Materials Today Communications 52 (2026) 115228

materialstoday

Contents lists available at ScienceDirect

COMML

Materials Today Communications

FI. SEVIER

journal homepage: www.elsevier.com/locate/mtcomm

Check for

Turning unsorted stranded seaweeds into biocomposites | e

a,b,* a,c,d

Nicole Canzian “®, Gioele Foltran , Valentina Beghetto

2 Dipartimento di Scienze Molecolari e Nanosistemi, Universita Ca’ Foscari Venezia, Via Torino 155, Venezia 30172, Italy

® Dipartimento di Architettura e Disegno Industriale, Universita della Campania “Luigi Vanvitelli”, Via San Lorenzo-Abazia di San Lorenzo, 81031, Aversa (CE), Italy
¢ Crossing S.r.L, Viale della Repubblica 193/b, Treviso 31100, Italy

4 Consorzio Interuniversitario per le Reattivita Chimiche e La Catalisi (CIRCC), Via C. Ulpiani 27, Bari 70126, Italy

ARTICLE INFO ABSTRACT

Keywords: The valorisation of stranded seaweeds (SW) represents a promising strategy to transform an environmental
Biocomposite burden into a renewable resource for sustainable materials. In this work, SW collected from coastal areas were
Polybutylene succinate tested as bio-fillers for the production of polybutylene succinate based biocomposites. Composites containing 10,
l;f:wee ds 20, and 30 wt% SW were prepared by melt mixing and injection moulding. The effect of epoxidized soybean oil

(EP, 2-6 wt%) as a bio-based compatibilizer/plasticizer was also evaluated. Thermal (DSC, TGA), mechanical
(tensile strength, elongation at break, Young’s modulus), morphological (SEM), surface (contact angle), colori-
metric, and ATR-FTIR analyses were performed. Results showed that SW acts as a nucleating agent, increasing
the crystallization temperature and slightly enhancing the crystallinity degree of polybutylene succinate, while
maintaining a melting temperature comparable to the neat polymer (~114 °C). Although tensile strength
decreased with increasing filler content, the addition of 6 wt% EP significantly improved elongation at break and
interfacial adhesion, as confirmed by SEM and ATR-FTIR analyses. Thermal stability remained suitable for
conventional processing. Soil burial tests showed enhanced biofragmentation of SW-containing composites, with
the highest weight loss (~58% after 183 days) observed for P-SW20-EP6 and P-SW30-EP6. Overall, P-SW20-EP6
emerged as the best compromise between mechanical performance, thermal stability, and sustainability. This
study demonstrates the feasibility of directly employing unsorted stranded seaweeds as fillers in PBS bio-
composites, offering a scalable and environmentally sound valorisation route.

Epoxidized soybean oil

1. Introduction aligning economic development with environmental protection goals

[13-18].

Global plastic production reached approximately 413.8 million tons
in 2023, only 1% of which was derived from biobased sources [1].
Despite their currently limited market share, biobased plastics present
several notable advantages compared with their fossil-based counter-
parts, including lower reliance on non-renewable resources and
improved biocompatibility [2-4]. Life cycle assessment studies further
indicate that, depending on the type of feedstock, product design, and
intended application, biobased plastics can achieve substantial re-
ductions in CO5 emissions relative to conventional petrochemical plas-
tics [5-8]. Therefore, these materials are considered strategic in
supporting the EU to lower greenhouse gas emissions and reach its
net-zero objectives [9-11].

Within the broader framework of the European Green Deal and the
United Nations 2030 Agenda [12], there is growing interest on the
development of sustainable and biodegradable materials capable of

However, the increase in biopolymer production also raises several
critical concerns. These include limitations in feedstock availability,
potential competition with food and feed supply chains [19,20],
land-use pressure, and risks for biodiversity associated with the culti-
vation of non-native crops dedicated to biorefinery systems [21-23].

A promising strategy to enhance the sustainability of bioplastics in-
volves the use of by-products and waste from the agri-food industry as
alternative feedstocks [24-26]. In particular, organic food waste, typi-
cally rich in lignocellulosic fractions, can serve as a bio-based filler in the
production of biocomposites. These materials are generally obtained by
incorporating varying weight percentages of waste-derived fillers into a
virgin biopolymer matrix, followed by conventional processing tech-
niques such as extrusion and injection molding [15,27,28].

Through this approach, biocomposites can contribute to lowering the
demand for virgin biopolymers, reducing manufacturing costs,

* Corresponding author at: Dipartimento di Scienze Molecolari e Nanosistemi, Universita Ca’ Foscari Venezia, Via Torino 155, Venezia 30172, Italy.

E-mail address: gioele.foltran@unicampania.it (G. Foltran).

https://doi.org/10.1016/j.mtcomm.2026.115228

Received 10 March 2026; Received in revised form 15 April 2026; Accepted 20 April 2026

Available online 21 April 2026

2352-4928/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0008-1357-5627
https://orcid.org/0009-0008-1357-5627
https://orcid.org/0009-0001-0917-7596
https://orcid.org/0009-0001-0917-7596
mailto:gioele.foltran@unicampania.it
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2026.115228
https://doi.org/10.1016/j.mtcomm.2026.115228
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2026.115228&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Cangzian et al.

enhancing market competitiveness, and improving the management and
valorization of agri-food waste [29-31]. Among thermoplastic poly-
mers, polylactic acid, polybutylene succinate, and polybutylene adipate
terephthalate are particularly attractive for biocomposite production,
because of their commercial availability, renewable origin, and good
processability [2,16,32].

Polybutylene succinate, in particular, is an aliphatic biodegradable
polyester with thermal, mechanical, and physical properties comparable
to those of polypropylene [2,33]. Owing to these characteristics, it has
been extensively investigated as a matrix for biocomposites reinforced
with various lignocellulosic fillers, including jute fibers [13,34-36],
beer spent grain [37-39], grape pomace [40,41], almond shell flour [42,
43], coffee grounds [44-46], potato peels [47], and wheat bran [48,49].

In this context, it is noteworthy that seaweeds, despite being an
abundant renewable resource, has only marginally been explored as an
alternative to agri-food residues, for the production of biocomposites.
Several algae species, including Gelidiella acerosa, Gracilaria, and Geli-
dium amansi, are extensively cultivated and processed worldwide for
applications in cosmetics, pharmaceuticals, food products, pigments,
fertilizers, and biofuels [50-54]. Although global algal variety is esti-
mated to exceed 164,000 species, only about 9800 of these are classified
as seaweeds and merely 0.17% of them are harvested for commercial
applications [55,56], while naturally proliferating seaweeds in marine
and freshwater environments remain largely underutilized [57].

At the same time, eutrophication has intensified the uncontrolled
growth of seaweeds, disrupting aquatic ecosystems and altering water
quality. Massive seaweed blooms pose serious challenges to lagoon and
coastal environments, negatively affecting shellfish populations and
other aquatic organisms. Moreover, the removal of seaweeds often
generates additional environmental burdens, as large amounts of rapidly
degradable organic matter accumulate along riverbanks and shorelines.
This situation leads to significant ecological and socioeconomic conse-
quences, particularly for the fishing and aquaculture sectors. For
instance, in the Po Delta (Italy), seaweed overgrowth (up to 10 kg/mz)
contributed to a decline of more than 30% in clam and mussel produc-
tion in 2022.

Very few works have been reported in the literature regarding the
use of algae waste, recovered after agarose or oil extraction, as bio filler
for fossil-based [58-63], or bio-based [64-72] composites production by
extrusion and injection moulding. Additionally, protocols for the pro-
duction of biodegradable biocomposites often require pretreatments of
the algae by bleaching or washing in soda or the use of toxic compati-
bilizing agents generating environmental concern [64-70].

An interesting study by Rosdi reported a straightforward protocol for
producing PLA-based biocomposites using a selected red algal species
(Kappaphycus alvarezii) that was simply milled and sieved prior to pro-
cessing [71]. Furthermore, Bulota and co-workers demonstrated that
PLA biocomposites prepared with three different types of algae (red,
brown, or green), exhibited comparable physical-mechanical properties,
suggest that seaweeds, even when not specifically selected or pretreated,
could serve as effective fillers in biocomposite production [73,74]. This
approach is particularly attractive, as it may enable sustainable strate-
gies for the valorization and recycling of large quantities of unselected
and untreated seaweed biomass.

This work is the first of its kind validation study of the use of unsorted
stranded seaweeds (SW) as bio-fillers to produce polybutylene succinate
(P) biocomposites. SW were only milled and sieved after washing and
drying. The influence of the wt% of bio filler (between 10 and 30 wt%)
and of epoxidized soybean oil used as additive (EP, between 2 and 6 wt
%) on the physical-mechanical (tensile strength, elongation at break,
Young’s modulus, contact angle, colour), thermal characteristics (DSC,
TGA) and ATR-FTIR, SEM of the biocomposites were studied and
compared to virgin P. Biodegradability in soil was also assessed. The
hypothesis is that considering the relatively high amount of carbohy-
drates present in SW it can be successfully employed as filler for the
production of P-SW biocomposites. Additionally, the epoxide moiety of
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EP may interact with the hydroxyl groups of the lignocellulosic fraction
of SW, while the apolar tail with the P chains through hydrophobic in-
teractions, leading to an improved compatibility between the matrix and
the filler, improving the properties of the biocomposite.

2. Material and methods
2.1. Materials

Polybutylene succinate (melt flow rate 26 g/10 min, melting tem-
perature 114 °C) was purchased from Tunhe, epoxidized soybean oil
(Esopol, EP) was supplied by Chimitrade (Italy) and used as received.
Seaweeds (SW) were collected from the “Sacca di Goro” Ferrara (Italy).

2.2. Methods

2.2.1. Seaweed composition

Quantification of ash was determined according to the literature
[75]. Dried ground seaweed (0.6962 g) was placed in a 25 mL flask with
5 mL of 72% w/w H3SO4 and heated under reflux for 4.5 h. The mixture
was filtered on a weighed Gooch, washed with water, and oven dried at
104 °C for 24 h. The black solid obtained, was transferred into a weighed
crucible and placed in a muffle furnace for 5 h at 600 °C and ash content
determined.

Quantification of lignin was determined according to the literature
[75]. Dried ground seaweed (0.7160 g) was placed in a flask with 5 mL
of 72% w/w H3SO4 and stirred at room temperature for 1 h. Then,
150 mL of water were added, heated under reflux for 3 h, filtered on a
weighed Gooch and washed with water to neutral pH. The residue was
oven dried at 80 °C for 72 h, yielding 0.0637 g of a black solid. The lignin
content was determined by subtracting the ash content from this value.

Seaweed crude protein content was determined by quantifying the
total nitrogen content on dry material. After placing the material in the
oven (70 °C, overnight), it was hydrolysed in an acid medium (pH 2.0) at
320 °C and 30 bar, using a Speedwave Xpert — Berghof (Germany) to
transform all the nitrogen to ammonia ions. Then, ammonia ions were
converted to ammoniacal nitrogen at alkaline pH, recovered by distil-
lation, conveyed in a boric acid solution and analysed with colorimetric
Nessler’s method [76]. Then, the nitrogen concentration was multiplied
by the conversion factor of 6.25 according to IRSA-CNR, 2003 [77].
Further SW carbohydrate content was determined according to the
procedure described by Pangestuti [78]. Total carbohydrate content was
estimated using Eq. 1:

carbohydrate% = 100 — ash% — lignin% — protein% — moisture% )

2.2.2. Preparation of seaweed filler

Seaweeds were washed with water to remove sand and dirt. Wet
seaweeds were air dried for 3 days, grinded using a ball mill PM100
(Retsch, DE). The grinding process was performed using a ball mill with
the following specifications: 80 mL zirconia jar, 5 zirconia balls (diam-
eter 20 mm), 350 rpm, 1 h. To prevent overheating and potential ther-
mal degradation of the seaweed biomass, the process was set with
intervals of 10 min of active milling followed by 3 min pause. The fine
powder was sieved to < 90 um size then dried at 50 °C to a constant
weight before use. The particle size distribution of the SW, determined
with Laser Mastersizer 3000 (Malvern Panalytical), is reported in
Figure S1. Additionally optical microscopy analysis of < 90 um meshed
SW was performed with a Digital Microscope “4 K Keyence VHX-X1"
(Keyence Corporation, Osaka, Japan) (see Figure S2).

2.2.3. Biocomposites preparation

The biocomposite materials were prepared in two steps. First, PBS
was mixed with different percentages of seaweed powder and additive
(see Table 1) in a melt mixer (Plastograph EC, Brabender, Duisburg DE)
at 140 °C for 30 min at 80 rpm. The materials were removed from the
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Table 1

Composition of biocomposites mixtures and identification codes of the samples.
Sample name P SW EP

(%owt) (%wt) (%owt)

P 100 - -
P-SW10 90 10 -
P-SW10-EP2 90 10 2
P-SW10-EP4 90 10 4
P-SW10-EP6 90 10 6
P-SW20 80 20 -
P-SW20-EP2 80 20 2
P-SW20-EP4 80 20 4
P-SW20-EP6 80 20 6
P-SW30 70 30 -
P-SW30-EP2 70 30 2
P-SW30-EP4 70 30 4
P-SW30-EP6 70 30 6

mixer and grinded into small pieces with a coffee grinder to obtain
pellets. The pellets were used in the injection moulding (HAAKE MiniJet
II (Thermo Fisher Scientific, USA), 900 bar, cylinder temperature 150
°C, moulder temperature 30 °C) to produce dumbbell-specimen.

2.2.4. Differential scanning calorimetry (DSC)

A small piece of biocomposite was weight (about 10 mg) in the
crucible and analyses were carried out with a DSC 3 (Mettler Toledo,
USA) under nitrogen atmosphere (40 mL/min); an empty crucible was
used as reference. The samples were rapidly heated to 160 °C and
maintained for 5 min, followed by cooling to 20 °C with a rate of 10 °C/
min, then heated again to 160 °C with a rate of 10 °C/min [79]. DSC
thermograms show two different curves, during the cooling there is an
exothermic peak related to the crystallization process of the polymer,
the heating instead shows the endothermic melting peaks. From this
curve crystallization temperature (T.), melting temperature (Tp1/Tm2)
were identified and crystallization enthalpy (AH,) can be determined by
integrating the area under the crystallization peak, by Eq. 2:

AH,

%) =——————100 2
2:(%) A e (1-W) " 2
where AH,On is the enthalpy of 100% crystalline PBS (110.3 J/g), and Wy
is the weight fraction of the filler (seaweed) in the composites, which is
totally amorphous.

2.2.5. Thermogravimetric analysis (TGA)

A piece of biocomposite (about 8 mg) was put in the crucible, and the
measure were carried out thanks to a STAR PT-1000 (Perkin Elmer),
under a nitrogen flux (20 mL/min), the sample was heated from 30 °C to
600 °C with a rate of 10 °C/min. Derivative thermogravimetric (DTG)
curves were also calculated.

2.2.6. Mechanical testing

Tensile tests have been performed on dumbbell-specimen (Type IV)
in accordance with ASTM D638 and ASTM D618 standards [80,81], all
specimens were conditioned for at least 40 h at room temperature inside
a desiccator containing saturated MgCl, solution (33% final humidity).
The tests were then performed immediately after removing the samples
from the controlled environment. Tensile parameters were determined
using Lonos Test machine dynamometer (Brescia, IT) equipped with a
50 kN load cell. Tests have been conducted at room temperature with a
10 mm/min clamp separation speed. The reported data of Young’s
modulus (E), tensile strength (c;) and elongation at break (g;) are the
average values of at least three determinations.

2.2.7. ATR-FTIR
The Fourier transform infrared (ATR-FTIR) spectra were acquired
from a thin slice of biocomposite with a Perkin Elmer spectrum with
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LiTaOs detector. Measurements were recorded from 400 to 4000 cm?,

using 100 scans at a resolution of 1 cm ™.

2.2.8. Water contact angle

Contact angle measurements were performed using a Celeston Dig-
ital Microscope (USA). A drop of 10 pL of water was placed on the
surface of the dumbbell-specimen and contact angle value was recorded
after drop stabilization (10s). Picture was processed using ImageJ
software for contact angle measurement.

2.2.9. Scanning electron microscopy (SEM)

Prior to the observations the tensile-fractured surface of the samples
were sputter-coated with a thin layer of gold (40 mA for 15s). The
sample was observed under a field-emission scanning electron micro-
scope (Hitachi High-Tech TM3000, Tokyo) with high sensitivity four-
sector semiconductor BSE detector. The micrographs were acquired at
500x and 40x magnification.

2.2.10. Colour analysis

The surface colour of the samples was characterized via a CM 2600d
Spectro-colorimeter (Konica Minolta Sensing Inc. Osaka, Japan), oper-
ating in SCE mode with a D65 light source. For each biocomposite,
triplicate readings were taken across random surface areas to obtain
representative L* (lightness), a* (redness) and b* (yellowness) co-
ordinates. Furthermore, darkening induced by the high-temperature
molding stages was quantified through the Browning Index (BI), calcu-
lated using Eq. 3:

BI = [(100 e (x—0.31))/0.17] 3

Where x is obtained from Eq. 4:

x=[(a+1.7501)/(5.645 0 ' +a" —0.3012 ¢ b)] (4)

2.2.11. Biofragmentation

The electrical conductivity 0.8 dS/m, pH (pH 8.17 + 0.27), dry bulk
density (220 kg/m3) and C/N ratio (C (%) 33.70 4+ 1.66, and N (%) 1.51
=+ 0.09) of the universal soil were measured according to EN 13038, EN
13037, EN 13041 [82-84]. The soil was poured into an aluminium tray.
Samples with different percentage of SW and EP 6 wt% were weight and
buried in the soil to a depth of approximately 10 mm. The trays were
kept at ambient temperature and sprayed with water twice a day to
maintain the moisture. At different times (every week for the first month
and then every month), samples were carefully taken out and dried.
After that they were weighed and photographed for visual analysis
(Figure S3), according to Jaramillo [85,86].

2.2.12. Statistical analysis

All tensile data were generated at least in triplicate and statistical
significance was assessed via one-way analysis of variance (ANOVA)
followed by Tukey’s Honestly Significant Difference (HSD) post-hoc test
for multiple comparisons. The test was specifically conducted to
compare different groups containing the same seaweed percentage. A p-
value < 0.05 was considered statistically significant. All analyses were
performed using OriginLab software (OriginLab Corp., Northampton,
MA, USA).

3. Results and discussion
3.1. Chemical analyses of seaweeds

The chemical composition of stranded seaweeds is reported in
Table 2 and was measured as reported in the methods Section 2.2.1.
Since the composition of seaweeds can change according to the species,
geographical area, climate conditions, among others, only seaweeds
collected in one campaign were used in this work, to avoid excessive
variabilities [87].
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Table 2

Composition of stranded seaweeds.
Composition of seaweeds %
Carbohydrates 52.6
Lignin 7.2
Protein 27.0
Ash 1.7
Moisture 11.5

It is nevertheless important to consider that according to the litera-
ture PLA biocomposites prepared with red, brown, or green algae, have
been reported to exhibit comparable physical-mechanical properties,
suggesting that the composition variability of SW is not significant
enough to play a crucial role in influencing biocomposites properties
[73,74].

3.2. Thermal properties of bio composites

Thermal properties of all specimens were measured by DSC (see
Table 3) giving information about melting temperature (Tmy1/Tm2),
crystallization temperature (T.) and enthalpy (AH.) and crystallinity
degree (y.). P and biocomposite samples were heated twice to suppress
thermal history and DSC data reported are those collected during cool-
ing and second heating run [30,88].

The DSC thermograms of P-SW10, P-SW20 and P-SW30 (see
Figure S4-S6) show a characteristic double melting peak Tp; and T
between 100 °C and 140 °C, a phenomenon typical of polyesters like
PBS, which is generally explained by the melting-recrystallization-
remelting model [88-90]. The lower melting temperature (Tp,;) corre-
sponds to the melting of the less-perfect lamellae formed during the first
cooling of the melt. The increase of Tp,; from 101.8 °C to 103.9 °C for
P-SW20-EP6 and P-SW30-EP6 suggests that SW promotes the formation
of thicker or more ordered primary lamellae. These crystals possess
higher thermodynamic stability, thus requiring more energy (higher
temperature) to melt. Consistent with literature data, the higher melting

Table 3
Thermal properties of all samples tested measured by DSC and TGA analysis.
DSC TGA
Sample Te AH, Xe Tm1 Tm2 T10% Tpeak
name  (°C) /g (%) 0 o) w® O
Q)

P 74.2 65.4 59.3 90.0 113.9 357.8 412.8
+1.2 +23 +21 +0.2 +0.3

P-SW10 84.1 61.7 62.2 101.6 115.1 364.8 407.0
+0.4 + 0.5 + 0.5 +0.3 +0.1

P-SW10- 83.6 60.0 60.5 100.7 114.8 358.8 407.5
EP2 +0.2 +0.9 +0.9 +0.2 +0.3

P-SW10- 83.6 59.9 60.3 101.4 114.4 356.5 405.0
EP4 +0.1 +0.8 +0.8 +0.1 +0.2

P-SW10- 83.5 60.7 61.2 101.0 114.4 359.5 406.3
EP6 +0.1 + 0.6 + 0.6 +0.2 +0.1

P-SW20 85.3 55.9 63.4 102.5 114.6 330.5 407.0
+0.3 +0.1 +0.2 +0.2 +0.3

P-SW20- 86.0 54.0 61.2 103.4 115.1 338.5 404.5
EP2 +0.2 +0.1 +0.2 +0.1 +0.1

P-SW20- 85.8 52.9 59.9 103.0 114.8 336.0 404.8
EP4 +0.2 + 0.4 + 0.5 +0.2 +0.1

P-SW20- 85.2 52.4 59.4 101.8 114.4 330.0 404.5
EP6 +0.1 +0.7 +0.7 +0.3 +0.2

P-SW30 86.7 47.3 61.3 103.5 114.5 278.5 401.3
+ 0.4 +0.9 + 0.6 +0.2 +0.2

P-SW30- 87.7 48.2 62.5 103.7 114.4 308.8 402.4
EP2 +0.1 +0.2 + 0.2 +0.1 +0.3

P-SW30- 87.7 46.5 60.2 103.8 114.4 308.8 402.4
EP4 +0.1 + 0.4 + 0.5 + 0.1 + 0.1

P-SW30- 87.7 47.0 60.8 103.9 114.2 300.8 401.9
EP6 +0.3 +0.4 +0.5 +0.2 +0.2

(a) WL - weight loss
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temperature (Tp) of all samples remained nearly unchanged (approx-
imately 114 °C, Table 3) and comparable to that of neat P (Figure S7)
[39,91], indicating that SW does not alter the overall crystal structure or
the melting point of P.

The cooling thermograms reveal that the incorporation of SW
significantly affects the crystallization kinetics of P. The shift of the
crystallization temperature (T.) toward higher values as the SW content
increases (from 62.7 °C up to 84.1 °C, Table 3) is a clear indication of a
heterogeneous nucleation effect [79]. The SW particles act as
pre-existing nuclei in the polymer melt, reducing the free energy barrier
required for the formation of the first crystalline structure, as reported
for PBSA/ATP systems [92]. Since Turco [89] reported that T. of poly-
butylene succinate blends containing 2.5 wt% EP (P-EP2.5) is the same
as that of the pristine polymer, the increase observed in T, is to be
attributed exclusively to SW. Thus, as for P-EP also for P-SW composites,
EP mainly acts as a plasticizer, allowing higher chain mobility and
favouring polymer crystallization. This evidence suggests that EP does
not substantially influence the structural reorganization of the polymer
chains during cooling but is able to promote crystallization by chain
rearrangement, which influences physical mechanical properties as
discussed below. This is further supported by an increase in y. from
59.3% for P to values between 60.3% and 63.4% for P-SW specimens
(Table 3).

TGA curves of all specimens tested are reported in Fig. 1 and
Figure S8, S9. The thermal degradation of SW (grey line in Fig. 1a)
shows a multi-step degradation pathway. The first weight loss between
50 °C and 150 °C, is attributed to residual humidity in the sample
together with volatiles. The second degradation, between 160 °C and
300 °C is related to carbohydrate decomposition, whereas protein
degradation occurs between 320 °C and 450 °C [93]. It is interesting to
note that TGA profiles of P-SW10, P-SW20, P-SW30, show a weight loss
between 250 °C and 360 °C which is close to the wt% of filler present
(10-30 wt%, see Table in Fig. 1a) and is a consequence of SW degra-
dation. Weight loss between 350 °C and 450 °C is due to total decom-
position of P and proteins in SW, while above 450 °C the degradation
curves of P-SW10, P-SW20, P-SW30 follow the same trend of that of pure
SW.

Data from DTG show a modest decrease in Tpeax for composites
containing the bio filler, which may be attributed to the higher mobility
of the polymeric chains as a consequence of reduced adhesion in-
teractions between SW and P (Table 3, Fig. 1b) [88].

In Table 3 are also reported the temperatures at which 10 wt% of the
sample is loss (T1powr). An improvement of 7 °C was measured for P-
SW10 compared to P, and moderately also for P-SW10 containing be-
tween 2 and 6 wt% EP. More significant influence on Tjgow1 Was evi-
denced between P-SW20 and P-SW30 with and without EP, with an
increase in Typywr of over 30 °C, evidenced by a strong thermal
improvement of the biocomposites due to the presence of EP (Table 3).
In any case the degradation temperature of all biocomposites tested is
highly above processing temperatures (< 150 °C), allowing for a safe
and standardizable industrial process.

3.3. Mechanical properties of bio composites

Unsorted stranded seaweeds were grinded and meshed below 90 pm.
This specific mesh was chosen in order to achieve a high filler distri-
bution within the biocomposite. In fact, preliminary studies, showed
that higher granulometry (< 250 pm), gave a non-homogeneous filler
dispersion, leading to visible clusters and potential mechanical weak
points within the biocomposite (Fig. 2a) [94]. Reducing the particle size
increases the specific surface area, which typically enhances the inter-
facial adhesion between the seaweed filler and the polymer matrix, and
improves the bio filler dispersion within P (Fig. 2b), thus seaweeds were
meshed down to < 90 pm (see Figure S1) and optical images (Figure S2)
evidences their irregular flake like shape.

Dumbbell specimens of P, and all biocomposites were prepared and
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Fig. 1. a) TGA of SW, P, P-SW. b) DTG of SW, P, P-SW. c) TGA of P, P-SW30, P-SW30-EP. d) DTG of P, P-SW30, P-SW30-EP.

Fig. 2. Samples of P-SW10 with a) seaweeds mesh < 250 um and b) seaweeds
mesh < 90 pym.

used to measure tensile strength (o, MPa), elongation at break (g, %)
and Young’s modulus (E, MPa) as reported in Fig. 3. Different P-SW
samples containing variable wt% of EP (identified with different col-
ours) are grouped according to wt% of SW present to better highlight
changes in the physical mechanical properties of specimens tested.

According to data reported in Fig. 3a, tensile strength of the bio-
composites gradually decreases compared to P as the wt% of SW in-
creases, in accordance with the literature [95,96]. Nevertheless, it is
interesting to note that 6, of P-SW20 (13.17 MPa) is comparable to those
of P/sodium alginate 80/20 wt/wt (22.50 MPa) or P/beer spent grain
70/30 wt/wt biocomposites (16 MPa), which have been demonstrated
to possess good thermoplastic characteristics and ease of processability
[39,88].

The addition of EP unfortunately further decreased c; as reported by
Turco for P-EP composites [89]; notably, this downward trend in 6, was
observed across all investigated SW weight fractions when 6 wt% of EP
was added (p < 0.05). Conversely, it is worth noting that 6 wt% of EP
consistently improves the &, (p < 0.05). In terms of mechanical perfor-
mance, the elongation at break effectively doubles across all SW wt%
compared to the corresponding biocomposites without EP (Fig. 3b).

Regarding Young’s modulus, no significant variations were
observed, with values remaining comparable to P for all samples;
however, a significant decrease (p < 0.05) is clearly detected in cases
where 6 wt% EP was added (Fig. 3c). In general, these data are among
the best values reported in the literature for P biocomposites, since
generally &, does not exceed 3-6% and very stiff materials with high E
are obtained [91,97]. To best of our knowledge most similar results were
obtained by Liminana for the preparation of P/almond composites
70/30 containing 4.5 wt% of EP (e; = 13.1%) [98]. As reported in the
literature, epoxidized vegetable oils may function as compatibilizing
and plasticizing agents forming hydrogen bonds with both P and the bio
filler, according to the mechanism reported in Fig. 4 [98]. Additionally,
higher mobility of P chains may be generated due to the presence of the
long hydrophobic chains of EP.

The nucleation effect observed via DSC induces a microstructural
transition toward a more crystalline framework, which typically renders
the matrix more brittle. However, the addition of EP enhancing polymer
chains mobility, improves elongation at break. This suggests that while
SW promotes a rigid crystalline structure, EP acts as an effective plas-
ticizer, restoring the biocomposite ability to plastically deform and
improving its overall energy dissipation capacity. Based on data re-
ported above and to fully exploit waste materials as valuable resources
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within a circular economy framework, particularly for industrial appli-
cations, it is advantageous to incorporate the highest feasible amount of
bio-filler into bio-composites. At the same time, achieving an effective
balance is essential, since increasing bio-filler content can affect pro-
cessability and may compromise the final mechanical and physical
performance of the material. Physical-mechanical and thermal analysis
reported indicate that P-SW20-EP6 can be considered the optimal
formulation and therefore only specimens containing 6 wt% of EP were
further characterized.

3.4. ATR-FTIR, water contact angle and SEM analysis

All biocomposites were characterized by ATR-Fourier Transform
Infrared Spectroscopy analysis (ATR-FTIR, see Fig. 5 and Figure S10-
S12). The vibrational frequency of the characteristic carbonyl group
stretching (1714 cm ™)) in P are sensitive to weak interactions, such as
hydrogen bonds and consequently, changes in this frequency, evidenced
by ATR-FTIR, can give information on the compatibility between the
polymer matrix and the filler [95,99]. In fact, spectra of P-SW10,
P-SW20 and P-SW30 (Fig. 5a, b) show very similar profiles, apart from
an increase in the wavenumber of the stretching vibration from 1714.25
to 1715.25 cm ™! between P and P-SW10, which indicates a decrease in
compatibility. For SW loadings above 20 wt% the stretching vibration
returns to the same values as for P. In contrast, when EP is added the
wavenumber decreases compared to P (see for example Fig. 5S¢, d),
which is consistent with the formation of interactions between the ma-
trix and the filler, indicating a weakening of the carbonyl bond and

lowering of the energy required for vibrational excitation [100].

Water contact angle data of P-SW10, P-SW20 and P-SW30 with 6 wt
% of EP and without EP are reported in Fig. 6. P exhibits a moderate
hydrophobic character with a contact angle of ~60°, and interestingly
the incorporation of 20-30 wt% of SW did not substantially alter this
value.

The presence of EP contributes to increase surface hydrophobicity
compared to the same specimens prepared without EP and the hydro-
phobicity of P-SW30-EP6 is 10% higher than that of the starting polymer
P, in agreement with the literature [101].

Scanning electron microscopy (SEM) micrographs at 500x magnifi-
cation of P-SW20 and P-SW20-EP6 dumbbell fractured surface, after
tensile test, are shown in Fig. 7. The fracture surface of P-SW20 appears
irregular and highly non-uniform. This surface morphology clearly in-
dicates insufficient interfacial bonding between the polymer matrix and
the filler. Numerous cavities and pronounced gaps can be observed
around the filler particles, many of which seem to have detached from
the matrix during fracture. These features evidence weak interfacial
interactions and inadequate wetting of the hydrophilic SW filler by the
hydrophobic PBS matrix, resulting in a predominantly brittle fracture
behaviour.

The addition of 6 wt% of EP leads to a noticeable change in the
fracture surface morphology, and the SW particles show a better degree
of embedment within the polymer matrix, so that the fracture surfaces of
P-SW20-EP6 are considerably denser and more uniform. Signs of parti-
cle pull-out are scarce, and the filler particles are more uniformly
enveloped by the P matrix. These observations indicate that the EP
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Fig. 4. Schematic representation of possible interactions within P and SW in the presence of EP.

additive enhances interfacial bonding between P and SW, enabling a
more efficient and cohesive transfer of stress under mechanical loading.
The progressive shift from a brittle, poorly bonded fracture surface in P-
SW20 to a more compact and cohesive morphology at higher EP con-
centrations demonstrates that EP effectively strengthens interfacial
adhesion, leading to improved overall compatibility between the com-
posite components.

3.5. Colour analysis

Colorimetric parameters of all specimens (L*, a*, b*) and browning
index (BI) (calculated as reported in the materials and method section)
are summarized in Table 4. L* refers to the lightness coordinate ranging
from 0 (black) to 100 (white), while a* (redness) and b* (yellowness). In
general, color parameters are measured to assess information on the
optical properties of biocomposites, which are particularly important for
the final application, such as for example packaging, flowerpots among
others [39,102].

As expected, the presence of the bio filler strongly reduces the
brightness (L*) of the biocomposites compared to the pure polymer (P
80.49), with values ranging from L* 24.21 for P-SW10 to L* 20.63 for P-
SW30, although increasing quantities of EP lead to a moderate
improvement and leveraging of samples lightness (P-SW10-EP6 32.87
and P-SW30-EP6 27.85 respectively, Table 4), suggesting a partial
mitigation of the darkening effect of SW [37,103]. Additionally in all
cases, the presence of 6 wt% of EP generates maximum lightening with a
significant increase in redness (a*) and yellowness (b*). In this case, the
additive not only lightens but also intensifies the colour components that
generate the brown hue.

3.6. Biofragmentation of biocomposites

The weight losses of the biocomposites after 6 months are reported in
Fig. 8. The biocomposites exhibited a better biodegradation trend
compared to the virgin polymer and, in all cases, the presence of EP
improved biofragmentation and the highest weight loss (58%) was ob-
tained for P-SW30-EP6 [104,105].

4. Conclusions

This study demonstrates for the first time, the feasibility of using
unsorted, milled, and sieved stranded seaweeds as bio-fillers in poly-
butylene succinate biocomposites without chemical pretreatments.
Seaweed incorporation (10-30 wt%) increased crystallization temper-
ature and crystallinity of all samples, confirming a nucleating effect of
SW, while maintaining melting temperatures similar to polybutylene
succinate and compatible with industrial processing.

Although filler addition reduced tensile strength and ductility, the
incorporation of 6 wt% epoxidized soybean oil improved interfacial
adhesion, elongation at break, and surface hydrophobicity, as evidenced
by SEM, ATR-FTIR, and contact angle analyses. Thermal stability
remained adequate for melt processing.

Biodegradation tests highlighted a clear enhancement in soil bio-
fragmentation with increasing seaweed content, further promoted by EP
addition. Among the formulations investigated, P-SW20-EP6 provided
the best balance between mechanical performance, thermal behavior,
and biodegradability. Future studies will be devoted to analysing the
influence on biocomposites physical-mechanical characteristics as a
function of seaweeds variability and include a larger number of repli-
cates to further improve statistical significance.

The direct use of naturally stranded, unsorted seaweeds represents a
sustainable and scalable approach to valorise excess biomass, while
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contributing to the development of environmentally friendly

biocomposites within a circular economy framework.
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Fig. 7. SEM analysis. a) P-SW20, magnification x40. b) P-SW20, magnification x500. ¢) P-SW20-EP6, magnification x40. d) P-SW20-EP6, magnification x500.

Table 4
Values of L*, a* and b*, BI, chroma of P and all biocomposites prepared.

Sample name L* a* b* BI Colour
P 80.49+0.53 0.05+0.22 519+£190 6.55
P-SW10 2421+0.28 223+0.07 647+0.03 3735
P-SW10-EP2  30.39+0.36 1.60+0.03 5.22+0.10 2233
P-SW10-EP4  30.25+1.09 2.09+0.20 6.04+0.24 2691
P-SWI10-EP6  32.87+1.49 2.63+0.17 8.18+0.06 33.99
P-SW20 2446+0.35 1.54+029 3.40+0.18 18.98
P-SW20-EP2  23.51+0.65 1.05+0.09 3.41+0.18 18.61
P-SW20-EP4  22.06+2.99 0.82+0.18 341=0.18 18.78
P-SW20-EP6  26.61+1.31 2.58+0.05 53+0.10 28.93
P-SW30 20.63+1.40 0.63+£0.05 198+0.14 12.10
P-SW30-EP2  26.76+0.96 1.21+0.09 4.10+0.31 19.62
P-SW30-EP4  27.14+2.16 0.90+0.06 3.22+0.19 14.78
P-SW30-EP6  27.85+0.57 1.15+0.02 4.60+0.28 20.68

L*: lightness; a*: redness; b*: yellowness; BI: browning index.
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