, all specimens were placed in
an oven at 50 ◦C for 24 h. They were then removed, allowed to cool down in a desiccator,
and weighed to obtain the initial dry weights. The weight gain percentage due to water
absorption over a period of 5 weeks was initially measured after 24 h (1 day) followed by
one-week intervals until saturation was reached using a digital balance (±0.1 mg). The
specimens were removed one by one and quickly dried using a paper towel to remove
excess surface water. The percentage of mass gain due to moisture uptake was measured
by Equation (1), while the mass loss was evaluated by Equation (2).

Moisture content (%) = [(m2 − m1)/m1] × 100% (1)

Mass loss (%) = [(m3 − m1)/m1] × 100% (2)

where moisture content is the percentage mass gain, m1 is the initial oven-dry mass, m2 is
the mass after every soaking interval, and m3 is the mass after the 5-week period.

2.7. Leaching Measurements

To determine if calcium carbonate was coming out of the composite during the 5-week
of water immersion, water samples from each uptake test were examined with an atomic
absorption spectrophotometer (Model 240 Series AA, Agilent Technologies, Santa Clara,
CA, USA).

2.8. pH Measurements

To determine if there were changes due to the degradation of the PLA and the leaching
of the calcium carbonate fillers after a 5-week period in distilled water, the pH levels were
measured with a pH meter (Orion StarTM A111 pH Benchtop Meter; Thermo Scientific
Ward Hill, MA, USA) in triplicate. The distilled water was not refreshed during the 5-week
period, where silicone caps were placed on the beakers to avoid evaporation. The pH
values were measured at the end of the experiment, and the water temperature of the
beakers was 20.6 ◦C.

2.9. Statistical Analysis

The experimental ultimate tensile strength/tensile modulus, ultimate flexural strength/
flexural modulus, and Charpy impact results for all formulations were compared individu-
ally using a one-way ANOVA F-test at a 95% confidence level since the variable changing
was the filler quantity. The calculations were conducted with the Analysis ToolPak, a
Microsoft Excel add-in program (Microsoft Corp., Redmond, WA, USA). If the F-critical
value is less than the F-test value, the null hypothesis is rejected, indicating that the average
was not the same for all groups. This suggests a statistically significant difference existed
between the average values of each mechanical property for the different composite formu-
lations. However, if the F-critical value approaches the F-test value, the null hypothesis
cannot be rejected and considered as not being statistically significant.

3. Results and Discussion
3.1. Mechanical Properties

The mechanical properties evaluated in this study are given in Table 2. The (±) symbols
in Table 2 and the error bars in Figures 2–4 represent the standard deviations.



Waste 2023, 1 745

Table 2. Mechanical properties of PLA and PLA/calcium carbonate composite materials.

Composite

Ultimate
Tensile

Strength
(MPa)

Tensile
Modulus

(GPa)

Ultimate
Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Charpy
Impact

Strength
(kJm−2)

Virgin PLA 50.9 ± 2.3 3.6 ± 0.10 78.9 ± 4.2 2.9 ± 0.03 17.3 ± 0.70
Filler size (63 µm)
LS-5 50.1 ± 1.8 3.7 ± 0.18 52.6 ± 5.0 3.1 ± 0.05 13.2 ± 0.90
LS-10 46.6 ± 1.2 3.7 ± 0.28 76.9 ± 5.4 3.2 ± 0.09 11.1 ± 1.5
LS-20 43.9 ± 1.8 4.2 ± 0.35 71.4 ± 2.7 3.4 ± 0.04 10.3 ± 1.0
BESP-5 47.4 ± 2.0 3.6 ± 0.25 46.5 ± 5.5 3.1 ± 0.04 8.7 ± 1.3
BESP-10 33.4 ± 1.3 3.9 ± 0.15 63.7 ± 7.6 3.1 ± 0.20 6.9 ± 0.70
BESP-20 32.1 ± 0.60 4.0 ± 0.12 21.5 ± 6.1 3.4 ± 0.11 6.5 ± 1.1
Filler size (32 µm)
LS-5 51.3 ± 0.70 3.4 ± 0.19 67.2 ± 1.6 3.1 ± 0.03 14.8 ± 1.0
LS-10 49.8 ± 0.30 3.9 ± 0.08 92.7 ± 1.2 3.3 ± 0.03 14.0 ± 1.2
LS-20 43.5 ± 1.9 4.4 ± 0.09 91.0 ± 2.1 3.5 ± 0.05 11.2 ± 1.3
BESP-5 48.1 ± 2.6 3.7 ± 0.31 60.3 ± 1.1 3.1 ± 0.04 10.4 ± 1.1
BESP-10 48.0 ± 3.2 3.9 ± 0.43 66.8 ± 1.6 3.3 ± 0.10 7.8 ± 1.5
BESP-20 42.7 ± 1.2 4.5 ± 0.19 44.7 ± 1.5 3.4 ± 0.20 7.2 ± 1.4
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Figure 2. Tensile properties of virgin PLA and PLA composites with calcium carbonate fillers:
(a) ultimate tensile strength and (b) tensile modulus.
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3.1.1. Tensile Properties

The tensile properties of the virgin PLA and PLA composites are summarized in
Table 2 and shown in Figure 2 for two particle filler sizes (63 µm and 32 µm). The ultimate
tensile strengths as a function of calcium carbonate filler loadings (Figure 2a) showed that
composites containing 5 wt.% additions of LS and/or BESP for both particle sizes were
similar to the control. When the loadings exceeded 5 wt.%, the strengths reduced below the
control. This might be due to agglomeration of the fine filler powders in the PLA matrix,
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which lack dispersion at higher loadings. At 10 wt.%, the ultimate tensile strengths for
LS and BESP (63 µm) reduced by 8% and 34%, respectively, while LS and BESP (32 µm)
decreased by 2% and 6%, respectively. Composites containing 5–10 wt.% BESP (32 µm)
were similar in ultimate tensile strength. The conventional-limestone-filled composites
were not substantially affected; however, the addition of the brown eggshell fillers to the
PLA showed a sharper decrease in strength. At 20 wt.% concentrations, considerable
reductions in ultimate tensile strengths were observed. In general, the smaller 32 µm
particles performed slightly better than the larger 63 µm particles. The performances of
PLA composites are partly dependent on the interaction of the matrix with the filler. At
low filler loadings, it is probable there will be more polymer-filler–particle interactions
and lower filler agglomerations. The presence of rigid limestone fillers tends to inhibit
polymer chain motion during the uniaxial tensile test. When the filler content increases,
the dispersion of the particles becomes non-uniform and the likelihood of filler particles
clustering with each other increases (e.g., particle-to-particle interactions). In polymer
composites, the agglomeration and poor adhesion between particles leads to lower tensile
strengths [32]. In contrast to the tensile modulus, the tensile strength is susceptible to how
well the bond forms between the filler/matrix interfaces since a poor link will interrupt the
stress transfer from the matrix to the fillers [22]. Physical and chemical surface modifications
have been applied to inorganic fillers to improve compatibility between synthetic polymers.
A common physical treatment is the use of stearic acid, a fatty acid that acts as a surfactant.
Stearic acid acts to lower the surface tension between the hydrophobic polymer and
hydrophilic calcium carbonate particles by coating the particles with a hydrophobic film. A
chemical treatment such as a coupling agent reacts with the surface of the calcium carbonate
and the polymer matrix via chemical covalent bonding. Silane, titanate, and zirconate have
been used as couplings agents [33].

The tensile modulus as a function of calcium carbonate filler loadings (Figure 2b)
showed a steady increase as the filler content changed from 5 to 20 wt.%. Due to the higher
stiffness of the filler particles, compared to the more-pliable PLA matrix, both the calcium
carbonate filler types were rigid and will have less deformation when a tensile load is
applied. As the filler loadings increase, the tendency and amount of particles interacting
with the PLA polymer chains amplifies, resulting in less movement of the overall number
of polymer chains and, thus, higher tensile moduli [34]. The differences in tensile modulus
may be due to how well the fillers are dispersed during the manufacturing process. A study
on the addition of halloysite, a clay mineral, as a filler to polypropylene showed a better
dispersion of fillers, led to a greater tensile modulus [35]. In another study, Moreno et al.
(2015) [36] investigated injection-molded calcium carbonate/PLA composites by blending
them with a twin-screw extruder. The research revealed that increasing the screw speed
resulted in a higher shear rate, which tended to improve the dispersion of the fillers in the
PLA matrix.

3.1.2. Flexural Properties

The flexural properties of the virgin PLA and PLA composites are presented in Table 2
and Figure 3 for the two particle sizes studied. The ultimate flexural strengths as a function
of calcium carbonate filler loadings (Figure 3a) showed that conventional limestone fillers
produced better ultimate flexural strengths than brown eggshell fillers for all filler loadings.
The ultimate flexural strengths of composites containing 10–20 wt.% LS for both particle
sizes were on par with or higher than the virgin PLA. Composites containing 5–10 wt.%
BESP (32 µm) had the highest ultimate flexural strengths when the sustainable eggshell
fillers were used. Particle dimensions are an important characteristic of fillers that influ-
ences the reinforcement effect of the PLA biopolymer. Small-sized particles have a high
surface area, which provides a large surface region for contact between the matrix and
the particles [11]. However, small particles also tend to assemble into larger agglomerates
due to electrostatic forces, and this increases with greater additions of filler loadings. This
phenomenon can describe the drop in ultimate flexural strength at 20 wt.% loadings for all
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composites. In contrast, large-sized particles do not agglomerate as much, but have a low
surface area, which reduces the interaction between the matrix and filler when loads are
applied to the composites. This factor is attributed to the lower strength of the composites
containing 63 µm fillers compared to composites with 32 µm fillers.

The calcium carbonate fillers were able to provide a stiffening effect, as depicted
by the flexural modulus results shown in Figure 3b. For both filler particle sizes, the
flexural modulus increased with the increase of the filler content. At low loadings, the
particles are anticipated to be well dispersed within the PLA matrix, resulting in larger
inter-particle distances. As the filler content increases, the distances between the particles
reduce, bringing particles closer to each other. This creates additional obstacles/restrictions
for polymer chain mobility, which increase the flexural modulus. According to the results,
it appears that the flexural modulus was less affected by the particle size and more by the
amount of filler content.

3.1.3. Charpy Impact Properties

The Charpy impact strengths as a function of calcium carbonate filler loadings for
the virgin PLA and PLA composites are provided in Table 2 and shown in Figure 4. The
highest impact strength was observed for the virgin PLA. There was a gradual decrease of
the impact strength with filler loading for all PLA composites; however, the composites
with smaller particles sizes were slightly better. A study by Nakagawa and Sano (1985) [37]
on polypropylene-filled calcium carbonate composites determined that smaller particles
had better dispersion in the matrix and exhibited higher impact strengths. Toro et al. [38]
studied the impact strength of polypropylene/eggshell composites. The authors noted that,
although pure polypropylene samples experienced higher impact strengths, the addition of
filler loadings reduced the total amount of polymer, which acted to decrease the toughness
and impact strength of the composites. They also observed that composites with the
highest tensile modulus (e.g., stiffness) exhibited the lowest impact properties due to the
high stresses transferred from the polymer to the fillers. The impact strength could be
affected by particle aggregation (e.g., particle-to-particle interactions), which leads to an
inhomogeneous distribution of the fillers in the matrix. In addition, the forces holding
particles together are adhesive forces such as weak secondary van der Waals forces. A
study on the agglomeration tendency of eleven commercial calcium carbonate fillers was
conducted ranging in particle sizes from 0.08 µm to 130 µm. The results indicated that the
particle size was a controlling factor that determined the magnitude of the adhesive forces
between particles where the aggregation of filler particles increased with decreasing particle
size [39]. Although particle size is an important element, particle-to-particle aggregation
has also been reported to be due to filler characteristics, specific surface area, composition,
surface modification, surface tension, and process/manufacturing conditions [11,40].

The Charpy un-notched specimen test method measures the total energy needed for
a crack to initiate and propagate. Un-notched testing can identify agglomeration in the
composite material. Flaws in the form of large filler particles or large/small particles
that agglomerate can be initiation points for cracks to generate and grow upon impact.
Un-notched impact strengths obtained for polymers containing fillers has been reported to
be sensitive to agglomerates [41]. In this study, the Charpy impact strengths decreased as
the amounts of loadings increased, which suggests the un-notched samples were able to
detect agglomerations in the polymer composite.

3.1.4. Scanning Electron Microscopy

Since the PLA composite’s mechanical properties were generally better for the 32 µm
fillers compared to the 63 µm fillers, SEM was conducted on the smaller particle sizes and
fractured surfaces of composites containing these fillers. The particle microstructure for the
powders of the conventional limestone (Figure 5a) and brown eggshells (Figure 5b) were
similar in shape. The particles exhibited angular and irregular geometries for different
sizes. The average particle size with the standard deviation (SD) for the 32 µm sieved
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(No. 450 mesh) fillers was measured using the Image-J software (version 2.3.0/1.53f, NIH,
Bethesda, Maryland, USA), where the LS and BESP were 26.9 ± 3.4 µm and 23.8 ± 7.6 µm,
respectively, as shown in Figure 6.
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The fractured surfaces of the tensile samples for the virgin PLA and the PLA compos-
ites containing the 32 µm sieved particles are shown in Figure 7. The morphology features
of the virgin PLA (Figure 7a) were relatively smooth, revealing a brittle type of failure,
which is characteristic of the PLA matrix. As the filler quantities increased, the surfaces
were rougher, demonstrating ductile characteristics (Figure 7b–e), as given by the white
ridges created during PLA stretching from the tensile test. From a visual observation, the
virgin PLA (Figure 7a) and low filler content composites (Figure 7b,c) showed a dense
fractured surface without any cavities, while at higher filler loadings (Figure 7d,e), some
cavities were observed (red circles) due to pullout of the calcium carbonate fillers. This
suggests the bonding between the filler and matrix was weak.
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The SEM flexural fractured surfaces for the virgin PLA and the PLA composites
containing 32 µm sieved particles are shown in Figure 8. Similar to the tensile fractured
surfaces, the PLA without filler exhibited a brittle mode of failure, as depicted by the
mostly flat regions in Figure 8a, while the filled PLA composites (Figure 8b–e) had irregular
surfaces compared to the virgin PLA. When fillers were added (Figure 8b,c), the fractured
surface after bending showed white fibrils, indicative of matrix plastic deformation. Void
spaces were also concentrated around the stiff filler particles, as illustrated by the white
regions, and this phenomenon was amplified at higher filler contents (Figure 8d,e). The
particles appeared to be embedded in the fractured region of the PLA, suggesting synergy
between the particles and matrix. However, during loading, the matrix deformed around
the particles, indicating poor adhesion between the fillers and matrix.

The SEM Charpy impact fractured surfaces for the virgin PLA and PLA composites
containing 32 µm particles are shown in Figure 9. The virgin PLA (Figure 9a) had flat areas
associated with brittle fracture in addition to longitudinal patterns, which are linked to the
crack propagation produced during impact loading. The PLA 5 wt.% composite fractured
morphology (Figure 9b,c) appeared similar to the virgin PLA, which could explain the
similar Charpy impact strength values associated with these materials, as echoed by the
results in Figure 4. However, adding 20 wt.% loadings may be excessive, which caused
embrittlement and reduced impact strength. By incorporating 20 wt.% fillers (Figure 9d,e),
cavities appeared, possibly due to the dislodgement of filler particles in the matrix, as
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highlighted by the red circles. At greater loadings, there was no specific direction to the
crack propagation, and this can be observed from the irregular broken surfaces. This was
also observed in a polypropylene/calcium carbonate composite, where the impact strength
decreased as the fractured surface became rougher [42].

Waste 2023, 1, FOR PEER REVIEW 12 
 

 

 
Figure 7. Scanning electron micrographs of tensile fractured surfaces: (a) virgin PLA, (b) PLA/LS-5, 
(c) PLA/BESP-5, (d) PLA/LS-20, and (e) PLA/BESP-20 (for 32 µm particles). Red circles show cavities 
in the matrix. 

 
Figure 8. Scanning electron micrographs of flexural fractured surfaces: (a) virgin PLA, (b) PLA/LS-
5, (c) PLA/BESP-5, (d) PLA/LS-20, and (e) PLA/BESP-20 (for 32 µm particles). 
Figure 8. Scanning electron micrographs of flexural fractured surfaces: (a) virgin PLA, (b) PLA/LS-5,
(c) PLA/BESP-5, (d) PLA/LS-20, and (e) PLA/BESP-20 (for 32 µm particles).

Waste 2023, 1, FOR PEER REVIEW 13 
 

 

 
Figure 9. Scanning electron micrographs for Charpy impact fractured surfaces: (a) virgin PLA, (b) 
PLA/LS-5, (c) PLA/BESP-5, (d) PLA/LS-20, and (e) PLA/BESP-20 (for 32 µm particles). Red circles 
show cavities in the matrix. 

3.1.5. Statistical Analysis 
The tensile, flexural, and Charpy properties were assessed one-by-one for both par-

ticle sizes (63 µm and 32 µm), as given in Table 3. The mechanical property F-critical values 
were all less than the F-test values. Therefore, it can be concluded that a statistically sig-
nificant difference existed between the average values of each property measured. The 
results of the ANOVA analysis indicated that the addition of calcium carbonate filler ma-
terials (LS and BESP) to virgin PLA highly affected the tensile, flexural, and Charpy aver-
age properties. 

Table 3. ANOVA mechanical property results of PLA containing calcium carbonate fillers (LS and 
BESP) with two different particle sizes of 63 µm and 32 µm. 

Mechanical 
Property 

Particle Size 
(µm) 

Source of 
Variation 

SS df MS F-test F-crit 

Ultimate tensile strength (MPa)      
 63 BG 1431 6 238.6 84.49 2.508 
  WG 67.77 24 2.824   
 32 BG 286.4 6 47.73 11.99 2.528 
  WG 91.53 23 3.980   

Tensile modulus (GPa)       
 63 BG 1.527 6 0.2546 5.011 2.459 
  WG 1.372 27 0.05080   
 32 BG 4.457 6 0.7429 12.54 2.490 
  WG 1.482 25 0.0593   

Ultimate flexural strength (MPa)      
 63 BG 11,664 6 1944 72.61 2.549 
  WG 589.0 22 26.77   
 32 BG 8255 6 1376 268.1 2.490 
  WG 128.3 25 5.131   

Flexural modulus (GPa)       
 63 BG 0.9917 6 0.1653 42.92 2.549 

Figure 9. Scanning electron micrographs for Charpy impact fractured surfaces: (a) virgin PLA,
(b) PLA/LS-5, (c) PLA/BESP-5, (d) PLA/LS-20, and (e) PLA/BESP-20 (for 32 µm particles). Red
circles show cavities in the matrix.

3.1.5. Statistical Analysis

The tensile, flexural, and Charpy properties were assessed one-by-one for both particle
sizes (63 µm and 32 µm), as given in Table 3. The mechanical property F-critical values were
all less than the F-test values. Therefore, it can be concluded that a statistically significant
difference existed between the average values of each property measured. The results of the
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ANOVA analysis indicated that the addition of calcium carbonate filler materials (LS and
BESP) to virgin PLA highly affected the tensile, flexural, and Charpy average properties.

Table 3. ANOVA mechanical property results of PLA containing calcium carbonate fillers (LS and
BESP) with two different particle sizes of 63 µm and 32 µm.

Mechanical Property Particle Size (µm) Source of Variation SS df MS F-test F-crit

Ultimate tensile strength (MPa)
63 BG 1431 6 238.6 84.49 2.508

WG 67.77 24 2.824
32 BG 286.4 6 47.73 11.99 2.528

WG 91.53 23 3.980

Tensile modulus (GPa)
63 BG 1.527 6 0.2546 5.011 2.459

WG 1.372 27 0.05080
32 BG 4.457 6 0.7429 12.54 2.490

WG 1.482 25 0.0593

Ultimate flexural strength (MPa)
63 BG 11,664 6 1944 72.61 2.549

WG 589.0 22 26.77
32 BG 8255 6 1376 268.1 2.490

WG 128.3 25 5.131

Flexural modulus (GPa)
63 BG 0.9917 6 0.1653 42.92 2.549

WG 0.0847 22 0.0039
32 BG 1.095 6 0.1825 21.42 2.490

WG 0.2129 25 0.0085

Charpy impact strength (KJ·m−2)
63 BG 858.6 6 143.1 129.4 2.246

WG 69.68 63 1.106
32 BG 832.9 6 138.8 99.05 2.246

WG 88.29 63 1.402

BG, between groups; WG, within groups; SS, sum of squares; df, degree of freedom; MS, mean square.

3.1.6. Water Uptake

The water gains due to moisture content for the virgin PLA, as well as the PLA/LS
and PLA/BESP composites containing 63 µm and 32 µm filler particles are shown in
Figure 10. The water absorption weight gain for the virgin PLA at 2, 3, 4, and 5 weeks
was 0.861%, 0.895%, 0.910%, and 0.910%, respectively. Similar results were obtained for
an injection-molded PLA Ingeo Biopolymer 6100D polymer, where after 20 days (3 weeks)
of immersion, the specimens reached their maximum capacity of about 1% of absorbed
water [43]. The methyl side group of PLA provides hydrophobicity; however, PLA is not
completely hydrophobic since water molecules are attracted to the polar oxygen linkages
and end groups in the PLA molecule, which confers PLA’s hydrophilicity [44]. The common
consensus about PLA is that it is a polymer which attracts and absorbs moisture from the
air over time. Following 5 weeks of water soaking, the composites containing LS and BESP
particulates in amounts of 5, 10, and 20 wt.% had water weight gains of 0.910%, 0.983%,
and 1.01% and 1.09%, 1.10%, and 1.13%, respectively for the 63 µm fillers. In the same way,
composites containing 32 µm fillers had weight gains of 0.949%, 0.973%, and 1.09% and
1.10%, 1.15% and 1.26%, respectively. It was observed that smaller filler particle absorbed
slightly more water than the larger 63 µm particles size. The physical absorption of water
by fillers could be influenced by hydrophobicity/hydrophilicity, porosity, and surface
area. Depending on the location of the sedimentary carbonate rock deposits, commercially
available limestone can be of different purities. The majority of limestone contains calcium
carbonate (CaCO3) in the form of mineral calcite ranging in amounts of 85 wt.% (impure)
to 98.5 wt.% (very high purity). The remaining are mineral impurities in the form of
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lime (CaO), magnesia (MgO), silica (SiO2), and iron oxide (Fe2O3) [45]. Correspondingly,
brown eggshells have been determined to comprise calcium carbonate with calcite being
the principal mineral [19]. For both mineral limestone and eggshells, the calcite material
has a rhombohedral structure based on the hexagonal unit cell [46]. At the microscopic
level, the eggshell contains two layers of calcite. The outermost layer (~5–8 µm thick)
consists of dense vertical calcite crystals. The layer below is the palisade layer and is about
200 µm thick. It includes columnar calcite crystals that are less dense than the vertical
layer and positioned perpendicular to the surface of the eggshell [47]. Calcite has been
reported to be highly hydrophilic [48], where water interacts with the surface of calcite by
electrostatic interaction and by hydrogen bonding [49]. Limestone as a rock and eggshell
as a bio-ceramic structure both have high permeability. For example, depending on the
limestone geological formation and depth of recovery, it can have porosities between 8%
and 52% [50]. In the literature, the reported surface porosity for chicken eggshells as a
percentage value (to compare against limestone) is limited; however, eggshells are porous
as conveyed by the number of pores on the surface of the eggshell being between 10,000
and 20,000 [51]. The architecture of an eggshell is interesting such that the microscopic
pore structure functions to permit oxygen to diffuse inwards through the shell from the
surroundings and allows water vapor and carbon dioxide created by the chicken embryo
to diffuse outwards [52]. In contrast to the larger filler particles (e.g., 63 µm), the water
weight gain increased for composites containing smaller particles (e.g., 32 µm) since they
tend to have a greater surface area suggesting more water contact with the particles.

As was anticipated, the composites incorporating 32 µm particles had for the most
part better mechanical properties than composites containing the larger 63 µm particles.
Therefore, the PLA mass loss samples, as well as calcium carbonate contents and pH levels
of the distilled water mediums were evaluated for the former.

3.1.7. Mass Loss

After 5 weeks immersed in distilled water, the mass loss of the virgin PLA decreased
by 0.102% as shown in Figure 11. The PLA/LS and PLA/BESP composites with 5, 10,
and 20 wt.% loadings displayed mass losses of 0.120%, 0.127%, and 0.131% and 0.143%,
0.207%, and 0.235%, respectively. The mass losses were more observable for the brown
eggshell composites. In the same way, a study immersed PLA (Ingeo 3051D) in water
at 23 ◦C and 51 ◦C for 30 days and observed a minor weight decrease of 0.07% and
0.21%, respectively [53]. The degradation of PLA when submitted to high moisture or
submerged in water can breakdown the matrix by a hydrolysis (e.g., reaction with water)
mechanism, which results in a mass loss [54] and the lowering of its molecular weight [55].
At ambient temperature, the hydrolytic degradation of PLA is marginally stable to slow
but is accelerated as the temperature of the water increases. A previous study illustrated
that the time for PLA (structure type not mentioned) to degrade varied with temperature.
For instance, temperatures of 4, 13, 25, 30, 50, 60, and 70 ◦C had onset fragmentation (e.g.,
ester groups of polylactide chains in the presence of water) times of 64 months, 25 months,
6 months, 4.4 months, 1.5 months, 8.5 days and 1.8 days, respectively [56].

Mass losses can be attributed to the hydrolysis of the matrix compounded with the
hydrolysis of the matrix/filler interface. The PLA Ingeo 4043D used in the present study
is a highly amorphous bio-polyester with a D-isomer content of 4.3%, providing its lower
crystallinity [57]. PLA with less than 1% D-isomer is used in injection molding, where high
crystallization rates are required, while higher contents (4–8%) reducing the crystallization
rates, which can be advantageous for injection molding of optically transparent applica-
tions [58]. More importantly, amorphous thermoplastics are ideal over semi-crystalline
polymers for injection molding since they have a lower-dimensional shrinkage with little to
no crystallization, which acts to reduce warpage [59]. However, amorphous PLA structures
are less stable against hydrolysis as the structure allows water to enter more easily into
the bulk of the sample compared to a more-stable semi-crystalline PLA, as its structure
prevents water diffusion into the bulk of the material [60]. Over time, water will break
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down the high-molecular-weight PLA through hydrolysis. As the water molecules diffuse
into the amorphous regions of the PLA, they react with ester bonds along the PLA back-
bone chain. This results in shorter, fragmented chains, which reduces the PLA’s molecular
weight. The hydrolysis process leads to ester bond cleavage occurring primarily in the
amorphous regions, which produces water-soluble products such as lactic acid monomers
and low-molecular-weight oligomer monomers. As time progresses, these products near
the surface can leach out into the distilled water and PLA polymer degradation ensues [61].
Inorganic calcium carbonate is slightly soluble in pure water and has been reported to be
between 6.8 mg/L [62] and 13 mg/L [63] at 25 ◦C. The solubility increases when the water
contains carbon dioxide such as river water or rainwater found in nature. In addition,
the solubility decreases with augmentation in temperature and increases with increasing
mineral concentration [62]. As the composite absorbs water, the interface adhesion between
the PLA matrix/industrial limestone and/or brown eggshell, fillers undergo hydraulic
degradation, which promotes the detachment of filler particles [64]. It is hypothesized
that the calcium-carbonate-based fillers are removed from the composite PLA surfaces as
a solid material, which falls to the bottom of the beakers. A recent study attributed this
phenomenon to osmosis degradation, where the calcium carbonate particles travel towards
the external surfaces of the polymer composite and eventually are released into the aqueous
media [65].
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3.1.8. Leaching Measurements

To determine the degree of leaching of the composites, if any, for both calcium-
carbonate-based filler types (32 µm particles) and loadings, distilled water from individual
beakers were tested after 5 weeks of water soaking, and the results are shown in Figure 12.
An atomic absorption spectrophotometer was used to identify if calcium (Ca) was present
in the water. The mass of calcium obtained was used to calculate the amount of CaCO3
content in milligrams (mg) by multiplying the calcium content by a factor of 2.5. Distilled
water and the virgin PLA water media were analyzed and did not contain any elemen-
tal calcium. Similarly, calcium traces in the PLA/LS composites were not detected. The
PLA/BESP specimens with 5, 10 and 20 wt.% filler contents had 1.21, 2.05, and 4.68 mg of
CaCO3, respectively. The results convey that the conventional limestone did not leach out
of the PLA matrix in contrast to the brown eggshell particulates.
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Figure 12. Calcium carbonate (CaCO3) contents after 5 weeks in water for PLA composites containing
32 µm fillers at different loading concentrations.

Brown eggshells appeared to leach out more than mineral limestone, which can be due
to the fact that there are amorphous regions of calcite within the crystalline calcite regions
of the eggshell [66]. Amorphous regions are unstable and have a higher solubility in water
than crystalline regions [67]. A “floating on water” test [68] was conducted where two
beakers were filled with 100 mL of distilled water as shown in Figure 13a. Then, 5 g of the
32 µm-particle-size mineral limestone and brown eggshell powder were added in separate
beakers (Figure 13b,c). The mixture was stirred at 1100 rpm for 5 min and allowed to settle
for 5 days. From a visual observation, the majority of the mineral limestone beaded on top
of the water, as depicted by the red arrow in Figure 13b, while a minor amount fell to the
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bottom of the beaker. In contrast, all the eggshell powder settled to the bottom of the beaker.
The eggshell powder mixed better with the distilled water than the mineral limestone
possibly due to the attached membrane on the eggshells. The eggshell membrane consists
of proteins that are hydrophilic, therefore, they absorb water and support the sinking of the
eggshell particles to the bottom of the beaker. When high-comminution-degree limestone
powders are stirred, cohesive interactions between small particles can be responsible for the
pasting of grains [68]. The higher solubility of brown eggshells in water may be attributed
to the greater leaching in the PLA/BESP composites.
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3.1.9. pH Measurements

Following the 5-week duration of water soaking, the leaching of PLA or calcium car-
bonate could cause the pH of the distilled water (DW) to change, as shown in
Figure 14. As PLA breaks down in water, it creates an acidic medium due to carboxylic
acid release [69]. In contrast, calcium carbonate offsets the acidic degradation products
from PLA by increasing the pH [70]. The original distilled water had a measured pH of
6.17, and after the 5-week period, the pH value was 5.90. A reduction of the pH of the
distilled water is indicative of the carbon dioxide (in the air) reaction with water to form
carbonic acid. The virgin PLA water sample had a pH of 5.76, possibly due to marginal
leaching of PLA. The PLA/LS and PLA/BESP composites had pH values of 5.83, 5.86, and
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5.92 as well as 5.96, 6.05, and 6.33 for filler contents of 5, 10, and 20 wt.%, respectively. The
PLA/LS composites had pH values in-line with the virgin PLA, while the pH values for
the PLA/BESP composites rose slightly, which could be due to the leaching of the brown
eggshell particles, as depicted in Figure 12.
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4. Conclusions

PLA composites containing either conventional limestone or brown eggshell fillers
were prepared. For all mechanical properties, the additions of smaller particles were fa-
vored over larger particles, and conventional limestone performed marginally better than
brown eggshells. The composites containing 5–10 wt.% brown eggshell fillers (32 µm)
had the highest ultimate tensile strengths, while the additions of 10 wt.% brown eggshell
fillers (32 µm) had the largest ultimate flexural strengths, but both properties were lower
than the control. The tensile modulus and flexural modulus increased with filler loading;
however, the Charpy impact strengths were lower than the control for both filler sizes of
63 µm and 32 µm. From scanning electron microscopy, changes in the fractured surfaces
were observed from being relatively flat and smooth for virgin PLA to an increased rough-
ness as the filler content increased. This suggests the additions of calcium carbonate
fillers had the ability to alter the properties of the PLA. ANOVA showed that both filler
size and filler contents had significant positive effects on the mechanical properties. The
water uptake for the PLA/brown eggshell powder composites was greater than for the
PLA/conventional limestone composites, which may be due to the porous architecture
of the eggshell. Brown eggshell composites leached more than conventional limestone
composites. The leaching was thought to be a result of the amorphous regions in the
eggshells having a higher solubility than the conventional limestone. While the solubility
of conventional limestone has been reported in the literature, there is a lack of solubility
information for eggshells. The results indicated that waste brown eggshells are candidates
for use as filler materials in polymer matrices.
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