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ABSTRACT

This study investigates the use of Posidonia oceanica (PO) leaves, derived from coastal banquette residues, as a filler in PBSA,
aiming to valorise a natural biomass typically treated as waste within a circular materials approach, while reducing produc-
tion costs and enhancing seawater biodegradation of the polymer matrix. Composites containing 5 and 10 wt.% of PO, with
and without micro-talc, were prepared via extrusion and injection molding. Materials were characterized morphologically,
chemically, thermally, and mechanically, while biodegradation was assessed in a controlled seawater environment. Thermal
analyses confirm that both PO and micro-talc do not compromise PBSA thermal stability, with degradation temperatures
remaining at approximately 403°C. Calorimetric results highlighted an increment of crystallization temperature and the
appearance of a secondary melting peak at ~79°C, while the main PBSA melting peak remains at ~85°C and overall crystal-
linity degree is unchanged. Chemical and morphological analyses reveal no chemical interactions and confirm homogene-
ous filler dispersion with good interfacial adhesion. Mechanical testing shows a moderate stiffening and embrittling effect
with the addition of PO, with elastic modulus increasing from 0.32 to 0.51 GPa and elongation at break decreasing from 450%
to 325%, while impact toughness is markedly reduced at high filler loadings. Seawater exposure demonstrates accelerated
biodegradation for Posidonia-filled composites, showing a ~20% mass loss after 4 months and rapid mechanical deteriora-
tion. The incorporation of PO fillers constitutes an effective approach to modulate and accelerate degradation under marine
conditions.

1 | Introduction meadows are highly vulnerable to ocean warming and to human

activities, contributing to large-scale deposits of PO along the

Posidonia oceanica (PO) meadows, which cover approximately
1%-2% of the Mediterranean seabed, play a crucial role in sed-
iment retention and stabilization, attenuating hydrodynamic
forces, protecting coastlines from erosion, supporting biodi-
versity, and sustaining living resources [1-3]. However, these

coasts [4]. In tourist areas, the accumulation of PO leaves (“ban-
quettes”) is an environmental concern and a source of nuisance
for tourism, often prompting their removal or relocation [1, 5-7].
At present, no specific regulatory framework governs the man-
agement of PO banquettes.
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Highlights

« The influence of Posidonia oceanica powder and
micro-talc on the thermal and mechanical stability
was evaluated.

« Seawater biodegradation of PBSA-P. oceanica compos-
ites was simulated.

« P. oceanica can be effectively employed as a sustaina-
ble filler in PBSA.

» The incorporation of P. oceanica filler represents an
effective strategy to accelerate degradation under ma-
rine conditions.

Another major challenge to marine environmental conser-
vation is the increasing accumulation of non-biodegradable,
petroleum-derived microplastics, persistent pollutants whose
prevalence reflects the ongoing global rise in plastic production
[8,9]. As aresult, an estimated 5-13 million tons of plastic waste
enter aquatic environments each year [10, 11].

The widespread use and improper disposal of plastics under-
mine global sustainability goals, making the search for environ-
mentally friendly alternatives increasingly urgent. Bioplastics
offer a promising solution, as they can be bio-based, biodegrad-
able, or both. Among these polymers, PLA, PHA, TPS, PBSA,
bio-PET, and others are notable examples [12].

PBSA is an aliphatic co-polyester synthesized by polycon-
densation of two diacids (succinic acid, adipic acid) and a diol
(1,4-butanediol). Formerly derived exclusively from fossil re-
sources, these monomers can now be obtained through biore-
finery processes using second-generation renewable feedstocks.
Incorporating renewable succinic acid reduces the carbon foot-
print compared with petroleum-based analogues, while achiev-
ing superior biodegradability in various environments relative
to other biodegradable polymers thanks to its lower crystallin-
ity [13-15]. Combined with its favorable mechanical properties,
PBSA shows strong potential to replace conventional plastics
such as polypropylene (PP) and poly(ethylene terephthalate)
(PET). Nevertheless, its market uptake remains limited, largely
due to its comparatively high cost (5-6 EUR/kg) [16, 17].

One strategy to improve the economic competitiveness of PBSA
involves the incorporation of low-cost, renewable fillers, which
can simultaneously reduce material cost and enable the valori-
sation of biomass residues that would otherwise be discarded.
Several studies have explored the development of PBSA-based
composites containing fillers derived from agro-industrial
by-products, including residues from wine and coffee produc-
tion [18] and other lignocellulosic materials. These fillers are
generally inexpensive, widely available, biodegradable, and
non-abrasive, which also helps reduce tool wear during process-
ing [19].

Among potential lignocellulosic fillers, PO biomass has at-
tracted increasing attention. Different forms of this material,
such as egagropili fibers and leaves, have been investigated
as reinforcement in a variety of matrices, including cement,

ceramics, and polymeric systems, particularly to produce natu-
ral fiber-reinforced plastics (NFRPs) [20, 21].

Several studies have reported that the incorporation of PO can
improve the mechanical performance of composite materials.
For example, Ferrero et al. [20] observed significant increases in
tensile and flexural stiffness when incorporating up to 40wt.%
PO fibers into a bio-based polyethylene matrix. Similarly, Khiari
et al. [22] incorporated finely milled PO particles into potato
starch/co-polyester films, obtaining promising mechanical
properties. Other studies have explored the addition of milled
PO leaves to PLA matrices, where increases in stiffness were
observed despite reductions in strain at break [23, 24]. Seggiani
et al. [24] also reported significant improvements in stiffness
and impact resistance in PHA composites reinforced with PO fi-
bers, reaching approximately an improvement of about 80% over
the neat polymer.

In parallel, recent research on PBSA has increasingly fo-
cused on improving its environmental degradation behavior.
Although composting and soil conditions have been identified
as the most favorable environment for PBSA biodegradation
[15, 22], its behavior in marine environments has also attracted
growing attention. Several studies have highlighted the rela-
tively high moisture absorption sensitivity of biocomposites,
which is largely influenced by the presence of vegetal fibers and
natural fillers, which are hydrophilic and more biodegradable,
increasing the adhesion of microorganisms to the composite
material and favour biofouling, as reported by Duigou et al.
[25] and Brebu [26]. The incorporation of hydrophilic ligno-
cellulosic fillers has been shown to promote water uptake and
the formation of microvoids and cracks within the hydrophobic
polymer matrix, facilitating fragmentation and biodegradation
in aqueous environments [27]. For instance, Viel et al. [28] in-
vestigated the seawater degradation of PBSA films under dif-
ferent simulated marine conditions, observing relatively slow
degradation rates, with weight loss generally below 20% after 1
year, except for samples buried in sand. Similarly, Strangis et al.
[8] demonstrated that incorporating hygroscopic fillers such as
wheat bran significantly enhanced the marine biodegradability
of PBSA composites by promoting matrix disruption through
swelling effects.

Despite the growing interest in PO biomass as a reinforcement
material, its potential use as a filler in PBSA matrices remains
largely unexplored, particularly with respect to its influence on
processability, mechanical performance, and biodegradation be-
havior in marine environments.

Therefore, the aim of this study is to investigate the use of PO
leaves as a lignocellulosic filler in PBSA to reduce production
costs of polymer while maintaining adequate processability
and mechanical performance and enhancing biodegradation
in seawater. Composites containing 5 and 10wt.% PO leaves
were produced via melt extrusion and shaped by injection
molding. Parallel composites with the same filler contents
were also prepared with the addition of micro-talc to improve
extrusion processability. This additive is known for its excel-
lent blending properties, thermal and electrical resistance,
chemical inertness, and ability to provide a smooth surface
finish [29].
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2 | Experimental
2.1 | Materials

Poly(butylene succinate-co-adipate) (PBSA), commercially mar-
keted as BioPBS FD92PM, was supplied by Mitsubishi Chemical
Corporation (MCPP, Tokyo, Japan). This compostable, food-
contact-grade aliphatic polyester complies with EU Regulation
No. 10/2011 and is available in pellet form. PBSA exhibits a melt-
ing temperature of 84°C and a density of 1.24gcm=3. The melt
flow rate is 4g (10min'), as determined according to ISO 1133
at 190°C under a load of 2.16kg. The yield stress, tensile strength
at break, and elongation at break are 17 MPa, 24 MPa, and 380%,
respectively [30].

Biomass waste consisting of PO leaves was collected directly
from the shoreline of St. Thomas Bay, Marsaskala (Malta) in
December 2024.

To enhance processability during composite extrusion, a small
fraction of micro-talc (IMERYS Jetfine 3C) was incorporated.
Jetfine 3C is a hydrated magnesium silicate with the lamellar,
plate-like crystal structure typical of talc minerals, represented
as Mg.Si,0,,(OH),, and characterized by a median of 0.9 um
[31]. Due to its inherent biocompatibility, this additive also
serves as an effective reinforcement, nucleating agent, and anti-
agglomeration aid for PO filler, thereby improving the perfor-
mance of rigid biopolymers, bioplastic films, and compostable
plastics [32].

2.2 | Material Pre-Treatment
Dried PBSA pellets were further conditioned in a ventilated

oven at 45°C for at least 24 h to ensure complete removal of re-
sidual moisture.

TABLE1 | Composition of the prepared formulations.

Compositions
PBSA Posidonia Talc
Sample (wWt.%) (wWt.%) (Wt.%)
P 100.0 — —
PP5 95.0 5.0 —
PP10 90.0 10.0 —
PPTO5 94.5 5.0 0.5
PPT1 89.0 10.0 1.0
PTO5 99.5 — 0.5
PT1 99.0 — 1.0

TABLE 2 | Extrusion temperature to produce the tested composites.

PO leaves were thoroughly washed with fresh water to remove
sand, salts, and organic debris. The leaves were then oven-dried
at 140°C for 48h, leading to a weight loss of approximately
74wt.%. The dried material was manually pre-crushed and
subsequently ground using a high-speed knife blender. The re-
sulting fraction (average size ~3 mm) was sieved, and oversized
particles, including residual egagropili and impurities, were dis-
carded. The sieved material was then pulverized using an im-
pact mill (Pulverisette 14, Fritsch, Germany) at 20,000rpm for
1h, yielding 700g of fine brown powder. The final powder was
stored in a natural-convection oven at 120°C.

Micro-talc was conditioned in a natural convection oven at
120°C for a minimum of 48 h to eliminate residual moisture.

2.3 | Composite Preparation

Two composite formulations were prepared using PBSA (P) as
polymer matrix: one containing PO powder alone and the other
incorporating both PO powder and micro-talc.

In the first formulation, PO powder was manually mixed with
P granules at 5wt.% and 10wt.% (PP5 and PP10), immediately
after removing the granules from a 120°C preheated oven. In the
second formulation, the warm PO powder was blended with dry
micro-talc with a weight ratio of 10:1.

The blending was carried out using a high-speed knife blender,
yielding a denser, free-flowing powder. This talc-modified pow-
der was then manually mixed with P granules at 5wt.% and
10wt.% PO (PPTO5 and PPT1).

To investigate the effect of micro-talc, additional P samples con-
taining 0.5wt.% and 1wt.% talc were prepared (PT05 and PT1).

Table 1 summarizes the composition and designation of all for-
mulations. All mixtures were immediately transferred to the ex-
truder feed system for composite production, as described in the
following section.

2.4 | Composite Production

P granules containing either untreated or talc-treated PO were
fed processed in a single-screw laboratory extruder (Brabender
Plasti-Corder Lab-Station, Duisburg, Germany) equipped with
a gravimetric side feeder. The extruder had a screw diameter
of 19mm and a length-to-diameter ratio of 25, an axle gauge
of 16.5mm and a flight depth of 3.75mm. The extrusion tem-
peratures applied for each composite formulation are listed in
Table 2 and selected based on the information provided in the
P datasheet [30], which recommends a processing temperature
range of 130°C-155°C.

Feed zone Zone 1 Zone 2 Zone 3 Head zone
~30°C 120°C-140°C 140°C-150°C 155°C-160°C 145°C-155°C
990 Journal of Vinyl and Additive Technology, 2026



The extrusion process was conducted at rotational speeds rang-
ing from 60 to 70rpm, with a torque of 21 +2Nm and a mass
flow rate of 3+0.4kg/h. The resulting filaments were then
cooled in a water bath and pelletized using a Procut 3D cutter
(Chinchio Sergio Srl, Brescia, Italy). The resulting pellets were
dried at 80°C for at least 24h and stored in vacuum-sealed bags
prior to analysis and further injection molding.

2.5 | Lab-Scale Injection Molding

Dog-bone specimens (type 1BA) and Charpy specimens
(80mm x 10mm x4 mm) were fabricated via injection molding
using a Megatech H22/50 press (Tecnica Duebi Srl, Italy), at an
injection temperature of 170°C and a mold temperature of 45°C,
applying a back pressure of 6bar and a final holding pressure
of 110bar. The overall processing time was approximately 20s.

2.6 | Characterization

To assess the influence of PO powders and micro-talc filler
on the thermal stability of P, thermogravimetric analyses
(TGA) were performed using an STA 2500 Regulus instrument
(Netzsch, Germany). The onset degradation temperature (T, .,)
was determined as the extrapolated temperature at the begin-
ning of mass loss, while the degradation temperature (T,) corre-
sponded to the maximum of the differential thermogravimetric
(DTG) curve. The residual mass was quantified as the remain-
ing material at 800°C. Approximately 10-15mg of each sample
was placed in a platinum pan and heated from room tempera-
ture to 800°C at a rate of 10°C/min under a nitrogen atmosphere
(20mL/min).

The effects of PO powder and talc on P crystallization and
melting behavior were investigated by Differential Scanning
Calorimetry (DSC6000, PerkinElmer, USA). Samples of about
10-15mg were sealed in aluminum pans and subjected to a ther-
mal program under nitrogen flow (10 mL/min). The first heating
scan, from —60°C to 120°C at 10°C/min, was used to erase the
thermal history associated with processing. This was followed
by cooling from 120°C to —60°C at 10°C/min, during which the
crystallization temperature (T,) and crystallization enthalpy
(AH,) were recorded. A second heating scan to 120°C at 10°C/
min was then performed to determine the melting temperature
(T,) and melting enthalpy (AH ).

The blend crystallinity percentage (X)) was determined by
Equation (1):
AH,

X (%)= ﬁ -100 @

where AH? =142]/g [33] represents the melting enthalpy per
gram of the 100% crystalline P polymer, and f,, the weight frac-
tion of P in the blend.

Chemical interactions between the powder/filler and the P ma-
trix were investigated using Fourier transform infrared spec-
troscopy (FTIR). Spectra were collected with a Cary 630 FTIR
Agilent spectrometer (US) across a wavenumber range of 4000-
450cm™! and a resolution of 4cm™.

Dynamic mechanical analysis (DM A) was conducted on the gauge
section (L,) of 1BA dog-bone specimens using an Explorer 303
instrument (Netzsch, Germany). The samples were subjected to
strain-controlled oscillatory loading at 0.03% strain across a tem-
perature range from —65°C to 50°C, with a heating rate of 2°C/
min and a frequency of 1Hz under a nitrogen atmosphere. DMA
measurements were used to determine the glass transition tem-
perature (Tg), identified as the maximum of the damping factor
(tand), as well as the storage modulus (E’) at —65°C and 20°C.
Mean values and standard deviations were calculated from five
specimens per formulation to ensure statistical reliability.

Tensile tests were carried out in accordance with ISO 527-2 [34],
using a Quasar 10 universal testing machine (Galdabini, Italy)
equipped with a 1 kN load cell. The tests were conducted at a
crosshead speed of 10mm/min until specimen failure, measur-
ing the yield stress (cry), stress at break (g,), and elongation at
break (g,). To determine the Young's modulus (E), additional
tests were performed at a lower strain rate of 1 mm/min using
an extensometer MFA25 (Mess & Feinwerktechnik, Germany).
Mean values and standard deviations were calculated from five
specimens per formulation to ensure statistical reliability.

Charpy impact tests were performed in accordance with
ISO 179-1 [35] on notched specimens with dimensions of
80mm X 10mm X4 mm, featuring a centrally positioned 45° V-
notch with a depth of 2mm. The tests were conducted using an
AMSE HIT 2492 Series impact tester (Torino, Italy) equipped
with a 2J pendulum. Mean values and standard deviations were
calculated from five specimens per formulation to ensure statis-
tical reliability.

Samples’ morphology was examined using a COXEM EM-30N
(Daejeon, Republic of Korea) Scanning Electron Microscope
(SEM). Granules were cryo-fractured in liquid nitrogen, and the
resulting surfaces were coated with a thin (5-6nm) gold layer
through an Edwards S150B Sputter Coater (UK).

The particle volume and number distributions of PO and micro-
talc powders were determined using a Mastersizer 3000+
Malvern Panalytical (UK) under dry conditions, with air pres-
sure and feeder vibration parameters adjusted to ensure optimal
dispersion during the test. The median particle size (d50) and
the span, defined as the distance between the 10th and 90th
percentile points, normalized by d50, were determined. Three
measurements for each material were evaluated.

A long-term seawater biodegradation test was carried out on dog-
bone specimens of P and PP10 at the Aquarium of Livorno (Italy) to
assess the influence of PO powder on the degradation behavior of
P. The selection of PP10 was motivated by the fact that it represents
the formulation with the highest filler content. Moreover, based on
the material characterization results, no significant differences in
thermo-mechanical properties were observed compared to PPT1.
Additionally, PP10 was chosen due to the limited available space
in the seawater tank, which constrained the number of samples
that could be tested. The samples were buried at approximately
4cm depth within natural calcareous sand placed in a tank contin-
uously supplied with fresh seawater. The seawater was collected
at 2m depth and 50m offshore, then filtered and UV-sterilized be-
fore entering the system (Figure 1). The sediment layer, about 6 cm
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FIGURE1 | From left to right: Arrangement of PP10 (top) and P (bottom) samples within the non-biodegradable net, later covered with sand in

the seawater tank (center and right), where they are surrounded by microorganisms and algae.

thick, progressively became colonized by microorganisms and
benthic fauna, including ophiuroids, polychaetes, and amphipods,
feeding on food residues provided to the tank's resident organisms
(sea urchins, anemones, sea stars, mollusks, and crustaceans).
Due to the continuous exchange with the external marine environ-
ment, pH, oxygen concentration, and salinity remained compara-
ble to natural seawater, while water temperature was primarily
influenced by the indoor conditions of the aquarium facility.

The experiment lasted 4 months, during which environmental
parameters were monitored daily. Temperature exhibited natural
fluctuations over the course of the study, whereas pH, dissolved ox-
ygen, and salinity remained relatively stable, with mean values of
7.8,4.1, and 33.5g/L, respectively. Oxygen was supplied naturally
through algal photosynthesis and exchange with the surrounding
environment, thereby eliminating the need for external aeration.
Before immersion, all specimens were weighed.

At monthly intervals, four specimens of each material were
retrieved, cleaned to remove adhering particles and surface
moisture using absorbent paper, oven-dried at 58°C for 4h, and
reweighed. Weight loss relative to the initial mass was calcu-
lated and reported as mean values. The evolution of mechanical
performance was also assessed through tensile testing of the re-
trieved specimens at each sampling time, performed at a cross-
head speed of 1 mm/min until failure, with both mean values
and standard deviations recorded.

3 | Results and Discussion
3.1 | Thermal Analysis

Figure 2 presents the TGA and DTG curves with the composites
grouped based on the weight percentage of PO powder (5wt.% in
Figure 2a—c, and 10wt.% Figure 2b-d), while Table 3 reports the
corresponding values of T, ., T, and residues at 800°C.

PO exhibits three main degradation peaks at 91.5°C, 316.3°C,
and 671.0°C. These peaks correspond to moisture loss (91.5°C),

decomposition of the holocellulosic fraction (316.3°C), and com-
bustion/volatilization of the char residue (699.7°C) [36-38]. The
degradation extends across a broad temperature interval due to
the heterogeneous thermal decomposition of lignin, which typ-
ically occurs over 190°C-900°C [39]. The high residual mass
(47.0wt.%) is associated with the substantial amounts of calcium
carbonate (CaCO,) and some metals residues absorbed in the bio-
mass [39]. In this regard, Bertini et al. [40] reported the presence
of trace heavy metals in PO leaves, including Pb, Cr, Cu, and Ni,
with concentrations of approximately 2, 4, <2, 4, and <1mg/kg,
respectively, in samples collected from the Murelle site.

In the case of talc, no relevant degradation phenomena were
observed within the selected temperature range. The material
exhibited a high residual mass at 800°C (98.5%), confirming its
notable thermal stability even at elevated temperatures.

The neat P shows thermal stability up to approximately 300°C, fol-
lowed by a single, well-defined degradation stage with a maximum
peak near 400°C. At 800°C, only a negligible residue of 1.75wt.%
was detected, attributable to the fixed carbon and inorganic matter,
consistent with the observations reported by Seggiani et al. [41].

The introduction of micro-talc and PO powder does not mark-
edly influence the characteristic degradation behavior of the
polymer matrix, with T and T, varying by only 4°C-5°C
compared to the values of neat P (T, =372.9°C, T,;=403.4°C).
The degradation profiles of all composites display consistent,
overlapping, and well-defined mass-loss steps, which could indi-
cate a homogeneous distribution of the fillers within the matrix
across the investigated loadings and the similarity of the T of
P and PO particles. Regarding the residues, their amounts in-
crease with the rising weight fraction of PO and micro-talc, con-
sistent with the high intrinsic residue of these two components
(47.0wt.% and 98.5wt.%, respectively).

The degradation processes remain outside the temperature win-
dow used in melt extrusion (Table 2), confirming the suitability
of the composites for manufacturing without the occurrence of
thermal degradation.
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FIGURE2 | TGA and DTG curves of PO, Talc, P, PT05, PP5, PPTO5 (a, ¢) and PO, Talc, P, PT1, PP10, and PPT1 (b, d).

TABLE3 | T

onset’

T, and residue from TGA and DTG curves.

which also resulted in a slight increase in the crystallization
enthalpy for all composites, from 42Jg~! for neat P to approxi-

SAMPLE T, et CO) T, (°C) Residue (%)
Posidonia 67.0 91.5 47.0
264.7 316.3
659.7 671.0
Talc 503.6 543.2 98.5
608.4 644.7
P 372.9 403.4 1.75
PTO5 378.2 408.2 2.38
PT1 377.4 408.6 2.59
PP5 373.4 404.3 4.95
PPTO5 371.7 400.4 6.64
PP10 369.8 399.2 11.2
PPT1 370.6 400.0 8.06

Figure 3 and Table 4 report the DSC profiles of the various sam-
ples, enabling the identification of cooling and melting tempera-
tures and the corresponding enthalpy variations.

Figure 3a highlights the distinct cooling behavior of the neat P
matrix, which is characterized by a very low crystallization tem-
perature (Tc=15.4°C). This behavior is attributed to the pres-
ence of succinate-co-butylene adipate segments, which increase
chain flexibility and thereby facilitate rapid chain rearrange-
ment and the formation of well-developed crystalline structures
during crystallization [42]. The incorporation of micro-talc and
PO powder shifted the crystallization process to higher tem-
peratures (Tc~53.0°C) due to the nucleating effect of the fillers,

mately 44J g~! for the filled systems. This behavior is consistent
with previous studies on talc-filled systems reported by Vardai
et al. [43] and Castillo et al. [44].

In particular, talc's nucleating efficiency is enhanced by its
lamellar morphology, consisting of small, thin, and irregular
platelets that facilitate the formation of heterogeneous nucle-
ation sites within the polymer matrix, especially along the flow
direction during injection molding. Likewise, the nucleating ac-
tivity of PO, and of lignocellulosic fillers more broadly, has been
highlighted in DSC analyses by Cappello et al. [16] and Strangis
et al. [8].

This behavior is further confirmed during the second heat-
ing cycle (Figure 3b), where a second melting peak appears
in addition to the single melting peak of neat P. A broad endo-
thermic peak with a maximum at 85.5°C is observed, corre-
sponding to the melting point of the material and resulting in
a crystallinity degree (x,) of 33.3%. Comparable results have
been reported in other studies employing the same type of ma-
terial [16, 24].

As expected, the melting thermograms of the composites indi-
cate that the incorporation of micro-talc and PO powder alters
the crystallization behavior of P, as evidenced by the appearance
of a low-temperature shoulder at approximately 79°C, while
the characteristic broad melting peak of neat P is retained at
around 85°C. This phenomenon can be attributed to the melt-
ing of newly formed, smaller crystalline domains within the
P matrix, induced by the nucleating action of the fillers and
possibly enhanced by the relatively high cooling/heating rates
employed during the DSC measurements. An additional conse-
quence of the formation of smaller crystalline domains is a slight
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FIGURE3 | Thermogram of the (a) cooling and (b) second heating cycle of the composites obtained in DSC analysis.

reduction in the melting enthalpy of the composites compared
to neat P (47.3Jg™1), with values ranging from 43Jg~! for PT05
to 39Jg~! for PPT1. This reduction suggests a decreased ability
to form highly ordered or branched crystalline lattices, thereby
requiring less energy for melting. Nevertheless, no significant
differences in the degree of crystallinity (),) are observed, with
values ranging from 31.0% to 33.3%, irrespective of filler type or
content.

3.2 | Chemical Analysis (FTIR)

Figure 4 reports the FTIR spectra of the raw materials and the
composites (Figure 4a), along with a magnified view of the re-
gion between 1500 and 450 cm™! (Figure 4b).

The spectra of PO exhibit weak and broad bands at 3332, 1615,
1049, and 872 cm™!, which can be attributed to functional groups
associated with cellulose, hemicelluloses, and lignin, repre-
senting the main structural constituents of the seagrass [45].

In particular, the broad band at 3332cm™! is attributed to the
O—H stretching vibration of phenolic or hydroxyl groups in lig-
nin and hemicellulose [46]. The sharp peak at 1615cm™! can be
attributed to the asymmetric stretching of the —COO~ group.
The broad peak at 1424cm™' corresponds to the deformation
vibrations of C—OH and phenolic O—H groups, while the band
at 1049cm™! is associated with the —C—O stretching vibration
typically observed in carboxylic acids and ethers [45, 47, 48].
For micro-talc, the peak at 3675cm™! is associated with the
O—H stretching vibration of the octahedral Mg—O—H unit. The
Mg—O—H unit also gives rise to a peak at 665cm™, correspond-
ing to its bending [49]. In addition, the Si—O stretching vibration
is observed at 980cm™! [50].

For P, the characteristic absorption peak at 1710cm™! is at-
tributed to the C=O stretching vibration of ester groups,
whereas the band at 1149cm™' arises from the stretching
of —C—0O—C— bonds in the ester linkages. Additionally, the
peak at 2948cm™ is associated with the —CH, stretching vi-
bration [33, 51].
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The spectra of the P composites exhibited only the character-
istic peaks of neat P, indicating the absence of chemical inter-
actions between the matrix and the fillers. This behavior can

TABLE 4 | Cooling temperatures (T), crystallization enthalpy
(AH), melting temperatures (T, ) and relative enthalpy (AH, ) with
crystallinity degree () of the composites.

be attributed to the low filler content and its homogeneous dis-
persion within the polymer matrix, which together prevent any
significant contribution to molecular interactions. In addition,
it is known that talc is chemically inert; therefore, no chemical
interactions are expected or detectable in the FTIR spectra. Its
role during extrusion is purely physical, to reduce friction be-
tween the PO particles and the polymer matrix. Similarly, un-
treated PO does not exhibit any chemical interaction with the

AH, T, T,, AH, P matrix, underlining that the interaction between PO and the
Sample T,(°C) (J/g) (°C) (°C) (/g x, (%) polymer matrix is therefore primarily physical. Consequently,
no PO-specific peaks are observed in the FTIR spectra. This is
P 154 423 o 855 491 33.3 not unexpected and can be attributed to the small particle size
PTO5 54.5 448 794 86.2 435 30.8 (predominantly around 1 um), which leads to their effective in-
PT1 55.0 450 802 862 427 304 cc.)rPoratlon within the.polymer matrlx-, thereby prevent.mg any
distinct spectral contribution from being detected. This inter-
PP5 53.2 434 792 872 4438 33.2 pretation is further supported by SEM images (Figure 10), which
PPTO5 536 437 787 865 412 307 show a well-integrated filler/matrix interface, suggesting good
interfacial adhesion and rather good compatibility.
PP10 55.2 41.3 79.2  85.5 41.0 31.3
PPT1 55.4 43.6 793 86.6 39.2 31.0 This result is consistent with the thermal analysis, which re-
vealed no variations in the main thermal properties.
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3.3 | Mechanical Analysis

Figure 5 and Table 5 present the DMA results (Tg and E’) of the
P/PO composites between —65°C and 40°C.

At low temperatures (< —55°C), the P matrix and all composites
remain in the glassy region, characterized by high E’ values re-
sulting from restricted molecular motion. As the materials ap-
proach their T , E’ shows a pronounced decline, indicating the
transition toward a prevailing rubbery plateau (from —40°C to
40°C), with each sample displaying an approximate one-order-
of-magnitude reduction. For instance, the P sample decreases
from 3.44 to 0.30 GPa.

Increasing the weight percentage of PO powder results in an
upward shift of the E’ curve, with mean values increasing from
3.44GPafor P, to 3.77 GPa for PP5, and finally to 4.08 GPa for PP10.
This behavior can be attributed to the reduced mobility of polymer
chains caused by interfacial interactions between the filler and
the polymer matrix, a mechanism also described by Qi et al. [52],
who reported comparable effects when incorporating inorganic
attapulgite nanoparticles into a PBSA matrix. These findings fur-
ther support the observations of Khiari et al. [22], emphasizing the
reinforcing role of lignocellulosic fibers and inorganic particles,
which are widely employed in composite materials due to their
low cost and environmentally sustainable nature. These fillers act
as reinforcing agents by restricting the mobility of polymer chains
in their vicinity and hindering chain disentanglement during de-
formation, thereby limiting chain sliding and increasing the com-
posite’s stiffness. This effect is evidenced by an increase in elastic
modulus accompanied by a reduction in elongation at break.

The effect is slightly attenuated in the presence of talc (PPTO05:
3.71GPa; PPT1: 4.04 GPa), likely due to the specific arrangement
of the organic-inorganic interface within the composite [53] and
to the lamellar morphology of talc. In particular, talc platelets
tend to align along the flow direction during injection mold-
ing, thereby not significantly hindering polymer chain mobility
[43]. This interpretation is further supported by the compara-
ble E’ values measured for PT05 and PT1, equal to 3.63 GPa and
3.53GPa, respectively, at —65°C.

TABLE 5 | T, and average value of E' at —65°C and 20°C of the
composites.

E' (GPa)

Sample Tg °C) —65°C 20°C

P —44.63 3.44+0.03 0.30x0.01
PTO5 —44.64 3.63+0.18 0.31+0.02
PT1 —44.60 3.53+0.06 0.31+0.01
PP5 —44.61 3.77+0.05 0.38+£0.01
PPTO5 —44.63 3.71+0.04 0.37x0.01
PP10 —44.12 4.08£0.09 0.49+0.01
PPT1 —43.61 4.04+0.06 0.45+0.01

The same trend observed at low temperatures is preserved in
the rubbery plateau region, where an increase in E’ is recorded
with increasing PO content, rising from an average value of
0.30 GPa for neat P to 0.38 GPa for PP5 and 0.49 GPa for PP10.
The addition of talc slightly mitigates the embrittlement of
the composites, owing to its lamellar morphology and align-
ment along the processing direction, which contributes to a
more balanced viscoelastic response. Furthermore, the homo-
geneous dispersion of both fillers within the polymer matrix
prevents any broadening of the tan § curve and maintains a
constant peak value, corresponding to a Tg of approximately
—44.60°C [52].

Figure 6 presents the experimental data obtained from the ten-
sile tests. As shown in Figure 6e P exhibits the typical behavior
of a highly ductile polymer, characterized by relatively low val-
ues of o, and o}, (16.02MPa and 25.33 MPa, respectively), but an
exceptionally large plastic deformation (450.27%), which is in ac-
cordance also with the technical data sheet of the material [30].
The deformation initiates with the necking of the 1BA specimen
once the yielding stress is reached, a phenomenon facilitated by
the high chain mobility above the glass transition temperature
(—44°C) [54].
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average stress-strain curves of the composites (Figure 6e).

Upon incorporation of micro-talc, the tensile behaviour of the tal-
¢/P composite remains largely comparable to that of neat P. Similar
or slightly enhanced values of E, 9y Oy and g, are observed. This
response can be attributed to the lamellar morphology of talc and
its preferential alignment along the injection-moulding flow direc-
tion, as also reported by Post et al. [55] for polypropylene-based
composite. Since the primary objective of talc addition was to
improve extrusion processability, the preservation of mechanical
performance indicates that the filler does not negatively affect the
composite's structural integrity.

The incorporation of PO powder leads to a noticeable reduction in
Ty O and g, for PP5 and PP10 samples. This decline becomes more
pronounced with increasing filler content, generally reaching the
lowest values in the PP10 sample, which recorded 15.32 MPa for Iy
17.88 MPa for o, and 325.28% for ¢,. Conversely, a slight increase
in E is observed with increasing filler loading, indicating that the
lignocellulosic powder acts as a stiffening and mildly embrittling
agent. This trend is consistent with the results obtained from DMA
analysis and with the findings reported by Strangis et al. [8], who
observed an increase in the elastic modulus with increasing wt.%

of the lignocellulosic filler, accompanied by a non-significant de-
crease in both stress at break and elongation at break. Nevertheless,
owing to the good dispersion of the filler and its satisfactory inter-
facial adhesion with the polymer matrix, the embrittlement effect
remains limited.

Finally, consistent with the above discussion, the tensile prop-
erties of the ternary composites PPT05 and PPT1 are not sig-
nificantly affected by the addition of micro-talc when compared
to PP5 and PP10. This behavior is likely related to the lamellar
morphology of talc, which allows it to orient along the process-
ing direction, thereby preserving mechanical properties within
the standard deviation range of the corresponding binary
composites.

Figure 7 presents the impact energy values obtained for the dif-
ferent samples, highlighting the significant effect of PO powders
and micro-talc within the polymer matrix.

P exhibits optimal impact energy absorption (53.42kJ/m?), as
demonstrated by Post et al. [55]. This enhanced toughness is
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primarily associated with its relatively low elastic modulus,
which allows significant deformation under stress, and the
high segmental mobility of its polymer chains. Since the me-
chanical tests were performed at room temperature, well above
the glass transition temperature (Tg) of P, the material displays
a ductile response, enabling efficient dissipation of impact
energy.

The incorporation of micro-talc and PO powder results in a
marked reduction in impact energy. In particular, the absorbed
energy is reduced to approximately half for the PPT05 and PPT1
samples. In these composites, the lamellar morphology of the
filler does not contribute to energy dissipation but instead acts
as an embrittling factor.

A substantial reduction in impact energy is also observed in com-
posites containing only PO powder, with values of 9.61 kI m~2 for
PP5 and 6.88kJm~2 for PP10. As previously highlighted in the
tensile test analysis, PO powder primarily behaves as a stiffen-
ing filler with a mild embrittling effect on the P matrix, which
likely contributes to the observed decrease in impact resistance.
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FIGURE 7 | Average Charpy impact energy values with correspond-
ing standard deviations for the composites.

When micro-talc and PO powder are combined, the resulting
impact energy values remain comparable to those of the com-
posites filled exclusively with PO, indicating that the simulta-
neous presence of both fillers does not mitigate the embrittling
tendency but instead maintains a similar mechanical response.

Overall, the reduction in impact energy can be attributed to the
relatively high aspect ratio of both fillers, which are non-spherical
in shape and therefore act as stress concentrators within the
polymer matrix. As the particle edges become sharper, the local
stress concentration intensifies, leading to premature failure, as
demonstrated by Ananthapadmanabha et al. [56] through a di-
rect comparison between spherical calcium carbonate (CaCO,)
fillers and platelet-shaped talc. Furthermore, the tendency of
the fillers to form aggregates, as evidenced in Figure 9c, further
contributes to the deterioration of impact strength by generating
additional stress concentration sites within the composites.

Based on the results obtained thus far, a model (Figure 8) de-
scribing the interactions among the composite components can
be proposed. As reported in the sub-paragraph “Composite
Preparation” (Section 2.5), micro-talc and PO powder were
premixed prior to extrusion to enhance processability and min-
imize PO particle agglomeration. At this stage, talc lamellae
shield and cover the PO fibers, promoting the physical separa-
tion of PO-talc particles within the polymer matrix.

Talc exhibits a layered crystalline structure consisting of an
octahedral magnesium brucite sheet sandwiched between
two tetrahedral silica layers. Its surface is intrinsically hy-
drophobic, owing to the absence of hydrogen-bonding sites,
thereby limiting moisture-induced agglomeration, reducing
dispersion in aqueous media, and conferring chemical inert-
ness [57, 58]. Furthermore, the talc layers are held together
by weak van der Waals interactions, which enable interlayer
sliding during composite extrusion and deformation. This
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FIGURE 8 | Schematic model of interaction among PO, micro-talc and polymer matrix Morphological analysis.
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behavior facilitates chain alignment along the flow direction
and reduces friction between the PO-talc particles and the
polymer matrix. Overall, this mechanism is consistent with
the absence of strong chemical interactions among the three
components of the composite.

Figure 9 presents the SEM images of PO and talc powder, to-
gether with their corresponding number distributions and the
value of the particle size distribution d50 and span.

At 100x magnification, the PO powder exhibits a clear non-
homogeneous morphology, as further evidenced by the relatively
high span value (4.21), which reflects the pronounced particle
polydispersity typically associated with mechanically ground
materials. Despite this variability, the median particle size (d50)
remains at 1.28 um. In the case of talc, the micrographs reveal
the presence of aggregates, most likely induced by moisture ab-
sorption, leading the volumetric span at 4.98; nevertheless, its
number-based particle size distribution is characterized by a d50
of 1.04 um.

Figure 10 shows the fracture surfaces of neat P and the corre-
sponding P-based composites. At a magnification of x2000, no
significant morphological differences are observed in the brittle
fracture surfaces of the P/talc composites, indicating a homoge-
neous dispersion of the filler within the polymer matrix. In the
case of talc incorporation, the identification of voids is partic-
ularly challenging, owing to the good interfacial adhesion be-
tween the platelet-shaped talc particles and the polymer matrix,
as well as to their large contact surface area [59].

Upon incorporation of PO powder in the PP5 and PP10 samples
(Figure 10d,f), a generally homogeneous filler distribution is

also observed. However, as indicated by the particle size distri-
bution analysis, the presence of relatively large particles cannot
be excluded. This is clearly evidenced in Figure 10d, where the
characteristic porous morphology of PO can be distinguished,
with particle diameters of approximately 20pum. As a result,
the fracture surfaces of these composites appear more irregular
compared to neat P, likely due to the presence of larger particles
acting as stress concentration sites.

In ternary composite PPT05 and PPT1 (Figure 10e,g), both PO and
talc powders appeared well dispersed within the polymer matrix,
without visible agglomeration or voids. The homogeneous distri-
bution of the fillers, together with the absence of defects, indicates
good compatibility and efficient processing conditions.

In conclusion, composites containing higher amounts of PO do
not exhibit clearly visible powder particles, likely due to their
particle size distribution. The number-based distribution indi-
cates an average particle size of approximately 1um, without
significant peaks at larger sizes, whereas the volume-based dis-
tribution shows a broad peak around 10?um. This suggests that
large individual particles are generally absent; however, occa-
sional agglomerates may still be present, possibly as a result of
moisture-induced aggregation.

This morphological evidence provides further support for the ten-
sile test results, as the mechanical properties of these composites
are comparable to those of the neat P matrix. Nevertheless, similar
to the PP5 and PP10 systems, the occasional presence of larger PO
particles with a porous morphology cannot be entirely excluded;
these particles may induce local heterogeneities in the polymer
matrix and function as stress concentration points, potentially
compromising the mechanical integrity of the composite.
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In conclusion, the SEM analysis supports the evidence that the
PPT1 formulation may represent the threshold beyond which
the mechanical properties deteriorate. This behaviour can be
attributed to the excessive fracture surface generated by the
non-uniform dispersion of the filler within the polymer matrix.

3.4 | Biodegradation Test

This section reports the mechanical properties and the biodegra-
dation progress in seawater of the dog-bone specimens of P and
PP10, respectively.
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Figure 11 illustrates the condition of P and PP10 specimens over
the months of immersion in seawater tanks. It can be imme-
diately observed that P specimens remain intact, showing no
defects throughout the examination period. In contrast, PP10
exhibits signs of degradation after only 2 months, with some
specimens partially degraded only after 3 months.

This phenomenon can be attributed to the incorporation of pow-
der as a filler within the polymer matrix, which enhances the
biodegradation rate of P by promoting composite fragmentation
and thereby initiating a mechanically driven degradation pro-
cess. The hydrophilic nature of the PO powder likely contributes
to this effect, as the swelling of the flakes in the aqueous medium
facilitates specimen fragmentation, resulting in an increased
surface area available for microbial colonization and subsequent
degradation, as it is possible to observe from the SEM image in
the zoomed Figure 11c. Similar effects have been reported with
the incorporation of bran into P-based composites, as described
by Seggiani et al. [60].

Figure 12a shows the percentage weight loss over time, enabling
quantification of the effect of PO particles on specimen mass
loss and comparison with neat P. PP10 samples degrade faster
than P samples, which exhibit a slower, linear trend. This accel-
erated degradation is attributed to the hydrophilic nature of PO
powder, which absorbs water, promotes material fragmentation,
and enhances the activity of microorganisms and benthic organ-
isms. Similar results are also reported in Strangis et al. [8], when
comparing the same exposure period, P shows a weight loss of
less than 5% after 4 months, whereas the composite material
reaches approximately 20% weight loss.

Consequently, the mechanical properties of the composites are
drastically reduced even after 2months, with the material tran-
sitioning from the typical ductile behavior of P to a brittle one.
While P samples maintain their ductile behavior throughout the
entire testing period, showing no significant influence of the
seawater environment. In fact, the P samples reach optimal per-
formance after approximately 3 months of seawater exposure.

In contrast, PP10 exhibits a markedly different response.
Seawater exposure induces pronounced embrittlement, with
a drastic reduction in elongation at break (g,) from 325.28% to
19.04% within 3 months, and the disappearance of yield stress
(cry) after only 2months. By the fourth month, PP10 samples are
no longer suitable for mechanical testing due to degradation-
induced defects (Figure 12b-e).

As observed, the biodegradation of P in seawater is less favorable
than in compost. This difference may be attributed to intrinsic
factors such as the polymer's breaking point, chemical structure,
and degree of polymerization, as well as to environmental con-
ditions including temperature, pH, and the presence of catalysts
or enzymes [61, 62]. In fact, hydrolytic degradation constitutes a
critical pathway for the breakdown of aliphatic polyesters such
asP.

Among these factors, crystallinity plays a central role in deter-
mining the polymer's susceptibility to degradation. With a y, of
approximately 33%, the crystalline regions are densely packed,
limiting water penetration and consequently slowing both hy-
drolytic and microbial processes [63]. Moreover, elevated tem-
peratures can markedly accelerate hydrolytic reactions even

500 um

FIGURE 11 | Dog-bone specimen for the biodegradation test in sea water after month: 0 (a), 2 (b), 3 (c) and 4 (d). In (c.1), a detail of the dog-bone
specimen after 3 months is shown by an SEM micrograph at 100X magnification.
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¢, compared during the test period.

in the absence of enzymatic activity; however, this effect is not
relevant in the present study, as the temperature remained con-
stant at approximately 20°C-21°C.

4 | Conclusion

This study demonstrates the feasibility of producing biobased P
composites reinforced with PO powder obtained from coastal ban-
quette residues, valorizing a natural biomass typically treated as
waste within a circular material approach. The addition of small
amounts of micro-talc improved extrusion processability without
negatively affecting the overall material performance.

Thermal analyses show that the incorporation of talc and PO
does not affect the intrinsic thermal stability of P, with degra-
dation temperatures remaining around 403°C. However, DSC
results reveal changes in crystallization behavior due to the
nucleating effect of the two additives, leading to an increased
crystallization temperature and the appearance of a second-
ary melting peak at about 79°C, while the overall crystallinity
remains nearly unchanged.

FTIR analyses indicate the absence of significant chemical inter-
actions between P and the additives. SEM observations reveal a
generally homogeneous dispersion of both talc and PO particles
within the matrix, along with good interfacial adhesion. However,
PO particles exhibit a tendency to agglomerate due to moisture, as
corroborated by the results of granulometric analysis.

As a result of this compatibility, the tensile and thermo-
mechanical properties of the composites containing micro-talc
remain comparable to those of neat P, although PO induces slight
stiffening and mild embrittlement. DMA results demonstrate an
increase in storage modulus across the investigated temperature
range with increasing PO content, while the glass transition
temperature remains essentially unchanged (~—44.6°C) for all
samples. Tensile tests confirm an increase in elastic modulus
accompanied by reductions in tensile strength and elongation at

break for the PO/P composites, whereas the presence of micro-
talc does not significantly affect the tensile response. Impact
tests, however, reveal a marked reduction in toughness for filled
systems, particularly at higher filler loadings.

Seawater exposure tests further show that PO significantly ac-
celerates P biodegradation, promoting water uptake, fragmenta-
tion, and microbial colonization, which leads to early mass loss
and a rapid deterioration of mechanical properties.

Overall, these results demonstrate that PO powder combined
with micro-talc can be effectively used as a sustainable filler
in biodegradable P composites, enabling controlled crystalli-
zation behaviour and accelerated environmental degradation
while maintaining adequate processability and mechanical
performance.
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