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ABSTRACT: This study investigates the valorization of mussel shell waste as a bio-derived filler in poly(L-lactic acid)
(PLLA) to promote sustainable materials aligned with circular economy principles. Mussel shells, a seafood industry
byproduct rich in biogenic calcium carbonate, were ground into powder and incorporated into PLLA at 10–50 wt%.
The resulting composites were thoroughly characterized using scanning electron microscopy and energy dispersive
X-ray spectroscopy (SEM-EDX), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), and uniaxial tensile testing to
assess morphological, chemical, thermal, and mechanical properties. Incorporation of mussel shell powder significantly
increased stiffness, with the storage modulus improving by more than 70% at the highest filler content. DSC results
suggest that mussel shell powder promotes a heterogeneous nucleation effect in PLLA, enhancing crystallization and
modifying crystallization behavior. DMTA measurements further demonstrated a substantial increase in thermome-
chanical stiffness while only slightly affecting the glass transition temperature, indicating restricted chain mobility due to
the presence of the rigid mineral filler. TGA revealed a second degradation step from calcium carbonate decomposition,
without compromising processability. Conversely, tensile strength, ductility, and toughness decreased progressively,
reflecting the typical stiffness-toughness trade-off of mineral-filled composites. Overall, this work highlights the
potential of mussel shell powder not only as a sustainable bio-derived filler but also as a functional reinforcing phase
that can influence crystallization behavior and thermomechanical performance of PLLA.

KEYWORDS: Biogenic; biodegradable polymers; composite materials; mechanical properties; thermal properties;
scanning electron microscopy

1 Introduction
As the global population and industrial activity grow [1], there is an increasing demand for chemicals

and materials [2], but as most polymers and chemicals are derived from fossil fuel resources [3], this poses
significant environmental risks [4]. Around the world, the production and use of materials are increasingly
constrained by environmental limits, affecting everything from biodiversity and land use to climate systems
and nutrient cycles [5]. Addressing the environmental footprint of material consumption is both urgent and
complex, demanding progressive evaluation of potential side effects and the integration of multidisciplinary
systems-based strategies [5].
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Polylactic acid (PLA), and in particular its L-isomer-rich form poly(L-lactic acid) (PLLA), is a
biodegradable thermoplastic derived from biomass such as corn or sugarcane [6]. Owing to its com-
postability [7], biocompatibility [8], and mechanical performance [9], PLLA has gained prominence as an
eco-friendly alternative to conventional plastics [10]. However, its cost, thermal resistance, and mechanical
brittleness often limit broader application [6,11,12]. One widely studied approach to address these limitations
involves incorporating solid fillers into PLLA to tailor its performance and reduce reliance on virgin
polymer [12,13].

Previous studies have shown that the incorporation of fillers into polymer matrices can significantly
enhance stiffness and thermal stability [14]. For instance, mineral or bio-based fillers in PLA and epoxy
systems have been reported to increase Young’s modulus by 20%–100%, depending on filler type, loading, and
dispersion, although often at the expense of ductility and toughness [15,16]. Such improvements highlight
the potential of filler incorporation as an effective strategy to tailor polymer performance.

While traditional mineral fillers (e.g., talc, glass, calcium carbonate) are effective, they are non-
renewable and often associated with high environmental extraction costs [17]. Recent studies have explored
bio-based fillers, such as wood flour [18], cotton [19], and agricultural byproducts [20,21], for their potential to
reduce environmental impact while maintaining or enhancing composite properties [13]. In particular, fillers
derived from waste streams offer a dual advantage: performance enhancement and waste valorization [11].

In addition to stiffness enhancement, the fracture behavior of filled polymers is a key parameter in
structural applications. Fracture energy and toughness are intrinsic properties governing crack initiation and
propagation, particularly relevant for finite element analysis (FEA) and engineering design [22,23]. However,
incorporation of rigid fillers often leads to reduced fracture energy due to stress concentration and limited
plastic deformation [24], emphasizing the need to balance stiffness and toughness in composite design.

More recently, renewable fillers have also been incorporated into biodegradable polymer blends to tailor
both environmental and material performance. For example, Letwaba et al. [25] investigated PLA/PBAT
blends reinforced with algae biomass and studied their biodegradation behavior under controlled compost-
ing conditions. Their work showed that the incorporation of algae could accelerate biodegradation while
influencing the thermal and morphological properties of the composites. Such studies highlight the growing
interest in bio-derived fillers for improving the sustainability of biodegradable polymers. However, most
of these investigations focus primarily on biodegradation performance and organic biomass fillers, while
comparatively fewer studies have examined the potential of biogenic mineral fillers derived from biological
waste to modify the crystallization behavior and thermomechanical properties of PLA-based materials.

Recent research has shown that incorporating bio-based fillers into polylactic acid composites can
significantly reduce environmental impacts compared to conventional inorganic fillers [17]. In a combined
life cycle and techno-economic assessment, fillers such as wood, flax, and dried distillers’ grains with solubles
(DDGS) demonstrated lower greenhouse gas emissions, reduced energy consumption, and lower production
costs than traditional fillers like glass and talc [26]. As a result, bio-based fillers represent a promising route to
enhance the sustainability of PLA composites without compromising performance, supporting the broader
shift toward greener material solutions [17].

From a life-cycle perspective, the use of waste-derived fillers such as shellfish byproducts offers
additional environmental benefits by reducing landfill disposal, lowering raw material extraction, and
contributing to circular economy strategies [27]. Compared to conventional mineral fillers obtained
through mining, biogenic calcium carbonate can significantly reduce environmental footprint while enabling
resource recovery from food industry waste streams.
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As the global population grows, food waste is also rising, with production and disposal increasing in
parallel [28]. When left to decompose or incinerated, this waste contributes to additional environmental
harm. While traditionally extracted from limestone quarries, substitutes derived from biological sources like
eggshells or seashells are more interesting from an environmental perspective, as they can lower resource
depletion and valorize products that would otherwise be considered food waste [29].

Among potential bio-waste fillers, shellfish waste such as mussel shells presents an untapped opportu-
nity. Composed predominantly of biogenic calcium carbonate (i.e., aragonite or calcite) [30], mussel shells are
an abundant byproduct of the seafood industry yet are commonly discarded in landfills or incinerated [31].
Compared to mined CaCO3, biogenic sources may reduce resource depletion and associated emissions, while
providing a route for upcycling food waste into high-value materials [32].

Mussel shells exhibit a hierarchical structure composed of calcium carbonate crystals (typically
aragonite) embedded in an organic matrix, providing intrinsic mechanical robustness [30]. This unique
structure, combined with trace elements such as Mg and Sr, may influence interfacial interactions with
polymer matrices and potentially affect crystallization behavior [33]. Furthermore, biogenic CaCO3 has
been increasingly investigated as a sustainable alternative filler in polymer composites, where it can act as a
reinforcing phase and influence thermal and mechanical properties [34].

Although biogenic calcium carbonate from eggshells or clams has been used in polymer matrices,
the use of mussel shells in PLA-based composites remains largely underexplored. Given their unique
morphology, trace mineral composition (e.g., Mg, Sr), and marine origin, mussel shells may offer distinctive
advantages as reinforcing fillers.

In particular, biogenic CaCO3 fillers have been reported to influence the crystallization behavior of
PLLA by providing heterogeneous nucleation sites, which can modify crystallization kinetics and final
microstructure [35]. However, the extent of this effect depends strongly on filler characteristics such as
particle size, dispersion, and interfacial interactions [36].

The aim of this study is to investigate the incorporation of mussel shell powder into PLLA to assess
its impact on thermal and mechanical properties. A comprehensive characterization—using techniques
such as SEM-EDX, FTIR, TGA, DSC, DMA, and tensile testing—is carried out to understand filler-matrix
interactions and the overall composite performance. This work proposes a new valorization pathway for
shellfish waste while advancing the development of functional, sustainable bio-composites.

The novelty of this work lies in the combined investigation of thermomechanical behavior and
crystallization phenomena in PLLA filled with mussel shell-derived biogenic calcium carbonate over a
wide filler loading range (10–50 wt%), with a particular focus on linking filler characteristics to structure-
property relationships. In addition, this study contributes to the development of sustainable materials
by demonstrating a viable route for converting marine bio-waste into value-added polymer composites.
Potential applications of such materials include packaging, semi-structural components, and biodegradable
products where enhanced stiffness and reduced environmental impact are desired.

2 Experimental

2.1 Materials
Mytillus galloprovincialis mussels were collected near the coast of Saint-Jean-Cap-Ferrat (43○41′

02.4′′ N, 7○18′56.2′′ E), France, by the “Moyens à la Mer” technical service of the Laboratoire
Océanographique de Villefranche-sur-Mer (FR3761, Mediterranean Sea). After collection, the mussels were
manually dissected, and the shells were separated from the soft tissues.
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Poly(L-lactic acid) (PLLA) was provided by Total Corbion under the trade name Luminy
R©

LX175.
According to the supplier, LX175 is a high-viscosity grade suitable for film extrusion and thermoforming. All
polymers were used as received, without any further purification or chemical modification.

2.2 Material Fabrication
Mussel shells were first opened, cleaned, and dried overnight in a vacuum oven at 80○C to remove

moisture and any remaining organic residues. The dried shells were then processed into a fine powder using
a cryogenic ball mill (GT-300, Powtec). To prevent heating during the grinding process, liquid nitrogen was
added prior to milling. Grinding was performed for 5 min at 1000 rpm.

Composite films were prepared by mixing poly(L-lactic acid) (PLLA) with mussel shell powder at
different weight ratios: 0%, 10%, 20%, 30%, 40%, and 50% w/w. Neat PLLA (0 wt%) was processed
following the same thermal and pressing protocol as the composite samples, but without the addition of
mussel shell powder. PLLA was first melted at 260○C directly in a PDMS mold. Once fully molten, the
corresponding amount of mussel shell powder was added and manually mixed into the polymer melt to
ensure uniform dispersion.

The resulting molten mixture was then placed between two flat Kapton
R©

sheets and transferred to a hot
press. The system was compressed quickly at 190○C under a pressure of approximately 10–15 bar to form a
film. After pressing, the sample was removed from the press and allowed to cool naturally on a flat surface
at room temperature to solidify. The final films had a thickness of approximately 300–400 μm, suitable for
subsequent characterization.

It should be noted that the processing temperature of 260○C was selected to ensure complete melting
and adequate flow of PLLA, particularly at high filler loadings where viscosity increases significantly. To
limit potential thermal degradation, the residence time at this temperature was kept as short as possible. The
subsequent hot-pressing step at 190○C was performed below the typical degradation onset of PLLA, thereby
minimizing additional thermal damage.

2.3 Testing Procedures
2.3.1 Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy (SEM-EDX)

Mussel shell powder was deposited on carbon double tape, fixed on a copper sample holder. Deposit
was carbon-coated and SEM-EDX were performed using a Tescan Vega3 XMU Scanning Electron Micro-
scope (Tescan France, Fuveau, France) equipped with an Oxford X-MaxN 50 mm2 EDX detector (Oxford
Instruments, Abingdon, UK). SEM images were obtained in secondary electron mode, at 20 kV.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)
Sample was analyzed by FTIR spectroscopy. The spectra were acquired between 4000 and 400 cm−1

with a Bruker TENSOR 27 spectrophotometer employed in attenuated total reflectance (ATR) mode using
a diamond crystal. 32 scans were accumulated with a resolution of 4 cm−1.

2.3.3 Thermogravimetric Analysis (TGA)
TGA measurements were carried out using a TGA 2 instrument from Mettler-Toledo. Samples were

placed in 70 μL alumina crucibles and heated from 25○C to 900○C at a constant heating rate of 5○C/min
under a nitrogen flow of 50 mL/min. The data were processed and analyzed using the STARe 18.00 thermal
analysis software.
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2.3.4 Differential Scanning Calorimetry (DSC)
DSC measurements were performed using a DSC 822 instrument (Mettler Toledo), equipped with

a Huber IntraCooler TC45. The DSC system utilizes a highly sensitive HSS7 ceramic sensor (heat-flux
sensor with 120 Au–Au/Pd thermocouples), ensuring precise thermal measurements. To maintain accuracy,
temperature, enthalpy, and tau lag calibrations were routinely conducted using indium and zinc standards.
Approximately 4.5–5.5 mg of sample material was sealed in 40 μL pierced aluminum pans. Measurements
were carried out from 5○C to 210○C at a heating rate of 10○C/min, under an air atmosphere with a constant
flow rate of 50 mL/min. The Tg was identified as the inflection point of the baseline deviation in the reversing
heat flow signal. The data were processed and analyzed using the STARe 18.00 thermal analysis software.

The crystallization conversion, α (T), was calculated from the partial area of the exotherm as a function
of temperature according to:

α (T) = ∫
T

T0
q (T) dT

∫
Tf

T0
q (T) dT

(1)

with q(T) is the heat flow associated with crystallization, and T0 and Tf correspond to the onset and
end temperatures of the crystallization event, respectively. Conversion curves were reported as α (T)
vs. temperature.

Because only PLLA contributes to crystallization, the crystallization enthalpy was also normalized to
the PLLA mass fraction in the composites. The PLLA fraction, wPLLA, was determined from the filler content
estimated by TGA, and the crystallization enthalpy of PLLA was calculated as:

ΔHcPLLA =
ΔHcsam pl e

wPLLA
(2)

with

wPLLA = 1 −w f i l l er (3)

To investigate crystallization upon heating, samples were first erased of their thermal history by melting
at 220○C for 10 min in a convection oven. Immediately after melting, the aluminum pans were rapidly
quenched by immersion in liquid nitrogen to obtain an amorphous state. The quenched samples were then
subjected to a DSC heating scan from 5○C to 210○C at a rate of 10○C/min under the same experimental
conditions described above.

The degree of crystallinity (χc) for each sample was determined according to Eq. (4):

χc =
ΔHm − ΔHc

ΔH0
m

× 100 (4)

where ΔHm (J g−1) is the melting enthalpy calculated from the endothermic peak integration obtained from
the first heating scan; ΔHc (J g−1) is the sample crystallization enthalpy calculated from the exothermic peak
integration obtained from the first heating scan; ΔH0

m is the theoretical melting enthalpy of the polymer
assumed to be 100% crystalline: 93 J g−1 for PLLA [37].

2.3.5 Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis (DMA) was performed using a DMA 1 analyzer from Mettler-Toledo

in tensile mode to evaluate the thermomechanical behavior of the PLLA/mussel shell powder composite
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films. Rectangular specimens with dimensions of 5 × 3 × 0.35 mm (length × width × thickness) were tested.
The temperature sweep was conducted from 10○C to 230○C at a constant heating rate of 2○C/min. A single-
frequency oscillation mode was used, with a frequency of 1 Hz, a displacement amplitude of 5 μm, and a
strain amplitude of 0.1% under auto-tension offset control. The storage modulus (E′), loss modulus (E′′), and
damping factor (tan δ) were recorded as functions of temperature. The data were analyzed using the STARe
18.00 thermal analysis software.

2.3.6 Uniaxial Tensile Testing
Tensile measurements were performed in a Shimadzu testing machine using a crosshead speed of

1 mm/min, with a load cell of 1 kN. All specimens were cut in dumbbell shape, i.e., 21 × 2.0 × 0.4 mm (length
× width × thickness). A minimum of 6 measurements was carried out for each sample, and the results were
used to calculate the mean values of Young’s Modulus, maximum stress, stress at rupture, toughness and
elongation at break.

3 Results and Discussion

3.1 Morphological and Particle Size Characterization (SEM)
Scanning electron microscopy (SEM) was conducted on the mussel shell powder. Obtained images are

shown in Fig. 1.

Figure 1: SEM images of mussel shell powder.

Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX) was
performed to characterize the morphology, particle size distribution, and elemental composition of the
mussel shell powder, which are expected to influence filler dispersion within the PLLA matrix as well as its
potential nucleating and reinforcing effects. SEM images revealed that the mussel shell powder exhibited a
heterogeneous distribution of particle sizes and shapes, including angular, flaky, and irregular geometries.
Particle sizes vary between few micrometers up to 200 μm. This morphological heterogeneity is typical of
ground biogenic materials [38] and can be attributed to the mechanical grinding process, which fractures the
shell into particles along natural cleavage planes or microstructural weak points. Such diversity in particle
morphology and size distribution can significantly influence the filler-polymer interactions.

Irregular shapes may lead to mechanical interlocking within the polymer matrix, enhancing stiff-
ness [39]. Wide size distribution can promote better packing within the polymer but may also lead to
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inconsistent dispersion or agglomeration, potentially contributing to localized stress concentrations or
defects [40].

3.2 Elemental Composition (EDX)
Energy Dispersive X-ray (EDX) spectra were collected on mussel shell powder spots, and average spectra

were also collected through elemental maps (not shown). Since similar observations were made in different
analyzed spots and areas, one averaged spectrum is shown in Fig. 2.

Figure 2: EDX spectrum of mussel shell powder.

EDX results showed calcium (Ca) as major element in the mussel shell powder, associated with calcium
carbonate (CaCO3), confirming that the primary inorganic constituent is aragonite and calcite, consistent
with known shell composition [41]. Trace elements such as Sodium (Na), Magnesium (Mg), and Strontium
(Sr) were also detected in smaller amounts.

Strontium likely originates from seawater and is naturally incorporated into the calcium carbonate
structure of marine shells. Its persistence after washing suggests it is structurally integrated rather than simply
adsorbed at the surface. Magnesium is often considered as substitutes for calcium in biogenic carbonates,
especially in aragonite phases, which are common in mollusk shells [42]. Its presence supports a natural
compositional variability of the shell material, with Mg acting as a stabilizer of the crystalline form [43]. The
presence of these minor elements could influence the interfacial chemistry with PLLA. These elements may
also influence surface energy and wettability, thus affecting the dispersion and interfacial bonding between
filler and polymer.

3.3 Chemical Structure Characterization (FTIR)
FTIR spectroscopy was conducted to investigate the chemical structure of mussel shell powder, neat

PLLA, and PLLA-based composites containing 10% to 50% w/w mussel powder. The spectra confirm the
presence of characteristic bands of both PLLA and mussel shell constituents as shown in Fig. 3.

The mussel shell powder (MP) spectrum displays prominent absorption bands at approximately 1410,
870, and 710 cm−1, which are typical of calcium carbonate (CaCO3) [44], particularly the in-plane bending
(ν4), out-of-plane bending (ν2), and lattice mode vibrations, respectively. These bands are consistently
observed in the composite films, confirming the presence and successful incorporation of mussel shell
powder into the polymer matrix without chemical transformation. However, no systematic or proportional
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increase in band intensity with increasing filler content is observed. This behavior is attributed to the use of
ATR-FTIR, for which band intensities are not reliably proportional to filler concentration due to variations
in contact pressure between sample and the diamond crystal and wavelength-dependant depth.

Figure 3: FTIR spectra of neat PLLA, mussel shell powder (MP), and PLLA-based composites containing 10%–50%
w/w mussel shell powder.

Neat PLLA exhibits typical absorption bands at 1750 cm−1 (C=O stretching of the ester group) [45]
and 1180–1080 cm−1 (C–O–C stretching) [46]. These bands remain unchanged across all composite spectra,
indicating that no new chemical bonds or interactions were formed between the PLLA and the mussel
powder during processing. Instead, the spectra suggest a physical mixing of the filler within the polymer
matrix, with no evidence of chemical degradation or reaction.

Although CaCO3-related bands are clearly detected in all composite samples, their relative intensity
variations do not strictly follow the nominal filler content, which is consistent with the intrinsic limitations
of ATR-FTIR for quantitative analysis of heterogeneous composites. Consequently, FTIR is used here as
a qualitative tool to identify the chemical constituents of the composites, while quantitative assessment of
mineral content is more reliably provided by thermogravimetric analysis.

3.4 Thermal Stability Assessment
Thermogravimetric analysis was conducted on neat PLLA and PLLA-mussel shell powder composite

films with mussel powder mass fractions ranging from 10% to 50%, to assess their thermal stability and
decomposition behavior under a nitrogen flow (Fig. 4).

Neat PLLA exhibited a single-step thermal degradation, with the onset of 1% mass loss occurring at
298.5○C (Table 1). As the mussel shell powder content increased, a progressive shift of the degradation onset
toward lower temperatures was observed. For instance, the temperature corresponding to 1% mass loss
decreased to 276.5○C for the 10 wt% composite and further to 255.8○C for the 50 wt% composite. A similar
trend was observed for the temperatures at 5% and 10% mass loss, indicating a gradual reduction in the
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thermal stability of the PLLA matrix upon filler incorporation. These results suggest that the presence of
mussel shell powder slightly accelerates the initial degradation of PLLA.

Figure 4: (A) TG and (B) dTG curves of PLLA, mussel shell powder, and PLLA/mussel shell powder composites (10%–
50% w/w) measured at 10○C/min under nitrogen flow.

Table 1: Degradation onset temperatures at 1%, 5%, and 10% mass loss (Tdeg) determined by TGA for PLLA/mussel
shell powder composites.

PLLA/Mussel Shell
Powder Ratio (w/w)

Mussel Shell Powder
Ratio Estimated from

TGA (%)
Tdeg 1% (○C) Tdeg 5% (○C) Tdeg 10% (○C)

100/0 – 298.5 322.1 328.5
90/10 11.2 276.5 303.5 314.5
80/20 19.5 268.1 294.4 305.6
70/30 27.3 262.7 286.2 295.8
60/40 36.9 256.1 278.9 288.5
50/50 44.7 255.8 274.1 283.0
0/100 – 280.1 648.9 694.0

In addition to changes in degradation onset, the composite samples exhibited a second mass loss event
at higher temperatures (above ~650○C), which was absent in neat PLLA. This second degradation step is
attributed to the thermal decomposition of calcium carbonate (CaCO3) from the mussel shell powder into
calcium oxide (CaO) and carbon dioxide (CO2) [47], in agreement with the TGA behavior of the pure mussel
shell powder, which showed a major decarbonation step with a mass loss of approximately 42%.

The residual mass at high temperature increased systematically with increasing filler content, reflecting
the presence of thermally stable inorganic material. Based on the residual mass after polymer degrada-
tion and the known decarbonation behavior of CaCO3, the effective mussel shell powder content in the
composites was estimated from the TGA data and is reported in Table 1. The estimated filler contents
are in good agreement with the nominal formulations, yielding values of 11.2%, 19.5%, 27.3%, 36.9%, and
44.7% for the composites prepared with nominal loadings of 10, 20, 30, 40, and 50 wt%, respectively. This
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confirms the successful and reproducible incorporation of the mussel shell powder into the PLLA matrix
during processing.

The incorporation of mussel shell powder leads to a moderate decrease in the thermal stability of PLLA,
which may be attributed to several combined effects, including disruption of polymer chain packing by the
inorganic filler [48], possible catalytic effects induced by mineral surfaces [49], and the presence of trace
elements such as magnesium and strontium in the biogenic calcium carbonate. These effects are consistent
with previously reported behaviors of mineral-filled biodegradable polymer composites and remain limited
in magnitude [50,51], indicating that the composites retain sufficient thermal stability for conventional melt-
processing applications.

3.5 Thermal Transitions and Crystallization Behavior (DSC)
Differential scanning calorimetry (DSC) was performed to investigate the crystallization behavior of

neat PLLA and PLLA/mussel shell powder composites under two different conditions: crystallization during
cooling from the melt and crystallization upon heating after rapid quenching. This analysis allows evaluation
of the influence of the biogenic calcium carbonate filler on nucleation processes, crystallization kinetics,
and the overall semicrystalline structure of PLLA. DSC cooling thermograms and the corresponding
crystallization conversion curves are shown in Fig. 5. The main thermal parameters extracted from these
experiments are summarized in Tables 2 and 3.

Figure 5: (A) Cooling scans and (B) conversion rate of PLLA and PLLA/mussel shell powder composites (10%–
50% w/w) recorded by DSC at 10○C/min.

Table 2: Crystallization temperature (Tc) and enthalpy of crystallization (ΔHc) of PLLA/mussel shell powder compos-
ites from DSC cooling scans at 10○C/min.

PLLA/Mussel Ratio 100/0 90/10 80/20 70/30 60/40 50/50
Tc (○C) 102.1 98.7 99.4 98.7 98.9 99.2

ΔHc (J/g sample) 7.1 26.5 33.2 19.3 17.7 10.9
PLLA fraction 1.000 0.888 0.805 0.727 0.631 0.553

ΔHc (J/g PLLA) 7.1 29.8 41.2 26.5 28.1 19.7
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Table 3: Glass transition, crystallization, and melting parameters of neat PLLA and PLLA/mussel shell powder
composites obtained by DSC heating scans at 10○C/min.

PLLA/Mussel Ratio 100/0 90/10 80/20 70/30 60/40 50/50
Tg (○C) 58.0 57.4 57.2 57.1 57.5 57.1

ΔCp (J/g/K) 0.686 0.772 0.692 0.642 0.469 0.375
Tc (○C) 106.8 103.5 102.9 104.7 103.8 103.6

ΔHc (J/g sample) 52.4 50.9 41.8 39.1 35.3 29.8
PLLA fraction 1.000 0.888 0.805 0.727 0.631 0.553

ΔHc (J/g PLLA) 52.4 57.3 51.9 53.8 55.9 53.9
Tm (○C) 168.7 169.0 168.3 168.1 167.1 166.2

ΔHm (J/g) 52.2 52.4 45.6 41.1 35.9 29.2
χc (%) 0 2 4 2 1 0

During cooling, neat PLLA exhibits a weak and broad crystallization exotherm, with a crystallization
temperature (Tc) close to 102○C (Fig. 5A), reflecting its intrinsically slow crystallization kinetics. Upon
incorporation of mussel shell powder, Tc shifts slightly toward lower temperatures (around 98○C–100○C)
but then remains nearly constant for all composite samples, regardless of filler loading (Table 2). This shift
toward lower crystallization temperatures suggests that the mussel shell particles may act as heterogeneous
nucleation sites, facilitating the onset of crystallization during cooling. This behavior indicates that the
introduction of a relatively small amount of mineral filler is sufficient to promote heterogeneous nucleation
phenomena in PLLA. Once an adequate density of nucleation sites is reached, further increases in filler
content do not significantly alter the temperature at which crystallization occurs. In this regime, the
crystallization process becomes governed primarily by polymer chain mobility and crystal growth rather
than nucleation density.

The crystallization enthalpy, corrected to account for the PLLA mass fraction, shows a non-monotonic
dependence on filler content. ΔHc of PLLA increases strongly at low filler loadings and reaches a maximum
at approximately 20 wt% mussel shell powder (Fig. 5A and Table 2). This behavior suggests the presence
of an optimal filler concentration at which nucleation efficiency and polymer chain mobility are balanced,
resulting in the highest crystallizable fraction. This enhancement is consistent with a nucleation-promoting
effect of the mussel shell particles, which promote the formation of a higher crystalline fraction during
cooling. At higher filler contents, ΔHc decreases progressively, indicating that the beneficial nucleation effect
is progressively counterbalanced by confinement and dilution effects [52]. At high mineral loadings, polymer
chains experience restricted mobility near rigid filler surfaces and the effective volume available for crystal
growth is reduced, limiting the extent of crystallization despite the presence of abundant nucleation sites [53].

The crystallization conversion curves (Fig. 5B) further support this interpretation. All PLLA/mussel
shell powder composites exhibit very similar sigmoidal conversion profiles, suggesting comparable overall
crystallization kinetics once heterogeneous nucleation is established. In contrast, neat PLLA shows a slightly
earlier onset of conversion, consistent with homogeneous nucleation occurring at higher temperatures. The
close overlap of the conversion curves suggests that increasing filler content beyond a certain threshold does
not significantly accelerate crystallization, and that crystal growth rather than nucleation may become the
rate-limiting step. These results are consistent with the presence of heterogeneous nucleation sites in PLLA
composites, while not allowing a quantitative assessment of nucleation efficiency.

DSC heating scans performed after rapid quenching provide complementary insight into crystallization
under conditions where the polymer initially lacks an ordered structure (Fig. 6A). All samples exhibit a glass
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transition around 57○C–58○C, followed by cold crystallization and subsequent melting. The glass transition
temperature remains essentially unchanged with filler content, indicating that the presence of mussel shell
powder does not significantly alter the segmental dynamics at the glass transition. This observation suggests
that the filler primarily influences crystallization behavior rather than the fundamental molecular mobility
of PLLA chains in the amorphous phase.

Figure 6: (A) Heating scans and (B) conversion rate of PLLA and PLLA/mussel shell powder composites (10%–
50% w/w) recorded by DSC at 10○C/min after quenching.

However, the heat capacity step at Tg (ΔCp) decreases markedly for filler contents above 40 wt%
(Table 3). This reduction in ΔCp reflects a decrease in the fraction of mobile amorphous PLLA chains,
consistent with increased confinement and interfacial interactions at high filler loadings. The saturation of the
polymer-filler interface at elevated mineral contents restricts chain mobility and reduces the thermodynamic
contribution of the amorphous phase.

Cold crystallization during heating occurs at temperatures between 104○C and 107○C (Fig. 6A).
Compared to neat PLLA, the presence of mussel shell powder induces a slight shift of Tc toward lower
temperatures, from about 107○C for PLLA to approximately 103○C–104○C for the composites (Table 3).
This shift is consistent with a heterogeneous nucleation contribution from the mussel shell particles,
which facilitate crystallization upon heating from the amorphous state. The crystallization enthalpy, when
normalized to the PLLA mass fraction, remains relatively stable across all composite formulations, indicating
that the overall crystallizable fraction of PLLA is not strongly affected by filler content under heating
conditions. Nevertheless, the intensity of the cold crystallization exotherm decreases progressively with
increasing filler content, reflecting the dilution of the polymer phase.

The conversion curves derived from the heating scans (Fig. 6B) reveal clear differences between neat
PLLA and the composites. Neat PLLA exhibits significantly slower crystallization kinetics, with conversion
occurring over a broader temperature range. In contrast, all PLLA/mussel shell powder composites display
much steeper and closely overlapping conversion curves, indicating faster and more uniform crystallization
once nucleation is facilitated by the filler. This behavior further supports the hypothesis that mussel shell
powder may reduce the crystallization barrier of PLLA, although no quantitative kinetic parameters can be
extracted from the present analysis.
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Comparing crystallization during cooling and cold crystallization upon heating reveals both similarities
and important differences. In both cases, the addition of mussel shell powder suggests the activation of
heterogeneous nucleation mechanisms [54], leading to similar crystallization temperatures for all composites
and overlapping conversion curves. This indicates that, once nucleation is no longer limiting, crystallization
kinetics are primarily controlled by PLLA chain mobility and growth processes. However, the influence
of filler content on crystallization enthalpy differs between the two thermal histories. During cooling,
ΔHc exhibits a clear maximum at intermediate filler content (~20 wt%), reflecting an optimal balance
between nucleation efficiency and chain mobility. During heating after quenching, ΔHc of PLLA remains
relatively constant, suggesting that cold crystallization is less sensitive to filler-induced confinement effects,
as crystallization occurs from a highly disordered amorphous state with increased chain mobility above Tg.

Furthermore, no significant shift in thermal transitions was observed, suggesting that severe chain
scission during processing is unlikely. This supports the interpretation that the changes in properties are
mainly governed by filler–matrix interactions.

3.6 Thermomechanical Properties (DMA)
Dynamic mechanical analysis was performed to investigate the viscoelastic properties of PLLA/mussel

shell powder composites and to assess the effect of filler loading on the glass transition and stiffness of the
materials (Table 4).

Table 4: Glass transition temperature and viscoelastic properties of PLLA/mussel shell powder composites obtained by
DMA. The table summarizes the tan δ peak temperature (Tg), full width at half maximum (FWHM) of the transition,
peak of the loss modulus (E′′), and storage modulus at 20○C.

PLLA/Mussel Shell
Powder Ratio (w/w) Ttan δpeak (○C) FWHMtan δpeak (○C) TE′′peak (○C) E′20○C (MPa)

100/0 58.9 7.5 52.1 2434
90/10 58.7 7.9 51.6 2792
80/20 59.9 7.4 54.4 3094
70/30 59.3 7.3 52.9 2988
60/40 60.9 8.9 54.0 3455
50/50 60.8 9.0 54.5 4163

As shown in Fig. 7A, the storage modulus at 20○C (E′20○C) increased steadily with mussel shell powder
content, from 2434 MPa for neat PLLA to 4163 MPa at 50% w/w. This substantial increase in storage
modulus demonstrates the strong reinforcing effect of the rigid mineral filler within the PLLA matrix. This
improvement in stiffness highlights the mechanical reinforcing effect of the mussel shell powder, attributed
to its intrinsic rigidity and its ability to restrict polymer chain motion through interfacial interactions [55].
The presence of inorganic particles limits the mobility of surrounding polymer chains, leading to a stiffer
composite material even at relatively low filler contents.

The glass transition temperature (Tg) was evaluated using both the peak of the tan δ and the peak
of the loss modulus (E′′). For neat PLLA, Tg values were 58.9○C (tan δ peak) (Fig. 7B) and 52.1○C
(E′′ peak). With increasing mussel content, both indicators showed a slight but consistent increase: up to
60.8○C (tan δ) and 54.5○C (E′′) for the 50% composite. This slight shift in Tg suggests a moderate restriction
of segmental mobility in the amorphous phase due to the presence of rigid filler particles and interfacial
interactions between the mineral surface and the polymer matrix. This indicates a moderate reduction
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in segmental mobility due to the presence of the filler, though the nature of the glass transition remains
relatively unaffected.

(A) (B)

Figure 7: (A) Storage and loss modulus and (B) tan δ vs. temperature for PLLA/mussel shell powder composites (0%–
50% w/w).

In addition to the shift in stiffness in the glassy region, a marked increase in storage modulus is observed
upon heating above Tg for all samples (Fig. 7A). This modulus recovery corresponds to the occurrence of cold
crystallization [56], during which newly formed crystalline domains act as physical crosslinks and reinforce
the material in the rubbery state.

Notably, this post-Tg stiffening occurs at lower temperatures and with a steeper modulus increase for
all PLLA/mussel shell powder composites compared to neat PLLA. This shift toward lower crystallization
temperatures is consistent with the DSC results, which demonstrated that mussel shell powder acts as a
heterogeneous nucleating agent for PLLA. This behavior indicates that the presence of mussel shell powder
accelerates crystallization upon heating, independently of the exact filler content. This observation is fully
consistent with the DSC heating results, which show a shift of the cold crystallization temperature toward
lower values for all composites and faster crystallization kinetics compared to neat PLLA.

The close similarity of the modulus recovery profiles among the composites further suggests that, once
heterogeneous nucleation is activated by the filler, crystallization kinetics are governed primarily by PLLA
chain mobility rather than by the filler concentration. Therefore, the DMA results confirm that mussel shell
powder not only reinforces the polymer matrix but also modifies the crystallization behavior of PLLA,
contributing to improved thermomechanical performance of the composites.

The full width at half maximum (FWHM) of the tan δpeak increased from 7.5○C to 9.0○C across the
composition range, suggesting a progressive broadening of the glass transition. This broadening reflects
increased microstructural heterogeneity in the composite system, likely arising from interfacial regions
between the PLLA matrix and the dispersed mineral particles. This behavior is consistent with increased
microstructural heterogeneity caused by the presence of rigid filler particles and possible interfacial zones
with constrained chain mobility.

Taken together, these results demonstrate that mussel shell powder significantly increases the stiffness
of PLLA while only moderately altering its thermal relaxation behavior. The combination of enhanced
crystallization and mechanical reinforcement highlights the potential of biogenic calcium carbonate from
mussel shells as an effective functional filler for tailoring the thermomechanical properties of PLLA-based
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materials. The composite remains predominantly governed by the PLLA matrix but with increasingly
pronounced interfacial interactions as filler content rises.

3.7 Mechanical Performance (Tensile Testing)
Tensile tests were conducted on PLLA/mussel shell powder composites containing 0 to 50 wt% filler to

evaluate the influence of mussel powder incorporation on mechanical performance in the solid state. The
main parameters analyzed were Young’s modulus (E), tensile strength (σmax), strain at break (ε), stress at
rupture (σrup), and toughness (area under the stress-strain curve) and summarized in Fig. 8.

Figure 8: Tensile properties of PLLA/mussel shell powder composites (0%–50% w/w). Mechanical performance as a
function of mussel powder content showing (A) Young’s modulus (E), (B) toughness, (C) maximum stress (σmax), stress
at rupture (σrup), and (D) elongation at break.

The Young’s modulus increased overall with increasing mussel content, from 2883 ± 123 MPa for neat
PLLA to a maximum of 4068 ± 126 MPa at 50 wt% filler, showing a clear stiffening effect. This increase
in modulus reflects the reinforcing contribution of the rigid mineral particles, which act as load-bearing
elements within the polymer matrix. This trend aligns with DMA results and is attributed to the rigid, mineral
nature of the mussel shell powder, which reinforces the polymer matrix and resists deformation under tensile
loading. In addition, the presence of dispersed inorganic particles restricts polymer chain mobility and
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contributes to an overall increase in composite stiffness. A moderate deviation from this trend was observed
at 10%, likely due to local heterogeneities or variability in dispersion.

In contrast, both tensile strength (σmax) and elongation at break (ε) decreased upon filler addition.
The maximum strength dropped from 36.8 ± 10.8 MPa (0%) to 26.6 ± 9.1 MPa (50%), while elongation at
break decreased from 2.8% ± 0.8% to 1.0% ± 0.3%. Such reductions in tensile strength and ductility are
commonly observed in mineral-filled thermoplastic composites and reflect the typical stiffness-toughness
trade-off associated with rigid particle reinforcement. The decrease in elongation at break indicates that the
incorporation of mineral particles reduces the ability of the polymer matrix to undergo plastic deformation.

Representative stress-strain curves of neat PLLA and PLLA/mussel shell powder composites are shown
in Fig. 9. Neat PLLA exhibits a progressive increase in stress with strain up to failure, with slight deviation
from linearity prior to rupture, indicating the onset of localized plastic deformation and incipient necking.
In contrast, the addition of mussel shell powder leads to a marked reduction in elongation at break and
a more abrupt failure, particularly at high filler contents, reflecting a transition toward a more brittle
mechanical behavior. The reduction in ductility is attributed to the presence of rigid mineral particles,
which restrict chain mobility and act as stress concentration sites. Under tensile loading, PLLA deformation
involves chain orientation and partial structural disordering within the amorphous phase; however, the
incorporation of filler limits this molecular rearrangement, thereby suppressing neck propagation and
promoting earlier failure.

Figure 9: Representative stress-strain curves of neat PLLA and PLLA/mussel shell powder composites (10–50 wt%)
under tensile loading.

This behavior may be attributed to stress concentration effects at the polymer-filler interface and the
limited deformability of the rigid calcium carbonate particles. Under tensile loading, these heterogeneities
can initiate microcracks or localized stress concentrations, which reduce the overall ductility of the mate-
rial. Nevertheless, the composites retain a relatively stable mechanical response across the investigated
filler contents.
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The overall toughness of the composites also decreased with increasing filler loading, following the
reduction in elongation at break. This reduction in toughness is consistent with the restricted chain mobility
and increased stiffness observed in the DMA analysis. The presence of rigid particles limits the capacity of
the polymer matrix to dissipate mechanical energy during deformation.

Despite the reduction in ductility and toughness, the substantial increase in Young’s modulus demon-
strates the effectiveness of mussel shell powder as a reinforcing filler for PLLA. These results highlight the
potential of biogenic calcium carbonate derived from mussel shells to enhance stiffness while maintaining
acceptable mechanical performance for applications where rigidity is required.

Although PLLA may undergo some degree of thermal degradation at elevated processing temperatures,
the observed mechanical trends are consistent with typical mineral-filled thermoplastics. The increase in
stiffness and the reduction in tensile strength and elongation at break are therefore primarily attributed
to filler-induced effects such as stress concentration and reduced chain mobility, rather than dominant
molecular weight degradation.

4 Conclusion
This study demonstrated the successful incorporation of mussel shell waste as a bio-derived mineral

filler in PLLA-based composites. The mussel shells, composed primarily of biogenic calcium carbonate,
were processed into powder and incorporated into PLLA at filler loadings ranging from 10 to 50 wt%.
Comprehensive characterization was performed to evaluate the influence of the filler on the morphological,
thermal, crystallization, thermomechanical, and mechanical properties of the resulting composites.

The results showed that mussel shell powder suggests a heterogeneous nucleation effect in PLLA,
significantly enhancing crystallization during both cooling and heating conditions. Differential scanning
calorimetry revealed that the presence of the biogenic calcium carbonate particles promotes crystallization
and modifies crystallization kinetics, with an optimal crystallization behavior observed at intermediate filler
contents. These findings highlight the ability of mussel shell powder to tailor the semicrystalline structure
of PLLA. More specifically, an increase in crystallization enthalpy and a shift in crystallization temperature
were observed, confirming the influence of the filler on the crystallization behavior of PLLA.

Dynamic mechanical analysis further demonstrated a substantial increase in thermomechanical stiff-
ness with increasing filler content. The storage modulus increased markedly across the composite series,
confirming the strong reinforcing effect of the rigid mineral filler. At the same time, only minor changes in
the glass transition temperature were observed, indicating that the filler primarily influences crystallization
and mechanical reinforcement rather than fundamentally altering the segmental dynamics of the polymer
matrix. At the highest filler content, the storage modulus increased by more than 70%, highlighting the
significant stiffening effect of the biogenic filler.

Tensile testing confirmed the reinforcing effect of the mussel shell particles, with a significant increase
in Young’s modulus as filler content increased. As expected for mineral-filled thermoplastic composites, a
progressive reduction in tensile strength, elongation at break, and toughness was observed, reflecting the
typical stiffness–ductility trade-off associated with rigid particle reinforcement. This mechanical behavior is
consistent with increased stress concentration and restricted polymer chain mobility at higher filler loadings.

Overall, this work demonstrates that mussel shell waste can serve as an effective biogenic calcium
carbonate filler capable of enhancing the crystallization behavior and thermomechanical stiffness of PLLA.
Beyond providing mechanical reinforcement, the mussel shell particles appear to promote nucleation phe-
nomena, contributing to modifications of the semicrystalline structure of the polymer. These results highlight
a promising pathway for the valorization of marine bio-waste while contributing to the development of
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sustainable polymer composites with improved structural performance. Such materials show potential for
applications in packaging, disposable items, and semi-structural components where increased stiffness,
reduced material cost, and improved environmental footprint are required.
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