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A B S T R A C T   

Mechanical recycling is a viable option for reducing plastic waste, especially for post-consumer waste and scraps 
from production processes. Biodegradable polymers have gained attention as alternatives to conventional ones, 
and their potential for reprocessing using standard techniques before composting needs to be explored. This 
study focused on a commercial biodegradable polymer blend which underwent ten extrusion cycles to assess the 
effects of mechanical recycling on mechanical properties, rheological behavior, and thermal stability. The results 
indicated that the blend’s mechanical properties were largely maintained across the extrusion cycles, with only a 
53 % decrease in ductility. The thermal stability slightly declined by 2.3 % in T5% onset temperature. This can be 
attributed to a balance between molecular chain scission (resulting in an average molecular weight reduction of 
approximately 8.4 %) and crosslinking phenomenon (evidenced by an increase in complex viscosity throughout 
the extrusion cycles). Overall, the results suggest a suitable recycling attitude of this material.   

1. Introduction 

The significant volume of post-consumer plastics and their environ-
mental consequences throughout their lifecycle underscore the urgency 
of establishing a sustainable plastic industry. This urgency drives the 
transition from conventional fossil-based polymers to bio-based and 
biodegradable alternatives. The increasing interest in these materials 
stems from their ability to be mineralized over time through biological 
processes with the production of microbial biomass (biodegradation) 
and fertilizers (composting) [1]. The microbially induced chain scission 
process, although capable of degrading bio-based and biodegradable 
plastics, may not be the most sensible solution for plastic waste mini-
mization due to its sensitivity to various environmental conditions. 
Factors such as oxygen concentration, humidity, temperature, and pH, 
as well as the availability and concentration of microorganisms, can 
significantly influence the degradation rates. Consequently, the degra-
dation process can vary widely and tends to be relatively slow [2]. The 
necessity of finding alternative solutions for waste disposal, by the waste 
hierarchy concept outlined in the EU Waste Framework Directive, 

extends beyond relying solely on composting as an option [3]. This 
highlights the importance of exploring recycling strategies that can be 
implemented through mechanical or chemical techniques. Mechanical 
recycling is generally cost-effective compared to chemolysis [4], but its 
implementation requires specific investigations due to the thermo-
sensitive nature of biodegradable polymers [5]. Recently Dedieu et al. 
have summarized their findings on the effect of thermo-mechanical 
reprocessing (extrusion, injection molding, or compression molding) 
on the mechanical properties of biopolymers such as polylactic acid 
(PLA), polyhydroxyalkanoates (PHAs), polybutylene succinate (PBS), 
and polybutylene adipate terephthalate (PBAT) [6]. 

Nevertheless, there needs to be more research available, explicitly 
addressing the effect of reprocessing over biopolymer blends. It is widely 
recognized that neat biodegradable polymers often require modifica-
tions to be competitive with conventional fossil-based polymers in terms 
of mechanical properties and thermal stability, and melt blending is 
considered an economical and versatile method to achieve materials 
with balanced and customized properties [7]. In a study by Zembouai 
et al. [8], the effect of mechanical recycling on a PHBV/PLA blend 
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(50/50 wt%) was investigated through six melt molding cycles. The 
findings of the study indicated that PLA played a stabilizing role in the 
blend, helping to reduce PHBV degradation during the recycling pro-
cess. As a result, the tensile modulus, strain at break, and impact 
strength of the blend remained almost constant throughout the recycling 
cycles. Farias et al. [9] investigated the properties of a PHBV/PLA blend 
with a composition of 30/70 wt% for mechanical recycling up to five 
extrusion cycles. The study demonstrated that the blend maintained 
good mechanical properties throughout the recycling process, and this 
was attributed to the reduction of PHBV domains homogeneously 
distributed within the PLA matrix and the increased crystallinity of PLA. 
Bourmaud et al. [10] tested a blend of L-Poly-(lactide) (PLLA) and PBS 
with a 50/50 wt% composition through seven reprocessing (extrusion 
and injection molding) cycles. The study revealed that the blend 
exhibited quasi-stable tensile strength and Young’s modulus after each 
recycling operation. However, a significant decrease of 57.3 % of the 
impact energy at failure was observed after the third cycle. This decrease 
was attributed to the brittle nature of the blend and the degradation of 
PLLA, which is susceptible to hydrolysis, which can lead to chain scis-
sion and a reduction in molecular weight. 

Regarding commercial biodegradable blends, there needs to be more 
information regarding the effects of reprocessing: Morreale et al. [11] 
investigated BioFlex F2110, a blend based on PLA and thermoplastic 
polyesters. They observed that reprocessing minimally affected the 
blend’s quasi-static tensile properties and dynamic thermo-mechanical 
properties. However, after four recycling cycles, a decrease of 19.5 % 
in the elongation at break, attributed to the shortening of polymer 
chains, was noted. Resch-Fauster et al. [12]studied the properties of PHE 
001 based on PHBV-PBAT (35/65 wt%). They found that the recycla-
bility of the blend was limited due to significant hydrolysis degradation. 
The blend exhibited decreased properties with increasing recycling cy-
cles. La Mantia et al. [13] investigated Ecovio (F23B1) reprocessing 
based on PLA/PBAT. They conducted up to five recycling cycles and 
observed that the tensile strength of the blend remained relatively 
constant. However, an increase in Young’s modulus and a decrease in 
the elongation at break were observed due to a reduction in molecular 
weight and an increase in crystallinity. 

Collecting comprehensive information on the reprocessing of 
biodegradable polymers, particularly on commercial blends, is essential 
for effectively implementing mechanical recycling at an industrial scale. 
Commercial blends often consist of proprietary formulations that may 
not disclose detailed information about their composition or the impact 
of additives [14] on processing and thermomechanical properties. This 
makes it challenging to predict the final properties of these blends after 
recycling. 

This study aimed to assess the viability of reusing the scraps from 
processing a commercial biodegradable polymer blend (Estabio) 
commonly employed in producing disposable items such as cutlery and 
coffee capsules. The polymer was subjected to multiple extrusion cycles, 
up to ten times, to investigate the impact of this recycling process on 
different properties. The effects were examined in terms of mechanical 
properties (including tensile strength, flexural strength, Shore D hard-
ness, and Charpy impact tests), thermal stability (analyzed through 
thermogravimetric analysis, differential scanning calorimetry, and dy-
namic mechanical analysis), rheological properties and morphology 
(observed via scanning electron microscopy). 

2. Materials and methods 

2.1. Materials and sample preparation 

Commercial polyester Estabio (PL 0640 T05) was purchased from Fi- 
Plast S.r.l. The material was dried at 60 ◦C overnight before the 
reprocessing operation through extrusion (corotating twin-screw 
extruder, Thermo Scientific Process 11, ThermoFisher Scientific) and 
injection molding (Haake MiniJet II Pro, Thermo Fisher Scientific) with 

the adoption of a temperature profile as follows: 
170 ◦C—175 ◦C—180 ◦C—185 ◦C—190 ◦C—195 ◦C—195 ◦C–195 ◦C 
(from zone 1 to 8, respectively). The rotational speed was set at 150 rpm. 
During the injection, the mold and the loading cylinder were maintained 
at 45 ◦C and 190 ◦C, respectively. To simulate the multiple melt pro-
cessing, after each injection, the polymer was pelletized for the 
following cycles up to a maximum number of extrusions and injections 
equal to ten. The samples were named “Ext n,” where n is the number of 
extrusion/injection cycles. 

2.2. Composites characterization 

2.2.1. FTIR spectroscopy 
Molecular characterization was performed by Fourier Transform 

InfraRed (FT-IR) spectroscopy. IR spectra were acquired on a Bruker 
VERTEX 70 spectrometer, equipped with a diamond attenuated total 
reflectance (ATR) cell, in the mid-infrared region (400 - 4000 cm− 1) and 
collecting 256 scans with a resolution of 3 cm− 1. 

2.2.2. Thermal properties 
Thermogravimetric (TGA) analysis was carried out by heating the 

samples from room temperature to 800 ◦C under a nitrogen atmosphere 
and with a heating rate of 10 ◦C/min (Setsys Evolution system by 
Setaram). 

Differential scanning calorimetry (DSC) analysis of the materials was 
performed under a nitrogen flow of 60 mL/min (DSC 214 Polyma by 
Netzsch). Specimens (around 10 mg) were placed in a concave crucible 
with a pierced lid and analyzed according to the following thermal 
program: heating from − 40 ◦C to 200 ◦C (5 min hold interval), cooling to 
− 40 ◦C (5 min hold) and second heating to 200 ◦C, all steps performed 
with a rate of 10 ◦C/min. Results as melting and crystallization tem-
peratures and enthalpies are reported as mean values of three 
repetitions. 

Dynamic mechanical analysis (DMA) in a three-point bending 
configuration was used to measure the properties of the manufactured 
samples (with size 60 × 10 × 4 mm) under dynamic conditions from 
− 160 ◦C to 60 ◦C, with a heating rate of 2 ◦C/min and a frequency of 1 
Hz. The tests were conducted by using a DMA 242 E Artemis by Netzsch 
and the storage (E′) and loss moduli (E″), and the loss (damping) factor 
tanδ (E”/E’) were measured. 

2.2.3. Rheological properties 
Rheological properties were investigated through an Anton Paar 

MCR302 rotational Rheometer (Anton Paar - Graz, Austria) equipped 
with a 25 mm plate-plate measuring system. Dynamic measurements 
were carried out at 190 ◦C under a nitrogen flow of 230 L/h. The linear- 
viscoelastic region (LVR) limits were investigated by running amplitude 
sweeps in the shear strain range between 0.1 and 100 % at a constant 
angular frequency of 1 rad/s. A shear strain of 0.1 %, falling within the 
LVR, was then chosen to run the following frequency sweeps in the range 
of angular frequencies between 0.1 and 100 rad/s. Specimens for 
rheological measurements were obtained by laser cutting (Birio 1000, 
100 W CO2 laser) 25 mm diameter discs from compression molded plates 
(at 190 ◦C), with thickness around 1 mm. All the tests were repeated on 
three samples, and the results are reported as mean values. 

The melt flow rate of each processed biopolymer was measured using 
a plastometer (Zwick/Roell Mflow) at 190 ◦C with a 2.16 kg nominal 
load adapted to the standard ISO 1133. The results are reported in terms 
of melt mass flow rate (MFR) as a mean value of three repetitions. 

2.2.4. Mechanical properties 
The tensile and flexural tests of all manufactured specimens were 

carried out on a Zwick/Roell Z010 universal testing machine. Tensile 
tests were conducted in displacement control with a 10 mm/min 
crosshead speed at room temperature according to ISO 527-2 (type 1BA, 
L0 = 30 mm). Three-point bending tests determined flexural properties 
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of the materials according to ISO 178. Samples (with size 80 × 10 × 4 
mm) were tested at 5 mm/min with a span-to-thickness ratio of 16:1. 
The impact strength of each sample (with size 80 × 10 × 4 mm) was 
evaluated by Charpy impact tests (ISO 179-2) in an edgewise mode (type 
A notch and a span of 62 mm). Tests were conducted with a CEAST/ 
Instron 9340 instrumented drop weight tower using an impact velocity 
of 2.90 m/s and at three different temperatures (25 ◦C, 50 ◦C and 80 ◦C). 
All tests were repeated at least five times and reported as mean values. 

The hardness of the extruded biopolymers was measured using an 
analog hardness shore D tester (Zwick/Roell GmbH, Ulm, Germany) 
according to ASTM D-2240. The hardness value for each sample was 
calculated as the average of 50 measurements at room temperature. 

2.2.5. Morphological properties 
Fracture surface morphologies of biopolymers were studied using 

scanning electron microscopy (FE-SEM Mira3 by Tescan) equipped with 
an Octane Elect EDS System by EDAX (AMETEK GmbH, Unters-
chleissheim, Germany). All specimens were sputter-coated with gold 
before the analysis. 

2.2.6. Nuclear magnetic resonance (NMR) 
The 1H NMR spectra were recorded by Varian Mercury 400 (400 

MHz). The chemical shifts δ are in ppm and are referenced to residual 
protons in the deuterated solvent as the internal standard, such as CDCl3 
(7.26 ppm). Splitting patterns are s, for singlet; d, for doublet; t, for 
triplet; q, for quartet, and m, for multiplet. 

2.2.7. Gel permeation chromatography (GPC) 
The measurements of molecular weights were performed by Agilent 

1260 Infinity II Multi-Detector Suite (MDS) device, constituted by three 

different detectors (G7800A): RI, VS and dual light scattering detector 
(15◦ and 90◦), a 4-channel vacuum degasser (G7111B), an autosampler 
(G7129A) and a thermostatic column compartment (G7116A). The 
system was equipped with a guard column (Agilent GPC/SEC Guard 
Column), followed by two columns in series (PLgel MIXED-C and PLgel 
MIXED-D) and the measurements were processed by Agilent GPC/SEC 
Software. The THF mobile phase contained 250 ppm of BHT (butylated 
hydroxytoluene), and the flow rate was fixed at 1.0 ml/min. The poly-
styrene standards (Mp values in the range of 580–283800 g/mol) were 
used for column calibration. 

3. Results and discussion 

3.1. As-received polymer blend characterization 

This section provides an overview of the properties of neat Estabio, 
focusing on its chemical properties and thermal stability. While the 
exact chemical composition of the product is undisclosed due to patent 
protection, the major components of the material were identified using 
FT-IR and EDS mapping (Fig. 1) and 1H NMR (Fig. 2) analyses. 

The infrared spectrum reported in Fig. 1a displays distinctive bands 
indicating the presence of Poly(butylene succinate) (PBS) at 1714, 1157, 
955 and 806 cm− 1, arising from the stretching vibrations of ester 
carbonyl (>C––O) group, –C–O–C– group in the ester linkages and from 
bending of –C–OH groups in carboxylic acid, respectively [15]. Addi-
tionally, the absorptions at 1330, 2946, and 2850 cm− 1 are linked to the 
stretching vibrations of methyl and methylene C–H groups in the PBS 
main chain [15]. Weaker signals associated with polylactic acid (PLA) 
were identified at approximately 1756 cm− 1 (stretching of the C––O 
carbonyl group), 1449 cm− 1 (bending of –CH3 groups) and 1386, 1357 

Fig. 1. Infrared spectrum (a) and EDS mapping (b) of neat polymer.  
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cm− 1 (deformation of -C-H bonds). Further absorptions at 1181, 1135, 
and 1088 cm− 1 originated from the stretching vibrations of -C-O groups 
within PLA [16]. Vibration bands due to magnesium silicate 

[Mg3Si4O10(OH)2] at 3677, 1015, and 669 cm− 1, and stearamide 
[C38H76N2O2] at 3395, 3188, 1646, 1470, and 1425 cm− 1, were also 
detected [17,18]. These additives are used to improve the strengthening, 

Fig. 2. 1H NMR spectra of (a) neat polymer, (b) PBS and (c) PLA.  

Fig. 3. (a) TG and dTG curves and (b) DSC thermograms of neat polymer.  
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lubricating properties, and mobility and nucleation capacity of PLA. 
This evidence is corroborated by 1H NMR results of Estabio (Fig. 2a) 

that were compared with those of neat PLA and PBS (Fig. 2b–c). The 
peaks observed at 1.72 ppm (-OCH2CH2CH2CH2O-), 2.64 ppm 
(-O––CCH2CH2C––O-), and 4.13 ppm (-OCH2CH2CH2CH2O-) in the 
spectrum can be attributed to the distinct methylene proton signals of 
PBS [19,20], further supported by the results obtained from the standard 
PBS sample in Fig. 2b. Additionally, peaks at 1.60 ppm and 5.18 ppm 
correspond to the CH3- and CH- proton signals, respectively [21], which 
are also consistent with the 1H NMR spectrum of neat PLA. 

The blend exhibited a thermal degradation with two close peaks, one 
at 361 ◦C and a second one at 398 ◦C with associated weight losses equal 
to 21.4 wt% ± 0.8 wt% and 58.0 wt% ± 0.1 wt%, respectively (Fig. 3a). 
This two-stage thermal degradation process provides further confirma-
tion of the prevalence of two polymers in the blend with a certain level 
of immiscibility between them [9,22], and according to both thermal 
degradation temperatures measured, it is possible to associate the first 
peak to PLA [9] and the second one to PBS [23]. The mass residue at 
800 ◦C equal to 18.1 % is ascribed to the presence of talc 
[Mg3Si4O10(OH)2] (Fig. 1a–b), which is commonly used as a nucleating 
agent and/or reinforcing filler in biopolymer blends [24–27]. 

From DSC results (Fig. 3b), during the first heating and cooling cycle 
it is possible to identify the glass transition (Tg) at 60 ◦C, the melting 
(Tm) and the crystallization (Tc) peaks at 175 ◦C and 115 ◦C, respec-
tively, typical values of PLA [28]. Meanwhile, temperatures equal to 
− 28 ◦C, 115 ◦C, and 86 ◦C are those of glass transition, melting, and 
crystallization points of PBS [29]. In addition, the cold crystallization of 
PBS (at around 84 ◦C [30]) and of PLA (at 93 ◦C [31]) were detected. The 
controlled cooling impacts the second heating cycle, leading to the 
absence of cold crystallization peaks and the appearance of a 
dual-shaped melting peak for both polymers. The former is attributed to 
the formation of thinner crystals, while the latter is associated with the 
development of thicker ones [31,32]. As the polymer blend’s exact 
composition is unknown, an estimation of the crystallinity of both 
polymers was determined by considering the weight losses from the 
thermogravimetric curves. The degree of crystallinity for PLA was 
calculated to be approximately 60.19 % ± 0.85 %. In comparison, for 
PBS it was found to be about 74.7 % ± 2.8 % (the adopted ΔH0

m as the 
standard enthalpy of melting of 100 % crystalline PBS and PLA was 
equal to 200 J/g and 93 J/g, respectively [33]). 

3.2. Thermal properties of recycled polymer blends 

To assess the recyclability of the commercial blend, ten recycling 
operations were simulated using repeated extrusion and injection 
molding cycles. The thermogravimetric analyses were conducted after 
each extrusion/injection cycle, and the results of the most representative 
samples (Ext 2, Ext 5 and Ext 10) as weight loss and derivative ther-
mogravimetry (dTG) trend are reported in Fig. 4 a-b. The recycling 
process led to a slight reduction in the thermal stability of the blend. The 
initial onset temperature value (corresponding to a weight loss of 
approximately 5 %) of the pristine Estabio was 348.7 ◦C, which 
decreased by around 2.3 % after the last extrusion/injection cycle 
adopted in this work (Ext 10). 

Specifically, the calculated onset temperature values were 347.0 ◦C 
(Ext 1), 344.4 ◦C (Ext 2), 344.1 ◦C (Ext 3), 343.7 ◦C (Ext 5), 342.1 ◦C (Ext 
8), and 340.5 ◦C (Ext 10). This effect can be attributed to PLA, as its 
thermal degradation temperature decreased from 367 ◦C to 357 ◦C 
(Fig. 4b inset). The observed decrease in PLA’s thermal stability had a 
minimal impact on the overall stability of the blend, mainly because PLA 
is present in a smaller proportion compared to PBS. 

A weight loss of approximately 10 % for neat Estabio was obtained at 
a temperature of 355.8 ◦C. Such weight loss after each recycling cycle 
was recorded at 355.0 ◦C (Ext 1), 351.4 ◦C (Ext 2), 351.5 ◦C (Ext 3), 
351.4 ◦C (Ext 5), 350.7 ◦C (Ext 8), and 350.1 ◦C (Ext 10) and the 
reduction in thermal stability of the blend after the tenth extrusion/ 

injection cycle was around 1.6 %. As the temperature rises, the differ-
ence in degradation profiles becomes less pronounced, highlighting 
how, unlike PLA, PBS seems to be less affected by reprocessing. This 
finding aligns with the results reported by Ojijo et al. [34], indicating 
that a PBS-dominated blend exhibits higher thermal stability. Further-
more, this slight effect on thermal stability can be attributed to the fact 
that the initial decomposition temperature of the blend was significantly 
higher than the processing temperature employed in the recycling 
process. 

An estimation of the PLA and PBS amounts was derived by analyzing 
the thermogravimetric trends (Fig. 4a) at the thermal degradation 
temperatures of each polymer. The PLA content decreased from 21.0 % 
(Ext 1) to 14.1 % (Ext 10), while the PBS content showed a slight 
decrease from 58.0 % (Ext 1) to 55.7 % (Ext 10). 

The calorimetric results, consistent with the thermogravimetric 
analysis findings, did not show significant differences in the thermogram 
trends (Figs. S1a–b). The temperatures and enthalpy values for the 
cooling and second heating cycles are provided in Table 1. 

The reprocessing operation did not significantly alter the charac-
teristic temperatures of both polymers. However, the most notable effect 
of the processing was observed in the variation of the melting enthalpy 
of both polymers calculated as the difference of enthalpy measured after 
each reprocessing cycle and the melting enthalpy calculated after the 
first extrusion. Fig. S1c demonstrates that reprocessing led to a 

Fig. 4. (a) TG and (b) dTG curves of reprocessed polymer blend.  
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significant reduction in the melting enthalpy of PLA. This decrease in 
enthalpy is believed to be connected to a more substantial reduction in 
crystallinity for PLA compared to PBS. Specifically, the reduction in 
crystallinity was approximately 20 % for PLA and 11 % for PBS. 

To confirm such evidence, FT-IR spectra of neat and post-processed 
polymers (Ext 1, Ext 2, Ext 5 and Ext 10) are reported in Fig. 5. 

The poor heat resistance of PLA, previously detected, was confirmed 
by observing a decrease in the intensity of the band at 1756 cm− 1 in the 
extruded polymers. Indeed, by the integrated area ratio of the absorp-
tions at 1756 cm− 1 (C––O carbonyl group of PLA) and 1713 cm− 1 

(>C––O of PBS) [15,16], it has been noted that the amount of the PLA 
decreased from 21 % to 13 % after the 10th cycle (values in agreement 
with thermogravimetric results). The bands at 1209 and 920 cm− 1 are 
generally associated with the absorptions of a highly crystalline polymer 
[35,36]. Furthermore, the band centered at 919 cm− 1 is correlated to the 
α and α′ crystalline forms, and the band at 955 cm− 1 is assigned to the 
amorphous phase [36] Fig. 5 also highlights a noticeable reduction in 
the intensity of the bands at 1209 and 1181 cm− 1 as the reprocessing 
cycles increase, which is correlated with the amorphization of PLA 
samples. Indeed, the crystallinity indexes, calculated as the ratio be-
tween band intensities at 1209/1181 [37,38], were initially higher for 
the pure blend (approximately 65 %) but decreased to 53 % after the 
10th reprocessing cycle. These findings confirm the DSC results. 

3.3. Rheological properties 

With the aim of investigating the effect of reprocessing cycles on 
rheological properties, the results of frequency sweeps on polymer 
blends Ext 2, Ext 5 and Ext 10 are reported in Fig. 6 in terms of complex 
viscosity (μ*, Fig. 6a), storage (G′, Fig. 6b) and loss (G″, Fig. 6c) moduli 
over the investigated angular frequency range. 

Regardless of the number of extrusions, all investigated materials 
displayed a decreasing value of the complex viscosity (Fig. 6a) with 

increasing angular frequencies, indicating a strong shear thinning ten-
dency. Such values are in the range of those of PLA/PBS blends with a 
typical non-Newtonian behavior [39] and with the disappearance of the 
inflection point indicating the absence of relaxation phenomena [40]. In 
Fig. 6b–c, it is evident that the complex viscosity experiences a slight 
increase with extrusion cycles. This is a result of the simultaneous 
enhancement of both storage and loss moduli as reprocessing proceeds. 
Particularly at low frequencies, the reduction in the slope of G’ (Fig. 6b), 
for increasing number of reprocessing cycles, indicates a clear 
enhancement in the elastic behavior [41]. In contrast, the impact of 
reprocessing on rheological properties is less pronounced at higher 
frequencies. 

Jin and colleagues noticed a similar trend during the recycling of 
low-density polyethylene and attributed the finding to competitive and 
simultaneous chain scission and crosslinking reactions [42]. A similar 
trend was observed by La Mantia et al. [13] during the thermo-
mechanical recycling of the Ecovio polymer, claiming that this impact is 
connected to the creation of crosslinks or branching. In this work, it is 
reasonable to hypothesize the presence of crosslinking or branching 
phenomena specifically for the PBS component [43]. On the other hand, 
for PLA, as indicated by the previous results (TG, DSC and FT-IR), its 
limited thermo-mechanical stability is predominantly linked to degra-
dation processes, such as hydrolytic or radical mechanisms [44], mostly 
leading primarily to chain scission. 

During frequency sweep tests, at 190 ◦C and 0.1 % shear strain, for 
increasing recycling cycles a larger increase in the elastic response over 
the viscous one (G’>G″) was observed, especially for the high frequency 
region, with a delayed transition to a viscous character (Fig. 7a). Such a 
difference was not seen during the amplitude sweep at 190 ◦C and 1 rad/ 
s angular frequency, where the yield point was achieved with a similar 
trend and with a strain close to 6.9 % ± 2.1 % (Fig. 7b). 

Even though rheological evidence suggests that PBS crosslinking 
between polymer molecules occurs, the mechanical shear forces and 
thermal effects involved in the extrusion/injection processes [8,45] also 
resulted in a PLA molecule chain scission event, as proven by changes in 
weight average molecular weight (Mw), number average molecular 
weight (Mn) and polydispersity index (PDI as Mw/Mn) summarized in 
Table S1, and melt-mass flow rate (MFR) values plotted in Fig. 8. 

In general, when comparing the melt flow rate (MFR) value of the 
neat pellet with that of the first extrusion (Ext 1), there is a noticeable 
increase of approximately 43 %. Moving from Ext 1 to Ext 10, additional 
increases in this parameter were observed after the fifth and tenth 
extrusion cycles. Specifically, there was a 3.7 % increase in MFR at Ext 5 
and a significant 40.5 % increase at Ext 10. These increments are pri-
marily attributed to the random scission of molecules during the recy-
cling process, as indicated by the trends in the polydispersity index (PDI) 
outlined in Table S1 [46,47]. Moreover, the presence of just one curve 
from GPC measurements could be explained by the presence of two 
phases with similar molecular weights, so they are subtended to the 
same chromatographic curve. The scission primarily affected the PLA 
component of Estabio, leading to a reduction in thermal stability (as 
depicted in Fig. 4) and a significant increase in the flowability of the 
melted polymer after multiple recycling cycles, specifically after at least 

Table 1 
DSC results.  

Sample 2nd Heating cycle Cooling 

PBS PLA PBS PLA 

Tm1 (◦C) ΔHm1 (J/g) Tm2 (◦C) ΔHm2 (J/g) Tm3 (◦C) ΔHm3 (J/g) Tm4 (◦C) ΔHm4 (J/g) Tc1 (◦C) ΔHc1 (J/g) Tc2 (◦C) ΔHc2 (J/g) 

Ext 1 105.2 5.81 115.0 28.36 168.4 2.29 175.2 3.74 86.9 34.37 116.0 10.92 
Ext 2 105.2 5.16 115.7 28.96 168.7 2.50 175.5 3.48 85.9 37.27 115.8 11.50 
Ext 3 105.4 5.40 115.0 28.65 168.5 2.33 175.3 3.62 86.8 37.29 115.9 10.98 
Ext 5 105.1 5.43 115.2 28.59 168.5 1.96 175.2 3.79 86.4 36.83 116.1 10.85 
Ext 8 105.3 3.57 116.1 27.53 168.9 1.69 175.5 2.98 85.3 34.42 115.6 10.47 
Ext 10 105.1 3.12 116.0 27.35 168.8 1.65 175.4 2.90 85.1 34.90 115.7 10.92  

Fig. 5. FT-IR results of neat and reprocessed polymers.  
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five cycles. The high thermal sensitivity of PLA has been demonstrated 
in various studies. It is well-known that PLA is prone to undergo thermal 
degradation and exhibits a reduced thermal stability under certain 
conditions (temperature, shear rate, oxygen) [48]. For instance, Bour-
maud et al. demonstrated the extreme thermal sensitivity of PLLA in 
their study [10]. They observed that PLLA experienced significant 
degradation after the fourth recycling cycle over PLLA/PBS (50/50 wt 
%) blends. Additionally, Srimalanon [49] confirmed the prevalence of 

chain scission phenomena through additional reprocessing of a PLA/PBS 
blend (80/20 wt%) for three cycles. The notable increase observed after 
the initial extrusion cycle (Ext 1) is probably the result of the simulta-
neous occurrence of chain scission and the improved distribution and 
promotion of chain mobility action of the stearamide during the extru-
sion process [50–53]. 

Such evidence is also visible in the DMA results reported in Fig. 9 as 
storage modulus (E’, Fig. 9a) and dynamic damping factor (Tanδ, 
Fig. 9b). The curves do not reveal any substantial differences regarding 
the storage moduli as evidenced by the recorded E′ values across the 
temperature range between − 100 ◦C and 90 ◦C (Table 2) and this is 
consistent with results previously discussed, as well as with other works 
[8,12]. 

The most significant decrease in E′ was observed near the first glass 
transition temperature at around − 20 ◦C, as confirmed by the Tanδ 
trends (Fig. 9b) and ascribed to PBS polymer, because of the softening of 
the major component in blend formulation. From Tanδ an additional 
peak (around 62 ◦C) is visible while approaching PLA’s glass transition. 
At this point, a slight increase in Tanδ value of about 6.9 % (inset in 
Fig. 9b) indicates a more viscous attitude of PLA due to the occurrence of 
short molecule motion [54,55]. As a general comment, the trends of 
both E′ and Tanδ remained similar throughout the multiple reprocessing 
cycles, indicating the good recyclability of the blend. 

3.4. Mechanical properties 

The stress vs. strain curves of the reprocessed polymers are reported 
in Fig. 10, where results were obtained through tensile (Fig. 10a) and 
three-point bending (Fig. 10b) tests under quasi-static conditions. As 
regards tensile tests, the simultaneous occurrence of both cross-linking 
and chain scission, as discussed earlier, has notable effects on the me-
chanical properties, as indicated in Table 3. The reduction in elongation 
at break throughout the reprocessing cycle, as shown in the inset of 
Fig. 10a, becomes particularly significant after the third extrusion cycle, 
leading to a substantial decrease in ductility by approximately 22.0 %. 
This observed reduction in ductility is attributed to two main factors: i) 
the occurrence of PLA hydrolysis phenomena and chain scission [10,49], 
supported by the DMA results displaying the shift of PLA Tg in 
Fig. 9b–and ii) the cross-linking, which not only decreases molecular 
mobility but also contributes to an increase in the stiffness of the 
reprocessed material [56] and serves to counterbalance the decrease in 
polymers crystallinity. Despite the degradation of PLA, the reduction in 
tensile strength was relatively smaller, primarily influenced by the 
properties of PBS, because its higher proportion in the blend [57]. 

From the three-point bending tests (Fig. 10b), the mechanical 
property losses were only noticeable after the eighth cycle, resulting in a 
reduction of approximately 6.4 % in flexural strength. However, the 
flexural modulus remained relatively constant throughout the reproc-
essing cycles (Table 3) and hardness resulted in a substantial constant 
value from 69.3 ± 1.7 (Ext 1) to 73.9 ± 2.6 (Ext 10). 

The impact strength of the blends at different numbers of reproc-
essing cycles is presented in Fig. 11. The impact tests were conducted at 
three different temperatures (up to 80 ◦C), and the specimens exhibited 
similar impact strength values, indicating no significant effect of the 
multiple reprocessing cycles up to 50 ◦C. However, at 80 ◦C, the notched 
impact energy decreased from the third extrusion cycle to the fifth cycle 
by 21.3 %, and by the tenth cycle, it decreased by 39.5 %. The decrease 
in ductility is consistent with the findings and insights drawn from quasi- 
static results, particularly noticeable at the highest temperature due to 
the blend’s softening and its proximity to the melting temperature of 
PBS. At both 25 ◦C and 50 ◦C, the materials exhibited a brittle fracture 
behavior, while at 80 ◦C, a ductile fracture was observed, evident from 
the notable plastic deformation (Fig. 12 c-d). Analyzing the micro-
graphs, from Ext 1 (Fig. 12 a-c) to Ext 10 (Fig. 12 b-d), no significant 
impact of mechanical reprocessing on blend characteristics was 
apparent. The images displayed a continuous polymer phase and 

Fig. 6. Frequency sweep results.  
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dispersed plate-like inorganic filler. However, from Ext 1 to Ext 10 at 
25 ◦C, the surface appeared slightly softened, probably ascribed to PLA 
chain scission and reduced crystallinity occurring during the mechanical 
reprocessing. 

4. Conclusions 

The aim of this study was to explore the recycling potential of a 
commercial biodegradable PLA/PBS polymer blend through multiple 
reprocessing cycles, up to ten, via extrusion and injection molding. The 
investigation focused on analyzing the mechanical properties, rheolog-
ical behavior, and thermal stability of the recycled material. During the 

Fig. 7. Loss factor trends during (a) frequency and (b) amplitude sweep tests.  

Fig. 8. Melt Mass Flow rate results.  

Fig. 9. DMA results: (a) storage modulus (E′) and (b) damping factor (Tanδ) as a function of temperature for the reprocessed polymer blend.  

Table 2 
Storage Modulus (E’) values at different temperatures of reprocessed polymers.  

Sample E’ (MPa) at 
− 100 ◦C 

E’ (MPa) at 
0 ◦C 

E’ (MPa) at 
25 ◦C 

E’ (MPa) at 
50 ◦C 

Ext 1 8851.16 3220.72 2553.26 1955.98 
Ext 2 9310.48 3369.72 2618.22 2001.37 
Ext 3 8761.46 3199.53 2477.61 1931.16 
Ext 5 9190.46 3401.58 2642.05 2048.59 
Ext 8 8719.37 3139.57 2514.33 1904.32 
Ext 10 9220.11 3382.22 2687.83 2101.09  
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reprocessing, a reduction in the crystallinity of the polymer blend was 
observed, showing approximately a 20 % decrease for PLA and an 11 % 
decrease for PBS. Moreover, multiple processing cycles led to thermal 
degradation, resulting in about a 33 % decrease for PLA and a 4 % 
decrease for PBS. In addition, the thermo-mechanical stresses contrib-
uted to molecular chain scission, as revealed by a decrease in the weight- 
average molecular weight (Mw) and an increase in the melt flow rate 
(MFR) of the material. 

However, despite these observed changes, rheological analysis 
revealed the occurrence of crosslinking, indicated by an increase in 

complex viscosity at low frequencies. This balancing act between the 
reduction in crystallinity and thermal degradation, alongside the 
occurrence of crosslinking, contributed to maintaining good mechanical 
properties. There was an observed decrease in tensile and bending 
strength of approximately 3.8 % and 6.4 %, respectively, from the first to 
the tenth reprocessing cycle. However, the tensile and flexural moduli 
remained substantially unchanged. Overall, these results suggest the 
good attitude of the material towards recycling. This study represents an 
attempt to assess the effects of recycling a commercial biodegradable 
polymer blend, employing systems close to real industrial equipment but 
within a laboratory-scale dimension. It is crucial to note that the feed of 
the reprocessed material, as well as the forces and pressures involved in 
this process, are lower than those encountered in actual industrial set-
tings. Therefore, it is necessary to highlight that the scale-up of the 
process needs additional investigations to support the findings presented 
here. 
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Fig. 10. Quasi-static tests of reprocessed polymer: (a) tensile and (b) three-point bending results.  

Table 3 
Mechanical properties of reprocessed blends.  

Sample Tensile 
strength (MPa) 

Young’s 
modulus (GPa) 

Flexural 
strength (MPa) 

Flexural 
modulus (GPa) 

Ext 1 38.4 ± 0.8 2.5 ± 0.1 63.4 ± 1.3 2.7 ± 0.1 
Ext 2 38.9 ± 0.7 2.4 ± 0.1 64.9 ± 1.0 2.8 ± 0.1 
Ext 3 38.6 ± 0.1 2.6 ± 0.1 62.9 ± 0.7 2.7 ± 0.1 
Ext 5 38.4 ± 0.2 2.5 ± 0.1 62.3 ± 0.8 2.7 ± 0.1 
Ext 8 36.8 ± 0.1 2.7 ± 0.1 59.8 ± 0.3 2.7 ± 0.1 
Ext 10 36.9 ± 0.2 2.7 ± 0.1 59.3 ± 0.5 2.8 ± 0.1  

Fig. 11. Charpy impact strength test results of reprocessed polymer.  
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