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Abstract

This study investigates how natural fillers of different origins and morphologies influ-
ence the structural, thermal, rheological, and mechanical properties of thermoplastic
elastomers (TPEs). Two series of materials were prepared: one based on a biobased
matrix, poly(butylene 2,5-furandicarboxylate)-block-poly(tetramethylene oxide) (PBF-
PTMO), and one based on a petroleum-derived matrix, poly(butylene terephthalate)-block-
poly(tetramethylene oxide) (PBT-PTMO). Both series incorporated a range of natural mod-
ifiers, i.e., lignocellulosic fibers and ground fractions of Arundo donax L., cyanobacterial
biomass (Spirulina platensis), and silica-rich mineral dust originating from volcanic stone
quarries. The materials were obtained via melt blending, while the reference matrices
(neat block copolymers) were synthesized through melt polycondensation. The chemi-
cal structure and limiting viscosity number (LVN) of the neat matrices were confirmed,
while differential scanning calorimetry (DSC) provided insight into their morphology and
phase composition. Scanning electron microscopy (SEM) was employed to evaluate the
morphology and distribution of the modifiers within the polymer matrices. To assess how
the fillers influenced processing windows and performance, thermogravimetric analysis
(TGA), oscillatory rheological measurements, and tensile testing were performed. The
results provide insight into structure—property relationships governing natural filler-TPE
interactions and support the development of more sustainable elastomeric composites with
tailored performance.

Keywords: furan-based polymers; TPEs; block copolymers; melt polycondensation;
natural fillers

1. Introduction

Thermoplastic elastomers (TPEs) represent an important class of advanced polymer
materials that combine the elastic behavior of rubbers with the processability of thermo-
plastics [1,2]. Their unique performance originates from phase-separated microstructures,
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in which hard and soft domains coexist, providing a balance between mechanical strength
and flexibility. Among TPEs, segmented block copolymers based on polyester structures
have attracted particular attention due to their tunable morphology and broad application
potential in the automotive, consumer goods, and biomedical fields [3-7]. Due to the
possibility of tailoring unique properties arising from their structure, the application range
depends only on the specified industrial needs. The final properties of the copolymer
are influenced by the synthesis method and the control over the molecular weight and
distribution of the segments within the final structure of the copolymer, as well as by the
ratio between the soft and the hard segments [8,9]. In polyester-based segmented block
copolymers, phase separation is predominantly driven by crystallization processes [10].
Among them, multiblock poly(ether—ester)s (PEEs) comprising poly(butylene terephtha-
late) (PBT) as the rigid domains and poly(tetramethylene oxide) (PTMO) as the flexible
segments have been the subject of extensive research [3,11-14]. Owing to their outstand-
ing mechanical performance, particularly the combination of high strength and elasticity
over a broad temperature range, these materials are of considerable technological interest.
Notably, PBT-block-PTMO copolymers have already been commercialized under trade
names such as Elitel™, Arnitel®, and Hytre1® (DSM). However, recently, furan-based
polyesters that are derived from plant-sourced 2,5-furandicarboxylic acid (FDCA), particu-
larly poly(butylene 2,5-furan dicarboxylate) (PBF), have emerged as promising candidates
to replace conventional PBT rigid segments [15-18]. When copolymerized with renew-
able poly(tetramethylene oxide) (PTMO), they enable the development of fully biobased
thermoplastic poly(ether—ester)s (TPEEs) [19-21]. The increasing research interest in fu-
ran polyesters is driven mainly by the global pursuit of renewable feedstocks, primarily
from green biomass [22-25], to mitigate the depletion of fossil resources, reduce energy
consumption and greenhouse gas emissions during monomer and polymer production,
and promote the valorization of agricultural by-products. Furthermore, studies on the
recyclability and closed-loop applications of these polymers highlight their additional envi-
ronmental benefits [26-28]. Comparative analyses indicate strong structural and property
analogies between furan- and terephthalate-based polyesters [17]. However, for thermo-
plastic elastomers, material performance is dictated by phase separation induced through
the crystallization of the rigid segments. In bio-based analogs, the crystallization behavior
is strongly influenced by the intrinsic structural features of the furan ring, including its
non-linear linkages with aliphatic chains and its higher polarity relative to the benzene ring
of terephthalates [15,29-34].

Despite their potential, these copolymers still face challenges. Phase separation be-
tween hard and soft segments may lead to heterogeneous properties, while composition
and processing strongly influence mechanical performance, sometimes resulting in in-
consistencies [5,35]. Differences in thermal behavior between PBF or PBT and PTMO
further complicate processing, increasing costs and limiting scalability [36]. In composites,
inefficient load transfer to fillers can reduce mechanical strength [37]. Nevertheless, the
ability to tailor formulations for targeted applications makes these materials highly promis-
ing [38,39]. Therefore, incorporating PBF or PBT-PTMO copolymers as the polymer matrix
in composite materials offers a promising path to enhance the mechanical, thermal, and
functional properties of various applications. The unique characteristics of these copoly-
mers make them suitable composite matrices for various fillers, including nanoparticles.
For instance, the introduction of fillers, such as carbon nanotubes (CNTs) or graphene, into
PBT-PTMO and PTT-PTMO copolymers has been shown to enhance their mechanical and
thermal properties. Some studies have shown that adding CNTs to PBT-PTMO copolymers
improves tensile strength and thermal conductivity, making these materials more suitable
for high-performance applications [40,41].
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As the demand for sustainable materials increases, furan-based copolymers can be
designed to incorporate renewable resources or biodegradable components. This aspect
aligns with the growing interest in developing environmentally friendly materials that
reduce reliance on fossil fuels and minimize environmental impact [35,42]. In this sense, this
research proposed the use of several natural fillers of different natures: lignocellulose (fibers
and ground material from Arundo donax L.), cyanobacteria (Spirulina platensis), and mineral
dust (based on silica, derived from quarries of volcanic stone) to determine how the nature
and morphological features (size and shape, fibrous vs. particle) affect the final properties
of the petroleum- and bio-based TPEs. These block copolymers have not yet been studied
in depth for the production of composites. In particular, no previous research on the use of
natural fillers, as those proposed in this study, is found in the literature. Such fillers can
provide not only interesting advanced properties but also a potential reduction in costs due
to the low cost of the proposed materials. Consequently, the study evaluates the feasibility
of bio-based TPEs as sustainable alternatives without compromising material functionality,
since biomass- or plant-derived materials are often regarded as carbon neutral, as the CO,
released during their use is offset by the CO, absorbed by plants during growth [43,44].

The incorporation of lignocellulosic fillers into furan-based and petroleum-based
block copolymers presents a promising approach to enhance the mechanical, thermal,
and environmental properties of these materials. Lignocellulosic fillers, derived from
plant biomass, offer several advantages, including renewability, biodegradability, and cost-
effectiveness, making them an attractive option for sustainable composite materials. The
integration of Spirulina, a type of cyanobacteria recognized for its bioactive compounds,
into these copolymers offers an innovative approach to developing sustainable composite
materials that enhance the properties of the polymer matrices.

Finally, the use of silica-based fillers (such as stone dust in this case) is a promising
strategy to improve the mechanical, thermal, and functional properties of TPEs. Silica
fillers are well known for their reinforcing capability and can significantly enhance the
overall performance of polymer composites, making them suitable for a wide range of
applications that require high strength and durability. In addition to mechanical reinforce-
ment, mineral fillers such as silica can improve the thermal stability of the materials and
increase their thermal conductivity, thereby facilitating heat dissipation and improving
overall thermal performance.

This study aims to evaluate how natural fillers of different origins, i.e., lignocellulosic
materials (fibers and ground fractions of Arundo donax L.), cyanobacterial biomass (Spirulina
platensis), and silica-rich mineral dust derived from volcanic stone quarries, affect the final
properties of both bio-based and petroleum-based thermoplastic elastomers. The research
focuses on elucidating the role of filler nature and morphology (size, shape, and fibrous
versus particulate character) at a constant filler loading of 5 wt.%, selected to ensure
good processability while enabling a direct comparison of filler—-matrix interactions and
reinforcement effects across different filler types. The chemical structure and limiting
viscosity number (LVN) of the neat polymer matrices were confirmed, while differential
scanning calorimetry (DSC) was used to investigate morphology and phase structure.
SEM analysis was also performed to determine the influence of the different fillers on the
morphology of the final composite and to link the microstructure with the composite’s
properties. To assess processing-temperature constraints and application potential arising
from filler-induced changes, thermogravimetric analysis (TGA), rheological measurements,
and tensile testing were performed on both series of materials.
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2. Materials and Methods

2.1. Materials
2.1.1. Reagents, Synthesis of PBF-PTMO and PBT-PTMO

The PBF-PTMO and PBT-PTMO copolymers, which constitute the polymer matrices
for two series of composites, were prepared by a polymerization process that can be divided
into two main stages: transesterification and polycondensation. During transesterification,
dimethyl 2,5-furandicarboxylate (DMFDC, 99.9%, Henan Coreychem Co., Ltd., Zhengzhou,
China) for PBF-PTMO and dimethyl terephthalate (DMT, Sigma-Aldrich, St. Louis, MO,
USA) for PBT-PTMO reacted with butylene glycol (BD, 99%, Alfa Aesar, ThermoFisher
(Kandel) GmbH, Kandel, Germany). The reaction proceeded at 160-185 °C under atmo-
spheric pressure with titanium butoxide (Ti(OBu)4, TBT, 97%, Merck, Darmstadt, Germany)
as the catalyst for up to two hours. During this step, methanol, the by-product, was contin-
uously distilled, and completion was confirmed when ~90% of the theoretical amount was
collected. Before polycondensation, poly(tetramethylene oxide) (PTMO, Mn = 1000 g/mol,
99%, BASFE, Ludwigshafen, Germany), a thermal stabilizer (Irganox 1010, Ciba Geigy, Basel,
Switzerland), and a second dose of TBT were introduced. The mixture was then heated to
240 °C, and a vacuum (25 Pa) was applied for up to 1.5 h to remove excess BD. Reaction
progress was monitored via stirrer torque, an indicator of melt viscosity, and the process
was terminated once the target viscosity and, thus, molecular weight were achieved. The
polymer was extruded through the heated nozzle under nitrogen into a water bath, yielding
about 70%. The final copolyesters contained ~45 wt.% rigid segments (PBF or PBT) and
~55 wt.% soft PTMO segments. The limiting viscosity number (LVN) of PBF-PTMO was
1.092 dL/g, and the LVN of PBT-PTMO was 1.131 dL/g.

2.1.2. Characteristics of Fillers (Modifiers)

Four different fillers were added at 5 wt.% to the synthesized copolymers. Fillers
with different natures and properties were selected to understand the potential changes
in the matrix resulting from their composition and properties. In particular, mineral
dust obtained as waste from ignimbrite quarries was used. This material has a very fine
granulometry and is mostly composed of silica and alumina (62.5% SiO; and 17.8% Al,O3),
with lower amounts of other oxides [45]. This material has superior thermal stability
(with no degradation under either air or nitrogen atmospheres up to 900 °C), a density of
approximately 2.45 g/cm?, and a particle size under 50 um. In addition, biomass derived
from the cyanobacterium Spirulina platensis was used as a filler. Spirulina shows low
thermal stability, with a lower limit temperature around 140 °C but a high content of
antioxidant compounds (over 900 mg TPC/100 g biomass) and a free radical scavenging
potential close to 35%, which might lead to a higher stability of the final material under
oxidizing conditions. Finally, two materials derived from Arundo donax L. (giant reed)
were also assessed; one of them (shredded) was prepared by simply grinding the aerial
parts of the reed culms, while the other one (fibers) was obtained after a chemo-mechanical
procedure on those culms. Both methods, along with their complete characterization, can
be found elsewhere [46,47]. In summary, fibers are more thermally stable than shredded
material and also exhibit a higher mechanical performance, although the shredded material
shows a higher content of antioxidants, which might be beneficial for increasing the stability
of the composite. Composites with a constant share of the fillers were named according
to the filler they contained, namely “Ign” for ignimbrite dust, “Sp” for Spirulina, “RF”
for reed fibers, and “Reed” for shredded reed added to the polymeric matrix designation.
Table 1 summarizes the main geometrical features of the four materials used as fillers.
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Table 1. Summary of geometrical features of the fillers.

Filler Shape Diameter (Length) Reference
Ignimbrite dust (Ign) Particles 15 pm [45]
Spirulina (Sp) Particles <50 um [48]
. . 156.5 + 73.5 um [47]
Arundo fibers (RF) Fibers (15 + 0.5 mm) [49]
Arundo (Reed) Particles 370.3 4+ 133.0 um [47]

2.1.3. Preparation of Two Series of Composites and Sample Preparation

Two series of composites were prepared based on PBF-PTMO or PBT-PTMO matrices
and several natural fillers of different origins: lignocellulose (fibers and ground material
from Arundo donax L.), cyanobacteria (Spirulina platensis), and mineral dust (silica-based,
derived from volcanic stone quarries), with a fixed filler content of 5 wt.% (Figure 1).
Before melt mixing, both the polymer granules and fillers were dried in a laboratory
vacuum oven (Binder ED115, Tuttlingen, Germany) at 60 °C for 24 h. Melt mixing was
carried out using a Brabender mixer (Plasti-Corder Model PL2100, Brabender GmbH
& Co. KG., Duisburg, Germany) at 185 °C for PBF-based composites and 205 °C for
PBT-PTMO-based ones, with a mixing time of 5 min for all formulations. The obtained
composites were subsequently compression-molded at 185 °C (PBF-PTMO) or 205 °C
(PBT-PTMO) for 2 min under 1 MPa using a laboratory hydraulic press (P 200 E, Dr.
Collin GmbH, Maitenbeth, Germany) to obtain specimens for further analyses. Plates
with dimensions of 100 mm x 100 mm X 4 mm were prepared. From these plates, test
specimens for mechanical characterization (type A3) were cut using a Collin P200P press
equipped with a standardized die according to PN-EN 60811-501 [50]. Specimens were
prepared at room temperature under 2 MPa pressure for 30 s.

Series based on PBF-PTMO Series based on PBT-PTMO

Figure 1. Photography of the series of composites, from left: PBF-PTMO, PBF-PTMO + 5% Reed,
PBE-PTMO + 5% RE, PBE-PTMO + 5% Ign, PBE-PTMO + 5% Sp, and second series: PBT-PTMO,
PBT-PTMO + 5% Reed, PBT-PTMO + 5% RF, PBT-PTMO + 5% Ign dust, PBT-PTMO + 5% Sp.

2.2. Characterization Methods

The molecular structure of the prepared PBF-PTMO and PBT-PTMO, which constitute
the composite matrices, was determined using 'H NMR spectroscopy. Prior to analysis,
all samples underwent continuous Soxhlet extraction with methanol to remove residual
monomers and potential low-molecular-weight degradation products. Proton nuclear
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magnetic resonance ('H NMR) spectra were acquired at room temperature using a Bruker
spectrometer operating at 400 MHz. The samples were prepared in chloroform-d (CDCl3)
at a concentration of 10 mg/mL, with tetramethylsilane (TMS) serving as the internal
chemical shift reference.

The limiting viscosity number (LVN) of the synthesized copolymers was determined
using a capillary Ubbelohde viscometer (type I, K = 0.03294). The mixture of phenol/1,1,2,2-
tetrachloroethane (60/40 by weight) was used as the solvent. The polymer solution had a
concentration of 0.5 g/dL. The measurement was carried out at 30 °C.

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were
collected using a PerkinElmer Two spectrophotometer (PerkinElmer, Waltham, MA, USA).

Each spectrum was acquired over the 4000-400 cm ™! 1

range with a resolution of 4 cm™
and averaged from 64 scans.

Scanning electron microscopy (SEM) was performed using the Tescan MIRA3 mi-
croscope. The measurements were conducted with an accelerated voltage of 12 kV and
magnifications of 100x, 200x, 1000, and 2000x. A thin carbon coating (~20 nm) was
deposited on the samples using the Jeol JEE 4B vacuum evaporator.

The characteristic phase transition temperatures, including the glass transition (Tg),
melting (Tm), and crystallization (T.) temperatures, were analyzed using a DSC 204 F1
Phoenix® calorimeter (Netzsch, Selb, Germany) under a nitrogen atmosphere. Measure-
ments were performed in a heating—cooling-heating cycle at a rate of 10 °C/min over the
temperature range of —85 to 250 °C for both PBF-PTMO and PBT-PTMO. Tg and Tr, values
were determined from the second heating run, with Tg obtained by the midpoint method,
and the change in specific heat capacity (ACp) calculated as the vertical distance between
extrapolated baselines at Tg. Crystallization and melting temperatures were identified
from the maxima of the exothermic and endothermic peaks, respectively. The enthalpies of
fusion (AHm) and crystallization (AH.) were obtained by integrating the areas under the
corresponding peaks of the DSC thermograms.

Thermal stability was evaluated under a nitrogen atmosphere at a flow rate of
10 mL/min. Measurements were carried out from 30 to 700 °C with approximately 15 mg of
material placed in alumina crucibles and analyzed on a PerkinElmer TGA 4000 instrument
(PerkinElmer, Waltham, MA, USA).

The static mechanical properties were measured using an Autograph AG-X plus
universal testing machine (Shimadzu, Kyoto, Japan) equipped with a 1 kN Shimadzu load
cell, operated at a constant crosshead speed of 5 mm/min. Measurements were performed
at room temperature on the dumbbell-shaped samples with a grip distance of 20 mm.
According to the PN-EN ISO 527 standard [51], the Young’s modulus, tensile strength
at yield (oy), strain at yield (ey), tensile strength at break (o), and strain at break (ep)
of PBF and its block copolymers were determined. The reported values are the means
of 5 measurements. The toughness, defined as the energy absorbed until fracture, was
evaluated by calculating the area under the tensile stress—strain curve. A minimum of five
specimens were tested for each material [52]. In addition, the Shore D hardness (H) was
measured using a Zwick 3100 Shore D tester (Zwick GmbH, Ulm, Germany). Each reported
value is the mean of 10 independent measurements.

Rheological analysis was performed using small-angle oscillatory rheometry (SAOS)
with an Anton Paar MCR 301 rotational rheometer in a plate—plate configuration, with a
diameter of 25 mm and a gap of 1.5 mm. Before frequency-sweep experiments, all series
were tested in an amplitude sweep test, during which the linear viscoelastic range (LVE)
was assessed. Frequency-sweep experiments were conducted at 190 °C for PBF-PTMO
composites and 210 °C for PBT-PTMO series in the angular frequency range of 0.2 to
500 rad /s with a strain of 0.5%.
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3. Results and Discussion
3.1. 'H NMR of the Polymer Matrix

NMR spectroscopy was used to investigate the chemical structure of the synthesized
polymer matrices. The 'H NMR spectra of PBF-PTMO and PBT-PTMO are presented in
Figure 2, and the theoretical chemical structures, together with those estimated from 'H
NMR analysis, are summarized in Table 2. Both copolymer matrices exhibit sharp signals at
chemical shifts consistent with expected copolymer structures. The furan ring protons are
observed at 7.21 ppm (peak a), in agreement with previously reported values for PBF-based
systems [53,54]. Signals at 4.39 ppm (peak b) and 1.91 ppm (peak c) are associated with
the methylene groups originating from butylene glycol. Successful incorporation of PTMO
into the chemical structure is confirmed by the presence of signals at 4.35 ppm (peak d),
1.83 ppm (peak e), 3.41 ppm (peak g), and 1.61 ppm (peak f), which is consistent with the
reported chemical shifts for PTMO units in PBF-b-PTMG copolymers by Kwiatkowska
etal. [17]. In the PBT-PTMO '"H NMR spectra, the four aromatic protons of the terephthalic
ring (peak h) appear as a singlet at 8.10 ppm. Two signals at 4.46 ppm (peak i) and
1.99 ppm (peak j) arise from the methylene groups of butylene glycol. These observations
are consistent with previously reported 'H NMR spectra of PBT [55,56]. As in the case of
PBE-PTMO, successful incorporation of PTMO into the chemical structure can be observed.
The signals associated with the PTMO unit are observed at 4.39 ppm (peak k), 3.59 ppm
(peak n), 1.84 ppm (peak 1), and 1.67 ppm (peak m). The weight fractions of the flexible
segments were calculated using the peak areas of the furan ring (peak a) for PBF-PTMO,
the terephthalate ring (peak h) for PBT-PTMO, and, for both polymer matrices, peaks f and
m originating from PTMO, according to Equation (1):

(4) x v
(%) X Mwr + (%) X MwRr

W = 1)

where Iz and Ir are the peak areas of the signals assigned to the rigid and flexible segments,
respectively, x and y are the numbers of protons contributing to these signals, and Mg and
My are the molecular weights of the repeating units of the rigid and flexible segments,
respectively. The difference between the theoretical and calculated weight fraction is
approximately 3.7% for PBF-PTMO and 1.5% for PBT-PTMO. This discrepancy may arise
from the introduction of additional PTMO due to losses during dosing of the viscous
substrate and distillation of the reaction substrate under reduced pressure [57,58].

Table 2. Polymer matrix composition.

Samples Feed Molar Ratio (mol%) 1H NMR (mol%)
p PBF/PBT PTMO PBEF/PBT PTMO
PBF-PTMO 1.65 0.60 41.3 58.7
PBT-PTMO 1.90 0.56 43.5 56.5
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Figure 2. The 'H NMR spectra of PBF-PTMO (a) and PBT-PTMO (b).

3.2. FTIR

0.0

Fourier-transform infrared spectroscopy (FTIR) was employed to characterize the
chemical structure and confirm the successful synthesis of both series of TPE-based com-
posites. The FTIR spectra typically display characteristic peaks corresponding to the ether
linkages of PTMO and the ester groups of PBT or PBF, providing insights into the copoly-

mers’ molecular structure [5,59-61] (Figure 3). A prominent peak at 1712 cm ™!

corresponds

to the C=0 stretching vibration of ester groups, accompanied by bands at approximately
1267 and 1100 cm ™! assigned to C-O and C-O-C stretching. The absorption band at
1574-1577 cm ™! originates from C=C stretching in the aromatic ring. Bands related to asym-
metric and symmetric stretching of -CH,— groups from the butylene units of PBF or PBT
and from PTMO segments appear at 2854-2860 and 2940-2963 cm 1. A weak absorption
near 27952798 cm ! is attributed to symmetric C-H stretching of alkyl groups [17,62]. For
PBT-PTMO copolymers, a strong band at ~726 cm ! is associated with out-of-plane C-H
deformation of the aromatic ring and the alkane backbone [63,64]. In contrast, PBE-PTMO
copolymers exhibit signals characteristic of the furan ring: two weak peaks at 3118 and
3140 cm ™! assigned to C-H stretching modes, and additional vibrations at 964, 822, and
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763 cm~! typical of 2,5-disubstituted furans. Notably, the band at 763 cm ™! is bimodal due
to overlapping contributions from C-H vibrations of the alkane backbone [65]. Unfortu-
nately, the FTIR analysis reveals only the typical bands for the matrices, with no significant
modification due to filler incorporation, neither in PBF-PTMO nor in PBT-PTMO-based
compositions. This evidence shows the lack of chemical interactions between the fillers
and the matrices, which is related to the low filler content (5 wt.%), while maintaining
their good dispersion within the bulk material, which is crucial for the performance of the
final composite.

(@) (b)

o ﬁ\fww FM\‘m

o N Ve e
- | W I -~ | VA
3 | YA z | V) |
< & Wy Y
- R R T < AT
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Figure 3. FTIR spectra for the series of composites based on PBF-PTMO (a) and for the series of
composites based on PBT-PTMO (b).

3.3. SEM

Scanning electron microscopy was used to visualize the microstructure of the poly-
mer matrices and incorporated modifiers, assess the distribution and interactions of
fibers/particles with polymeric matrices, detect structural imperfections such as voids
and cracks, and describe the shape and surface features of the fillers. SEM images were
acquired at four magnifications (x200, x500, x 1k, and x2k) (Figure 4) to assess the fillers’
dispersion and the overall morphological features of the samples, as well as to examine
interfacial interactions and characteristic microstructural features at higher magnifications.

SEM images of PBF-PTMO and PBT-PTMO showed very similar morphologies, with
both exhibiting a homogeneous two-phase structure typical of thermoplastic elastomers.
No pronounced phase separation or distinct domain boundaries were observed at the
investigated magnifications, indicating good compatibility between the rigid polyester
segments and the flexible, PTMO-rich segments, which is in alignment with previous
reports on segmented poly(ester-ether) copolymers [66-68]. Minor surface irregularities
were attributed to fracture-induced features rather than intrinsic morphological differences.

SEM analysis revealed distinct differences in ignimbrite dispersion between the two
copolymer matrices. In PBF-PTMO containing 5 wt.% Ign, the filler was predominantly
present as localized clusters, with occasional isolated particles, resulting in a sponge-like
microstructure that may indicate partial filler-matrix incompatibility or preferential lo-
calization within the softer domains. In contrast, PBT-PTMO exhibited a more uniform
distribution of Ign, with mainly individual particle inclusions observed at all magnifica-
tions and no evidence of pronounced agglomeration, suggesting better dispersion and
interfacial stabilization within this matrix. The better dispersion of the particles within
the PBT-PTMO matrix is in line with the higher mechanical properties observed for this
composite compared to that based on PBF-PTMO. A similar correlation between uniform
filler dispersion, strong interfacial interactions, and improved mechanical integrity has been
reported by Zhang et al. [69], who demonstrated that the absence of particle aggregation
and pull-out on cryo-fractured surfaces is indicative of effective filler-matrix adhesion in
elastomeric systems.
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Figure 4. SEM micrographs for both series of composites at selected magnifications (x200, x500,
x 1k, x2k).
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The incorporation of Spirulina platensis resulted in the formation of distinctive, non-
uniform inclusions within both PBF-PTMO and PBT-PTMO copolymers” matrices. In
addition to these irregular features, well-defined crystalline structures with a dendritic
morphology were observed. Although small agglomerates were present, the Spirulina
particles were generally well dispersed throughout both polymer matrices, indicating
relatively homogeneous distribution despite the complex filler morphology.

For composites containing reed fibers (RFs) and shredded reed, SEM images revealed
the characteristic fibrous morphology of the natural fillers, accompanied by the presence
of crystalline structures similar to those observed for Spirulina-filled systems. As Nie et al.
discussed for random poly(p-dioxanone-co-butylene-co-succinate) copolyesters [70], the de-
velopment of a dendritic crystalline structure is affected simultaneously by various factors,
such as amorphous domain content, crystallization temperature, and random chain struc-
ture. In this case, it is influenced by the presence of fillers that can cause simultaneous
nucleation effects as well as selective hydrolytic degradation due to residual water. The
complex interaction of all these effects, along with the simultaneous change in the thermal
diffusivity of the composite melt, results in a differentiated interaction forced by intensive
cooling, which affects the distance in the interlamellar region of copolymers, driving the
breakdown of faceted crystals into dendritic morphologies [70]. However, the correla-
tion between degradation-induced chain scission and changes in crystalline morphology
remains a hypothesis in such complex systems, and further research is required to fully un-
derstand it. Notably, in PBT-PTMO reinforced with reed fibers, distinct dendritic crystalline
domains were observed, which may reflect localized crystallization phenomena induced
by processing conditions and filler—matrix interactions. Similar to observations reported
for elastomeric systems with limited thermodynamic compatibility, insufficient interfacial
interactions may promote local phase separation and filler exposure at fracture surfaces,
thereby influencing crystalline organization and morphology development [71]. This com-
parison highlights the importance of interfacial compatibility in suppressing delamination
and enabling more homogeneous microstructural evolution, even in the absence of specific
chemical coordination mechanisms.

3.4. DSC Analysis

Using differential scanning calorimetry (DSC), the synthesized matrices and their
composites were examined to determine how the incorporation of 5 wt.% of various fillers
influenced their thermal behavior. The two multiblock copolymer systems exhibit notable
differences in their thermal characteristics, as reflected in the phase transition temperatures
detected during cooling and the subsequent heating cycle (second heating scan) in the
DSC analysis. These changes, summarized in Figure 5 and Table 3, highlight the influence
of monomer origin (renewable or non-renewable), composition, and filler addition on
crystallization and melting behavior.
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Figure 5. DSC curves recorded during second heating (a) and cooling (b) for the series of composites
based on PBE-PTMO and during second heating (c) and cooling (d) for the series of composites based
on PBT-PTMO.

Table 3. Thermal properties of the obtained materials.

Sample FEgF ACpF rl;gR ACpR Im AHp ;rc AH,
[°C] [J/g-K1] [°C] [J/g-KI [°C] [J/gl [°C] [J/gl
SERIES I
PBF-PTMO —-59.9 0.102 27.6 0.061 109.7; 147 .4 22.7 44.3;87.9 22.6
PBF-PTMO/5% Ign —60.8 0.111 27.4 0.038 146.1 249 91.0 24.3
PBF-PTMO/5% Sp —60.3 0.024 26.4 0.023 146.9 26.9 99.2 26.7
PBF-PTMO/5% RF —60.6 0.078 27.1 0.011 146.1 27.7 91.2 27.2
PBF-PTMO/5% Reed —60.1 0.244 27.3 0.010 147.6 259 90.4 25.5
SERIES I
PBT-PTMO —66.2 0.179 47.2 0.017 186.5 36.6 151.7 35.9
PBT-PTMO/5% Ign —65.0 0.123 48.7 0.019 187.0 30.3 150.3 30.2
PBT-PTMO/5% Sp —65.1 0.099 48.0 0.087 187.6 33.5 154.5 33.2
PBT-PTMO/5% RF —65.8 0.103 47.2 0.010 187.1 30.3 151.0 31.4
PBT-PTMO/5% Reed —65.4 0.092 46.4 0.009 187.8 27.9 152.3 27.1

Tgr, glass transition temperature of flexible segment and corresponding ACpg, change in heat capacity; Tgg,
glass transition temperature of rigid segment and corresponding ACpg, change of heat capacity; T, AHn,
melting temperature and the corresponding enthalpy of melting; T., AH,, crystallization temperature and the
corresponding enthalpy of crystallization.

In the PBF-PTMO block copolymer series, the most pronounced differences between
the unmodified matrix and its modified counterparts arise from melting and crystallization
behavior. Generally, the rigid, aromatic furan segments act as initial nuclei and are respon-
sible for copolymer crystallization, while the linear, soft segments are associated with the
amorphous region of the materials and influence the glass transition [58,72-75]. The neat
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PBE-PTMO exhibits two distinct melting and crystallization peaks on DSC curves, whereas
the incorporation of 5 wt.% of each modifier eliminates the lower-temperature peak, indicat-
ing suppression of the less stable crystalline structure development during crystallization
from the melt. The addition of modifiers does not shift the glass transition temperature of
the soft PTMO segment. However, the corresponding changes in heat capacity increment
(ACyp) are slightly reduced for the composites containing cyanobacterial biomass (Sp) and
reed fibers (RFs). The glass transition temperatures of the rigid segments (Tgr) remain
comparable within the series. Notably, Tgr values are lower than those reported for neat
PBF (ca. 3940 °C [76,77]), which supports partial miscibility between the hard and soft
phases rich in PBF or rich in PTMO [78]. This trend is consistent with earlier observations
for furan-based copolymers reported in the literature [17,57,79]. The incorporation of
modifiers does not significantly shift melting or crystallization temperatures. Nevertheless,
a slight increase in melting and crystallization enthalpies is observed, most prominently for
RF-filled samples, suggesting a nucleating or crystallization-promoting effect. Similarly,
Deng et al. [80] observed negligible changes in Tg and Tr, values for PBF-based copolymers
after extrusion and injection molding, with or without fiber incorporation. These observa-
tions are also consistent with our previous results obtained for copoly(ester—ether)s based
on poly(trimethylene 2,5-furandicarboxylate) (PTE-PTMO), although in that study, a lower
amount of filler /modifier (1 wt.%) was incorporated, wherein the nanocomposites were
prepared via an in situ approach [81]. In that system, the melting temperatures (T, ) of all
materials did not differ significantly upon the addition of carbon or mineral nanofillers.
The incorporation of nanoparticles increased crystallinity (X.) but primarily influenced
the glass transitions of the rigid and flexible segments, chain folding, and, consequently,
the cold- and melt-crystallization behavior. Notably, only carbon nanofillers acted as effec-
tive nucleating agents, as crystallization from the melt was observed exclusively for the
PTF-PTMO/1% graphene nanoplatelet (GNP) composite. In contrast, the addition of other
nanofillers, particularly mineral-originated ones, such as halloysite nanotubes (HNTs) and
organoclay (C20A), predominantly affected chain-folding processes rather than acting as
nucleating agents.

In this study, the series based on the PBT-PTMO copolymer shows an even weaker
influence of 5 wt.% filler addition. No measurable changes in the glass transition temper-
atures of either the rigid or flexible segments are detected. As expected, Tgr values are
higher than those of the PBF-based series due to the intrinsically higher glass transition
temperature of neat PBT (37-52 °C [82,83]). The melting temperature (Ty,) remains unaf-
fected mainly upon filler presence, displaying only a slight upward shift, while the melting
enthalpy of all composites is marginally lower than that of the unmodified PBT-PTMO.
Similarly, crystallization temperatures (T.) remain nearly unchanged, and only the system
containing the cyanobacterial biomass-based filler (Sp) exhibits a minor shift toward higher
T. and the highest crystallization enthalpy within the series. Nonetheless, all modified
composites exhibit lower crystallization enthalpies than the neat matrix, indicating that
the presence of modifiers does not reveal nucleation ability on the PBT-PTMO copolymer.
Similar trends were previously reported for PTT-PTMO nanocomposites containing low
amounts of graphene oxide (GO), in which the Ty of the soft PTMO-rich phase remained
unaffected by the nanofiller, indicating preserved chain mobility [9]. Only minor changes
in Tm and Tc were observed, and the crystallinity remained comparable to the neat matrix,
with slight Tc shifts at higher GO loadings attributed primarily to increased copolymer
dispersity rather than filler-induced nucleating effect.

The DSC analysis was complemented by additional experimental attempts to capture
changes in the formation of the transcrystalline layer in copolymers and their composites,
which are presented in the Supporting Information in Figures S1-S3. The slight variations
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in the characteristic phase transition temperatures (T, T¢, and Tg) upon incorporation
of fillers likely stem from the limited interfacial interactions between the fillers and both
polymer matrices. At the current stage of research, given the multitude of factors that affect
interfacial interactions and heterogeneous nucleation, it is difficult to clearly identify the
dominant factor that distinguishes the crystallization behavior of the two copolymers. Nev-
ertheless, a characteristic feature of the systems in which the formation of a transcrystalline
layer was observed was a simultaneous increase in the size of the spherulites in the remain-
ing volume of the polymeric bulk (Supporting information: Figure SI—PBT-PTMO/5% RF
and Figure S2—PBF-PTMO/5% Ign). Therefore, degradation- or phase-separation-induced
phenomena can be supposed to cause changes in the materials’ behavior during melt crys-
tallization. At a loading of 5 wt.%, they may not introduce a sufficient effect to markedly
influence chain mobility or crystallization behavior, resulting only in minor thermal shifts.
Such subtle effects are consistent with systems in which the modifiers act primarily as inert
inclusions rather than active nucleating or segment-restricting agents.

3.5. Thermal Stability

To evaluate the thermal stability and degradation behavior of the considered materi-
als, thermogravimetric analysis (TGA) was performed for both series of composites based
on PBE-PTMO and PBT-PTMO block copolymers. To assess how the fillers influence the
composites” thermal properties, the onset of degradation (Toy), characteristic temperatures
for 5%, 10%, and 50% of weight loss (Tse,, T1p%, T50%), and temperatures corresponding
to the maximum mass-loss rate (Tprg) and residual mass (R) were determined (Table 4).
This comparison provides insight into the range of potential thermal limitations and service
performance of the composites, as well as the role of bio- and mineral fillers in shaping their
decomposition profiles. According to the literature, both copolymers used as matrices exhibit
sufficient thermal stability to maintain structural integrity under elevated temperatures, which
is essential for applications exposed to thermal fluctuations [5,8]. The PBF-PTMO copolymer
obtained via single-step polymerization shows an onset of degradation at approximately
345 °C [8], whereas PBT-PTMO demonstrates slightly higher thermal stability, with degra-
dation temperatures exceeding 350 °C [3]. In the present study, all composites and neat
PBT-PTMO exhibited a single decomposition stage (Figure 6), in contrast to the two-stage
decomposition observed for PBF-PTMO and other block copolymer systems [5,7,17,84,85].

PBF-PTMO has an onset degradation temperature of 348 °C and Tse, of 354 °C, which
is slightly reduced when adding the plant fibers and the Spirulina (T5¢, between 341 and
347 °C, with onset temperatures showing no variation, close to 350 °C). On the contrary, the
composites with ignimbrite dust show a subtle stabilization effect on the copolymer matrix
(PBF-PTMO/5% Ign), with an increase of 12 °C in the onset degradation temperature and
of about 6-7 °C in the remaining characteristic temperatures (Tss,, T1g%, T509,). PBT-PTMO
shows higher thermal stability, with an onset degradation temperature of 380 °C, which
further decreases for the reed fibers (361 °C). Interestingly, the use of shredded reed reduces
the onset temperature to a lesser extent, which might be due to a higher concentration of
antioxidant compounds within the biomass (although this is not evidenced in PBF-PTMO
composites) or to better compatibility between the polymer and the matrix. Spirulina-filled
composites show an onset degradation temperature of 376 °C, close to that of the neat
matrix, as well as for ignimbrite-filled samples. The peak temperature of the neat PBF-
PTMO copolymer is recorded at 402 °C (24.9%/°C), which is not modified by the mineral
dust. The DTG maximum determined for composites containing reed fiber is reduced by
only 2-3 °C, while that for shredded reed takes place at 403 °C, compared to the reference
copolymer. For both fillers, the maximum degradation rate is slightly lower than that of
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the neat matrix (23.8%/°C and 23.3%/°C, respectively). Composites with Spirulina show
the peak temperature in the same range, although the maximum rate is lower, 21.8%/°C.

Table 4. TGA data of both series of compositions.

Ton T, T10% Ts09 TpTG1 TpTg2 R at 700 °C
S 1
ampre [°C] [°C] [°C] [°C] [°C] [°C] [%]
SERIES I
PBE-PTMO 348 354 367 399 402 479 1.2
PBF-PTMO /5% Ign 360 360 374 405 400 - 8.1
PBF-PTMO/5% Sp 350 340 363 400 395 - 6.3
PBF-PTMO/5% RF 350 341 360 401 400 - 47
PBF-PTMO/5% Reed 349 347 364 402 403 - 2.1
SERIES II
PBT-PTMO 380 378 389 416 420 - 0.1
PBT-PTMO /5% Ign 378 377 388 414 417 - 4.2
PBT-PTMO/5% Sp 376 368 385 414 416 - 3.2
PBT-PTMO/5% RF 361 354 377 414 416 - 1.0
PBT-PTMO/5% Reed 367 366 383 416 418 - 2.3

Ton—onset temperature; Tso,, T1g0, and Tsp9, correspond to the temperatures of 5%, 10%, and 50% mass loss,
respectively; Tprgi and Tprg, temperatures corresponding to the maximum of mass losses, R at 700—residue at
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Figure 6. TGA-DTG thermograms for the series of composites based on PBF-PTMO (a,b), and for the
series of composites based on PBT-PTMO (c,d).

From DTG curves (Figure 6¢,d), some differences are also noted in the thermal decom-
position of the composites. For instance, PBF-PTMO shows a peak degradation temperature
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of 402 °C, with a degradation rate of 21.4%/°C, and a secondary (less intense decomposi-
tion effect) at 475 °C (1.8%/°C). For Arundo fillers, there is no modification of the course
of the DTG curve, obtaining the same peak temperature and very close degradation rates;
the secondary peak, however, shifts to lower temperatures and appears as a shoulder of
the main peak. The most distinct behavior is seen for Spirulina composites, with a peak
temperature of 393 °C; that is, the main degradation takes place in a narrower range of
temperatures. The incorporation of the mineral filler does not seem to affect either the
degradation rate or the maximum degradation peak.

Residue at the end of the test shows a slightly higher amount of thermally stable
residue for composites than for the neat matrices in both cases, with a particular increase
in ignimbrite and Spirulina composites due to the thermal stability of the ignimbrite itself
and to the salt content in the Spirulina. Residual mass is close to 8% for PBF-PTMO with
ignimbrite and 6% for Spirulina, remaining lower for Arundo-derived materials. A similar
trend is found for PBT-PTMO, although at lower values, as also seen for the matrix itself.

Comparable behavior was previously reported for PTE-PTMO (50 wt.%/50 wt.%)
nanocomposites obtained via an in situ polymerization method and modified with carbon
nanofibers (CNFs) and graphene nanoplatelets (GNPs) [78]. In that system, the onset of
thermal degradation, defined as the temperature at 5% mass loss (Ts,), increased slightly,
by up to 9 °C in an inert atmosphere, upon incorporation of nanoparticles. Under oxidative
conditions, however, the differences in T5% were negligible. The presence of nanoparticles
also increased the Ty, and Tspe, values, indicating a modest enhancement in thermal
stability relative to the unmodified copolyester—ether.

Therefore, the incorporation of the selected modifiers does not adversely affect the
processability of the studied copolymers, as the degradation temperatures remain well
above those required for typical processing and exploitation operations. At most, the pres-
ence of the modifiers may slightly narrow the processing window; however, no detrimental
reduction in thermal stability was observed. Overall, the results indicate that the tested
modifiers (ignimbrite, cyanobacterial biomass, reed fibers, and reed) are thermally compati-
ble with both copolymer systems, although their ability to enhance thermal resistance is
limited at the investigated loading of 5 wt.%.

3.6. Tensile Properties

The incorporation of even small amounts of fillers into a polymer matrix can directly
modify its mechanical performance and, in some cases, indirectly influence structural
development during processing. The extent of these effects depends not only on the filler
content but also on its intrinsic characteristics, such as morphology, chemistry, and in-
terfacial compatibility with the matrix. For this reason, the impact of the selected fillers,
ignimbrite, cyanobacterial biomass, and reed residues in the form of fibers and fractionated
shredded parts, on the tensile properties and hardness of the PEE-based copolymers was
systematically evaluated. All materials exhibited stress—strain curves typical of thermo-
plastic elastomers, showing facile elongation under low stress, the absence of a clear yield
point, and no necking (Figure 7). Such characteristics are consistent with the mechanical
response expected for PEE systems with a similar hard-to-soft segment ratio, as previously
reported by Kwiatkowska et al. [17], who observed comparable tensile strength and strain
at break for both PBF- and PBT-based multiblock copolymers.
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Figure 7. Representative stress—strain curves for for the series of composites based on PBF-PTMO
(a) and for the series of composites based on PBT-PTMO (b).
The series of PBE-PTMO-based composites showed no meaningful change in stress
at 100% strain (o10p%) upon the addition of any modifier (Table 5, Figure 7a). However,
a noticeable reduction in strain at break (from >500% to approximately 250-350%) and a
decrease in tensile strength at break were observed, indicating diminished elasticity. This
behavior suggests that, despite the presence of rigid fillers, effective stress transfer is not
achieved in the PBF-PTMO matrix, and the fillers primarily act as physical constraints
that limit macromolecular chain extensibility under large deformation. This effect can be
linked to the higher stiffness of the PBF-rich hard phase, which reduces the ability of the
segmented structure to reorganize around filler particles, leading to premature failure once
the elastic limit of the PTMO-rich soft phase is exceeded [86,87]. Additionally, less favorable
dispersion and weaker interfacial adhesion may promote localized stress concentrations,
thereby accelerating crack initiation rather than promoting plastic deformation [86].
Table 5. Mechanical properties of the obtained materials.
0100° o € Toughness H
Sample (MPal [(MPal (%] [MJ/md] [ShD]
SERIES I
PBF-PTMO 114+0.2 292+£07 536.8 £+ 28.4 91.4+45 53£1
PBF-PTMO/5% Ign 114 4+0.2 190+ 1.8 337.8 £33.0 45.6 £ 0.8 56 +£1
PBF-PTMO/5% Sp 11.1£0.1 179 £0.1 3791 +123 39.6 £1.5 53£1
PBF-PTMO/5% RF 11.5+0.1 154 £1.0 2523 +£379 259+04 54 +1
PBF-PTMO/5% Reed 114+£04 16.0 £ 0.5 289.8 +£23.0 325+13 54 +1
SERIES II
PBT-PTMO 116 +0.3 12.8 +0.1 227.0£2.6 247 £0.8 50+1
PBT-PTMO/5% Ign 11.7 £ 0.1 16.0 + 1.6 474.8 £ 65.5 731+£19 53+1
PBT-PTMO/5% Sp 11.0 £ 0.1 124 £ 0.5 22744473 18.8 £0.4 50£1
PBT-PTMO/5% RF 11.0£0.2 119+ 0.3 192.9 +£20.4 219+02 51+1
PBT-PTMO/5% Reed 10.9 £ 0.1 11.3 £ 0.3 155.7 £ 18.6 17.8 £0.2 51£1

o100%—stress at 100% strain; o}, and e,—stress and strain at break, respectively; toughness calculated by integrat-
ing the area under the stress—strain curve; H—hardness according to Shore D.

In contrast, PBT-PTMO-based composites exhibited only minor variations in stress at
100% strain for most incorporated fillers (Figure 7b). Notably, ignimbrite induced a distinct
reinforcing effect, simultaneously increasing both tensile strength at break and strain at
break, with the latter more than doubling. This unique response indicates a synergistic
balance between stiffness and deformability, suggesting efficient stress transfer and delayed
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damage accumulation [88]. The enhanced performance can be attributed to a more favor-
able interaction between ignimbrite particles and the PBT-PTMO matrix, potentially arising
from better interphase adhesion, a particle size distribution conducive to homogeneous
dispersion, and the high stiffness of ignimbrite, which promotes load redistribution rather
than chain immobilization [89]. Moreover, the greater segmental mobility of the PBT hard
domains, compared to PBF, likely allows the matrix to accommodate filler-induced stress
through plastic deformation rather than brittle fracture. A similar reinforcing and tough-
ening effect has been reported by the authors in elastomeric systems filled with another
volcanic-rock-derived filler, basalt powder [90].

In addition, toughness was analyzed as a measure of the material’s ability to absorb
energy up to fracture and was determined as the area under the stress—strain curve obtained
from tensile tests [91,92]. This parameter reflects the resistance to crack initiation and
propagation, combining the effects of strength and ductility. For the PBF-PTMO-based
series, all composites exhibited lower toughness values, in most cases reduced by more
than 50% compared to the neat polymer, consistent with the observed loss of extensibility
and limited plastic deformation capability. In contrast, in the PBT-PTMO-based series,
only the addition of ignimbrite increased toughness relative to the reference material. The
significant (over threefold) increase in toughness for PBT-PTMO containing 5 wt.% of
ignimbrite arises from synergistic mechanisms including crack deflection, particle-induced
plastic deformation of PBT domains, enhanced hard—-soft phase interactions, and additional
energy dissipation through controlled interfacial debonding and friction, mechanisms that
are absent or ineffective in the neat polymer and in the PBF-PTMO system. Moreover, in
addition to the data presented in the Supporting Information, this sample was characterized
by significantly smaller spherulitic domains after crystallization under controlled non-
isothermal conditions (Figure S2), which may also influence the improvement of the
materials’ ductility and toughness [93].

In both polymer series, a slight increase in Shore D hardness was observed, particularly
in the presence of ignimbrite, which aligns with a modest stiffening effect imparted by
the filler. These trends may be contrasted with previous studies on nanofilled multiblock
copolymers. For instance, Walkowiak et al. [78] reported that in PTF-PTMO nanocomposites
obtained via in situ polymerization, carbon nanofillers significantly increased Young's
modulus and tensile strength while decreasing ductility. Similarly, in our earlier work [94],
organoclay enhanced modulus and yield stress in PTT-PTMO without loss of elasticity.
Moreover, Deng et al. [80] observed that reinforcement in PBF-based composites containing
hemp fibers was achieved only at higher filler contents (10-30 wt.%), though at the cost of
reduced ductility.

Improvements at low filler loadings are typically observed when using the in situ
polymerization method. However, this approach is inherently limited by the maximum
amount of filler that can be incorporated—based on our previous work, this value does not
exceed approximately 3 wt.% [94]. For this reason, in the present study, the modifiers were
introduced via melt blending, which enabled the incorporation of 5 wt.% filler.

Overall, the fillers introduced at this loading caused only limited reinforcement, sug-
gesting that the amount of insoluble material in the polymeric matrix modifier/filler may
still be insufficient to generate an effective stress-transfer network within the matrix. This
is particularly relevant for complex or irregular bio-derived fillers such as cyanobacterial
biomass or reed materials, where interfacial adhesion with the polymer may be inherently
weak due to the strong hydrophilic character of the biomass (as observed in SEM analysis),
which contradicts the hydrophobic nature of the polymer. Increasing filler content, there-
fore, appears to be a rational direction for future work, not only to intensify polymer—filler
interactions but also to promote fillerfiller contacts, which can contribute to the formation
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of continuous or quasi-continuous reinforcing pathways. Such structural development
could enhance mechanical performance and may additionally support improvements in
thermomechanical stability.

3.7. Rheological Behavior

Figure 8 compares the rheological properties of two TPEs differing in the type of
rigid domains filled with various plant-based and inorganic fillers. The polymers were
tested at different temperatures: 190 °C for PBF-PTMO and 210 °C for PBT-PTMO. Due
to the plant component and the risk of lignocellulose degradation, which could interfere
with the measurement, the materials were tested at the lowest possible temperature. The
measurement temperatures were selected considering the processing temperatures used,
increased by 5 °C. For PBT-PTMO, preliminary measurements were attempted at 190 °C
and 200 °C, but in both cases, elastic properties dominated over viscous behavior over the
entire tested range. In the selected temperature set, it was possible to compare the behavior
of the materials in the molten state. Additionally, the results of measurements performed
at 190 °C for PBT-PTMO are summarized in the Supporting Information.

The complex viscosity curves (Figure 8a,b) of both composite series, varying with rigid
copolymer phase content, show similar trends when particle-shaped fillers (IG, Reed) are
used. The introduction of Ign as a fine, inorganic, particle-shaped filler did not significantly
affect the rheological behavior of the composites. All the rheological curves, as well as the
complex viscosity values over the entire w range for both TPE matrices, are comparable to
those of the unmodified copolymers. Similar results, showing a slight reduction in polymer
viscosity after the introduction of a small amount of a different basalt powder (5 wt.%) into
polypropylene [95], were obtained in our previous studies. The opposite effect, a reduction
in complex viscosity, was observed for the Sp-filled series. The viscosity-lowering impact
of these materials can be assumed to be related to the low thermal stability of the filler [48]
and the possible effect of low-molecular-weight decomposition products. The shape of the
n*(w) and G'(w) curves (Figure 8c,d) suggests exceeding the rheological threshold of filler
percolation in the polymer matrix. The occurrence of three-dimensional structures of fillers
in mutual contact was observed in the case of PBF-based composites for RF- and Sp-filled
series. The changes in the curve’s shape are related to the observed increase in complex
viscosity and the disappearance or reduction in the G” of w dependence at the terminal
range at low w values. In the case of natural fibers with a high aspect ratio and reed with
a significantly higher share of large-dimensional particles compared to Ign and Sp, this
effect is visible in semi-transparent samples. In the case of the Sp-filled series, it may be
caused by agglomeration of the thermally stable Spirulina fraction [96], which reorganizes
in the polymer matrix during long-term thermal exposure. In all cases except PBE-PTMO
filled with RF, the G” value exceeded G, confirming the dominant viscous behavior and
the properly selected processing conditions.
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Figure 8. Results of rheological analysis of PBF/PBT-PTMO and their composites: complex viscosity
curves (a,b); storage (c,d) and loss (e,f) modulus vs. angular frequency; Han-Chuang plots (g,h).

The Han-Chuang plot (HC) representing the G’ vs. G” comparison is an interpreta-
tion of data from oscillatory rheological analysis, which may be related both to changes
in the rheological behavior of the melt induced by microstructure development and the
compatibility of the components when tested at constant temperature [97,98]. Except for
PBF-PTMO filled with reed fibers, the curves for the remaining materials are located be-
low the G'=G" line, which indicates the dominant quasi-liquid state of those materials
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during measurement [99]. Both polymers, modified with an inorganic filler (Ign) and
the PBF-PTMO series containing shredded reed, showed comparable slopes in the HC
plot. The introduction of Sp resulted in a reduced slope at lower values of angular fre-
quencies for PBF-based composites. The change in the HC-plot slope is related to the
material’s more heterogeneous structure compared to the unfilled copolymer. According to
Zhou et al. [100], the observed inflection point of the curve for PBT-PTMO may be related
to a higher degree of composition heterogeneity and a stronger physical polymerfiller
interfacial interaction. Considering the higher measurement and processing temperature of
the PBT-based copolymer composition, it can be assumed that this is related to a greater
degree of thermal decomposition of the cyanobacterial biomass filler and the proportion
of the dispersed, thermally transformed, temperature-stable phase and salt residue in the
polymer. The solid-like behavior of the HC-plot of PBF-PTMO with 5 wt.% REF is attributed
to exceeding the rheological percolation threshold and to strong physical interactions that
interlock natural fibers within the molten polymeric matrix [100]. The occurrence of these
phenomena suggests a significant increase in complex viscosity and a flattening of the
storage modulus curve at low angular frequencies [101,102].

To summarize, the effect of fillers introduced at the same concentration into two
TPE matrices on changes in rheological behavior, as assessed by oscillatory rheometry,
can be attributed to two groups of phenomena. The first one is related to the geometric
characteristics of the fillers, namely particle size and aspect ratio (Ign < Sp < Reed < RF).
In the case of a well-dispersed inorganic filler (Ign) composite, no agglomeration of the
filler occurred, and the rheological characteristics for composites made with both polymers
did not change significantly. Moreover, the presence of Reed particles, with a size an order
of magnitude larger than Ign, caused the composite materials to differ only slightly in
characteristics from the reference samples (PBT-PTMO/5% Reed). Only in the case of the
fibrous filler (RF) for both TPE matrices, a prominent change in the rheological curves
was observed (more pronounced for the PBF-PTMO series), indicating the formation of
interactions between the high-aspect-ratio filler particles in the molten polymeric bulk.
However, differences in the intensity of rheological behavior changes may result from
different test temperatures, reflecting the melt processing conditions. The second factor
influencing changes in the rheological properties of the analyzed materials was degradation,
which led to a significant decrease in the viscosity of compositions containing SP, as
exemplified by the thermosensitive filler with low thermal stability.

4. Conclusions

This work provides a comprehensive evaluation of how bio-derived and mineral
fillers influence the performance of two chemically distinct thermoplastic elastomer sys-
tems. Overall, the comparative analysis shows that the type, morphology, and origin of
natural fillers strongly affect the extent to which the structural, thermal, rheological, and
mechanical properties of TPEs are modified, with biobased and petroleum-derived matrices
responding differently to the same modifiers. These findings highlight both the potential
and the limitations of incorporating low loadings of diverse natural fillers into multiblock
copolymers and offer guidance for designing more sustainable TPE composites with tai-
lored performance. NMR analysis confirms the successful incorporation of PTMO into both
PBF-PTMO and PBT-PTMO copolymer matrices, with all characteristic signals matching
the expected chemical structures. The minor discrepancies between theoretical and calcu-
lated flexible-segment contents (3.7% for PBF-PTMO and 1.5% for PBT-PTMO) indicate
only minor deviations in composition, likely arising from processing-related PTMO losses.
Scanning electron microscopy (SEM) revealed a two-phase structure for both copolymers,
as is usual for TPEs, with good compatibility between the rigid and flexible segments. A
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different behavior was observed for the various fillers in both matrices; for instance, in
PBF-PTMO composites, the ignimbrite dust is found mainly as clusters; in PBT-PTMO,
the dust is uniformly dispersed; and in Spirulina-containing composites, a uniform distri-
bution is found for both matrices, together with the formation of well-defined crystalline
structures in the form of dendrites. Reed composites show a similar morphology for both
copolymers, with the appearance of dendritic structures, indicating that both biobased
fillers could promote the crystallization of both matrices. FTIR spectroscopy further verifies
the expected chemical structures of both matrices, showing all characteristic bands of the
polyester-PTMO systems. The absence of new absorption features upon filler addition
indicates no detectable chemical interactions at a loading of 5 wt.%, while still suggesting
good dispersion of the fillers within the polymer matrices. DSC analysis demonstrates
that introducing 5 wt.% modifiers into both TPE systems results in only minor alterations
to their thermal behavior, with the main transition temperatures (Tg, Tc, Tm) remaining
largely unchanged. Subtle increases in crystallization or melting enthalpy observed for
selected PBF-PTMO composites suggest a weak nucleating or crystallization-promoting
effect, in good agreement with SEM findings, whereas the PBT-PTMO series shows an even
more limited response. Overall, these modest thermal shifts indicate that, at this loading,
the modifiers behave primarily as inert inclusions, without significantly disrupting chain
mobility or crystallization processes. Mechanical testing reveals that the incorporation
of 5 wt.% fillers provides only limited reinforcement in both copolymer matrices, with
most composites retaining the characteristic elastomeric behavior of PEE systems. While
ignimbrite induces a measurable strengthening effect, particularly in the PBT-PTMO series,
due to the better particle distribution within the matrix, the remaining modifiers either
reduce ductility or exert only a marginal influence, indicating insufficient stress-transfer
efficiency at the studied loading. These results suggest that higher filler contents or im-
proved polymerfiller interfacial compatibility will be required to establish a more effective
reinforcing network and achieve meaningful improvements in mechanical performance.
Moreover, rheological analysis shows that adding 5 wt.% fillers generally leads to minor
changes in the melt flow behavior of both TPE systems when particle-shaped inorganic
or plant-derived fillers are used, with ignimbrite in particular leaving complex viscosity
essentially unaffected. In contrast, fillers with higher aspect ratios or more heterogeneous
particle size distributions, such as reed fibers or Spirulina, exhibit rheological percolation,
evidenced by increased complex viscosity, modified terminal behavior, and altered HC-
plot slopes, reflecting the formation of three-dimensional fillerfiller physical networks in
the melt. Overall, these results indicate that while most fillers behave as inert inclusions
under the tested conditions, selected bio-derived modifiers can induce limited structural
connectivity in the molten state, subtly shifting the viscoelastic response toward more
heterogeneous or partially solid-like behavior.

From an application perspective, the results indicate that specific filler-matrix com-
binations can be tailored to distinct use scenarios. Composites based on PBT-PTMO
containing ignimbrite dust, combining good filler dispersion, enhanced tensile strength,
and preserved elastomeric behavior with minimal impact on processability, are suitable for
applications such as flexible seals, gaskets, and elastomeric technical components requiring
high elasticity and mechanical robustness. Composites containing Spirulina or reed-derived
fillers, which promote crystallization and induce melt-state structuring, are better suited
for extrusion- or foaming-based applications that require improved shape stability and
controlled flow. In contrast, PBE-PTMO composites with bio-derived fillers are promising
for low-load-bearing applications where sustainability and increased bio-based content are
prioritized, such as packaging or consumer products.
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Future work should focus either on increasing filler loadings or optimizing surface
modification strategies to enhance polymerfiller interactions and promote the formation
of more effective reinforcing networks. In addition, exploring alternative bio-based fillers,
compatibilizers, and processing routes may further improve the balance of mechanical, ther-
mal, and rheological properties, enabling the development of next-generation sustainable
TPE composites.

Supplementary Materials: The following Supporting Information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/polym18040513/s1, S.I. 1. Supplementing characterization meth-
ods; S.I. 2. Supplementing results and comments: S.I. 2.1. Polarized light microscopy of samples
crystallized in controlled conditions; Figure S1: Polarized light microscopy images of PBT- and
PBF-PTMO and their composites obtained by cooling at the heating stage in controlled cooling
rate of 5 °C/min; Figure S2: Polarized light microscopy images of PBF-PTMO/5%Ign and PBF-
PTMO/5%Ign composites obtained by cooling at the heating stage in controlled cooling rates of 10, 5,
and 2 °C/min, taken with a magnification of x100; Figure S3: Polarized light microscopy images
of PBT- and PBF-PTMO/5%Ign composites obtained by cooling at the heating stage in controlled
cooling rate of 2 °C/min, taken with a magnification of x200.
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