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Abstract

In this study, mechanical recycling of polylactic acid (PLA) was investigated for up to 10 cycles. As expected, PLAs mechanical properties
(tensile strength and modulus, charpy impact strength, heat deflection temperature) decreased after multiple rounds of recycling.
Thermal properties and melt flow rate were also measured to examine the effect of reprocessing on the molecular structure.
PLA was combined with industrial biopolymer waste (IW) containing polybutylene adipate terephthalate (PBAT) in different ratios
to investigate the recyclability of potential biopolymer waste streams. The results showed that the properties (rheological, thermal
and structural) of the mixed biopolymer waste stream (containing PLA and PBAT) are highly dependent on the ratios of the different
polymers. Mechanical properties changed from brittle to tough when PBAT content was increased. These results can be beneficial
for manufacturers and recyclers who are trying to incorporate biopolymers into their processes or who are dealing with different

biopolymer waste streams at the same time.
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1 Introduction
One of the most well-known environmental issues of our
time is the large amount of mismanaged plastic waste.
These materials are integral parts of our daily lives, and it
is hard to imagine life without them. Despite the numer-
ous advantages they offer, such as affordability, easy pro-
cessing, and good mechanical properties, they also come
with well-known disadvantages. Most plastics are pro-
duced from fossil fuels, resulting in significant environ-
mental emissions, and due to the stability of their chemical
structure, they do not decompose after use, thus pollut-
ing the environment as waste [1]. According to statistical
data from the Organisation for Economic Co-operation
and Development (OECD) [2] in 2019, the plastics indus-
try was responsible for 3.4% of the world's greenhouse
gas emissions, which equates to 1.8 billion tons of CO,.
About 90% of these emissions stem from the production
of polymers, primarily derived from petroleum.
According to the Nova-Institute's [3] statistics, in
2021 global plastic production reached 390.7 million
tons. Of this, 8.3% consisted of post-consumer recycled
plastics (PCR), and 1.5% was attributed to biopolymers.
The remaining 90.2% was plastics produced from fossil

fuels. When considering Europe, the annual total produc-
tion was 57.2 million tons, with recycled and bioplastic
quantities making up 12.4%.

Due to the significance and widespread attention of the
issue, numerous efforts have been made to reduce the envi-
ronmental impact of plastics including the recycling of plas-
tic products [4—7] and developing biobased and biodegrad-
able polymers also known as biopolymers [8§—10]. However,
the widespread adoption of bioplastics is currently limited
by their high cost and inadequate properties [11]. PLA is
a biobased and biodegradable polymer that belongs to the
group of polyhydroxyalkanoates (PHA). It is a semi-crystal-
line polymer with a glass transition temperature of around
58 °C and a melting point between 160-180 °C [12]. Among
PHAs, PLA is the easiest to process using traditional plas-
tic processing technologies (extrusion, injection molding)
and it is also one of the most used biopolymers, taking up
18% of worldwide biopolymer production in 2022 second to
starch-containing compounds, according to the report of the
European Bioplastics & Nova-Institute [13].

Polybutylene adipate terephthalate (PBAT) is a fos-
sil-based biodegradable polymer [14]. Contrary to other
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biopolymers, PBAT's mechanical properties are more
similar to polyethylene. It is a highly flexible material and
therefore promising for various applications as is or com-
pounded with biopolymers to make them less stiff [15].

Mechanical recycling is a commonly used method
to recycle industrial waste and its relevance is increas-
ing with the appearance of regulations restrict-
ing the use of single-use plastics. Among them is the
Directive (EU) 2019/904 of the European Parliament and
of the Council of 5 June 2019 on the Reduction of the
Impact of Certain Plastic Products on the Environment,
which aims to ensure that by 2025, PET bottles contain at
least 25% recycled plastic [16].

Several studies have shown that fossil-based polymers
like polypropylene (PP), polyethylene (PE), and polyeth-
ylene terephthalate (PET) can be mechanically recycled.
Their degradation mechanism and heat sensitivity may vary,
resulting in different recyclability. Schyns and Shaver [7],
examined the recyclability of PP and PE and concluded that
with recycling the mechanical properties deteriorate and the
processability of the materials also decreases. Processability
and viscosity in the melt state are crucial parameters from an
industrial point of view, for example in the packaging indus-
try, where thin films are extruded and blown.

While biopolymers can degrade in certain circumstances,
composting might not be their best end-of-life option. Cosate
de Andrade et al. [17], compared the mechanical and chem-
ical recycling and composting of PLA by Life cycle assess-
ment (LCA) and found that mechanical recycling was the
most environmentally friendly option. Following the same
path Carrasco et al. [18] investigated the properties of an
extrusion grade PLA, and found that in three processing
cycles, the melt flow rate (MFR) values grew from 7 g/10 min
to 10.7 g/10 min, which can influence the extrusion process
greatly. Zenkiewicz et al. [19] characterized the properties
of multi-extruded PLA. After 0-10 extrusions, the samples
to be examined were produced by injection molding. During
mechanical tests, it was observed that the tensile modulus
and strain at break did not significantly change even after
multiple extrusions. Stress at break decreased from 72 MPa
to 68 MPa with the number of extrusions. Similarly, impact
resistance decreased from the already low value of 2.5 kJ/m?
to 2.0 kJ/m2 The MFR values changed to a greater extent,
increasing more than 3 folds during recycling. This suggests
that the molecular weight of PLA decreased due to multiple
processing cycles. Hopmann et al. [20] simulated the incor-
poration of intermediate production waste by adding differ-
ent ratios of recycled materials to the production of samples.

They found that the mechanical properties did not change
significantly, while molecular weight decreased by 28%
when they used 100% recycled material.

Few studies focus on the place of PLA in the waste man-
agement system. Environmentally, recycling is advised, but
the amount of biopolymers used today is not enough for a
justified separate collection. The different biopolymers are
usually blendable therefore several studies focused on their
compounds [21-24]. If they were to be collected together,
it is imperative to analyze the properties of the different
materials recycled together. La Mantia et al. [25] examined
the recyclability of BASF's Ecovio F23B1 grade, which is
a blend of PLA and PBAT with 12 w% calcium carbonate.
As the number of cycles increased, an increase in viscos-
ity was observed, which was correlated with the branched
molecular structure of PBAT. Among the mechanical prop-
erties, an increase in elastic modulus and a decrease in elon-
gation at break were observed with the number of extrusions.

While previous studies cover the recyclability of fos-
sil-based polymers and extrusion-type biopolymers, there
is a lack of research that focuses on recycling by injection
molding and the investigation of the feasibility of a joint
collection and recycling of PLA and PBAT.

This work aims to investigate the properties of injec-
tion-molded PLA through 10 cycles of processing. Between
processing steps, test specimens were ground mechanically
and were reprocessed to simulate recycling as it is done
industrially. Additionally, the reusability of a PLA-PBAT
compound (referred to as industrial waste (IW)) was exam-
ined. Different ratios of recycled PLA and the IW were
mixed and processed to investigate the joint recyclability of
these biopolymers. Injection molded samples were tested
for their mechanical (tensile, bending, and dynamical test-
ing), thermal, rheological, and structural properties.

2 Experiments

2.1 Materials

For the investigation of PLA recyclability, PLA IngeoTM
Biopolymer (Grade 3025 D) was obtained from
NatureWorks Ltd., USA. The material has a density of
1.24 g/cm® and a tensile strength of 62 MPa with 3.5%
deformation at break. The melt flow rate (MFR) is
14 g/10 min (210 °C, 2.16 kg). To prepare PLA-PBAT
blends from production waste BF8515 from Sirmax Group
(BioComp, Italy), a compound consisting of 85 w% PLA
and 15 w% PBAT was utilized. This compound has a den-
sity of 1.21 g/cm?, its tensile strength is 26 MPa, and the
elongation at break is 150 %. The MFR is 5 g/10 min.



2.2 Material preparation and processing

For the production of the samples, an Arburg 570 S hydrau-
lic injection molding machine (Arburg GmbH, Germany)
was used. The mold has 6 cavities and it is suitable for pro-
ducing MSZ EN ISO 527 "Type 1A" test specimens. Before
injection molding, all materials were dried in a drying cab-
inet (Taisite FCO-230L, China) at 80 °C overnight.

The grinding step of recycling was performed using a
Wittmann Battenfeld G-Max 9 (Wittmann Battenfeld GmbH,
Austria) rotary blade grinder. The grinder's sieve provided a
maximum particle diameter of 5 mm, which was used for
injection molding of the recycled samples. To simulate the
mechanical recycling of PLA on its own, the injection molded
samples were granulated and remolded again 9 times, so the
last batch of material was processed 10 times altogether. In
our experiments, PLA granules were also blended with the
production waste of a PLA-PBAT compound (IW), which
contained 15 w% PBAT and 85 w% PLA.

2.3 Methods
To evaluate the mechanical properties of the produced
materials a wide range of mechanical tests were carried
out. According to the MSZ EN ISO 527-1 standard ten-
sile tests were conducted on Instron 8850 and Instron 8874
(Instron, USA) mechanical testing machines equipped
with 5 kN cells, with 1 mm/min crosshead speed. Both
tensile and bending tests were conducted to measure the
tensile and flexural modulus and strength. Ceast Resil
Impactor Junior (Instron, USA) equipped with a 2 J ham-
mer was used to determine the Charpy impact strength.

Thermal properties and crystallinity were examined by
differential scanning calorimeter DSC 250 (TA Instruments,
USA). Test specimens were dried for at least 12 hours before
measurement at 40 °C. The specimens were first heated
from 20 to 200 °C, then cooled to 20 and reheated to 200 °C
at a rate of 10 °C/min. Between the cooling and heating
phases, 1 minute tempering times were used. The measure-
ments were carried out under dynamic nitrogen atmosphere.
To examine the crystalline structure in more detail we also
conducted measurements with 5 °C/min and 20 °C/min
heating/cooling rates within the same temperature limits.

The rheological behavior of the materials was charac-
terized by Melt Flow Rate (MFR) measurements using
an Instron MF20 (Instron, USA) machine. The tests were
carried out according to the MSZ ISO 1133 standard at
210 °C and 2.16 kg load.

Scanning electron microscopy pictures were taken with
Tescan Vega SEM device (Tescan Group, Czech Republic)
to investigate the compatibility of PLA and PBAT blends.
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To determine the heat deflection temperature (HDT) a
Ceast HV3 6911.000 (Instron, USA) machine was used.
The measurements were made under 0.45 MPa stress and
120 °C/h heating rate.

3 Results and discussion

3.1 Processing of the materials

During the mechanical recycling of PLA in itself, most
of the injection molding parameters stayed the same as
the number of processing cycles increased, as shown
in Table 1. However, due to the degradation of the mate-
rial some of the parameters needed to be altered to manu-
facture correct specimens. These were: the volume in the
barrel before switching over to holding pressure, cooling
time, and decompression. All these were due to the grad-
ual decrease of molten PLA's viscosity. Decompression
needed to be raised from 7 cm?® to 15 cm?, and cooling
time was increased from 45 s to 55 s. It is also important to
state, that by the 10" cycle of processing some of the spec-
imens broke just by the force of the ejection.

When processing the PLA-IW compounds, the barrel tem-
perature was slightly lowered to 160-180 °C due to PBAT's
heat sensitivity. For the injection molding, different ratios of
IW and granulated PLA were used in 90/10, 30/70, 50/50,
70/30, and 10/90 w% ratios. Since the IW consisted of 85
w% PLA and 15 w% PBAT the compounds' exact compo-
sition can be calculated. The final PBAT and PLA contents
are shown in Table 2. To evaluate the miscibility of PBAT
and PLA scanning electron microscopy (SEM) was used.
In the pictures of compounds containing 10 w% and 50 w%
IW (Fig. 1), small fractions of separated material can be seen,
which indicates that the two polymers are not miscible.

3.2 Thermal properties

To investigate the degradation behavior and the changes
in the thermal properties of recycled PLA and PLA-IW
compounds, several DSC measurements were conducted.
The names of the recycled samples are PLA R X, where

Table 1 Injection molding parameters for sample preparation

Values for PLA

Processing parameters

Dosing volume (cm?) 84

Injection speed (cm?/s) 100-60 (2 phase)

Injection pressure (bar) 1200
Holding pressure (bar) 1000
Holding pressure time (s) 15
Barrel temperatures (°C) 195-175
Back pressure (bar) 80
Mold temperature (°C) 25




4 | Németh et al.
Period. Polytech. Mech. Eng.

Table 2 IW, PLA, and PBAT content of the produced compounds

IW content Recycled PLA PLA content PBAT content
(W%) content (W%) (W%) (W%)

0 100 100 0

10 90 98.5 L5

30 70 95.5 4.5

50 50 92.5 7.5

0 30 89.5 10.5

90 10 86.5 13.5

100 0 85.0 15.0

1.40 mm

200 pm
15.30 mm \—p

1.40 mm 3nA 4Q-BSE COMPO

(®)

Fig. 1 SEM micrographs of compounds containing (a) 10 w% IW, and
(b) 50 w% IW

X indicates the number of processing cycles that the mate-
rial went through. As for the IW containing samples all
labels refer to the IW content in w% form.

Crystallinity was calculated from melt enthalpies and
the equilibrium melting enthalpy of PLA (93.1 J/g) reported
by Sacidlou et al. [26]. According to the results of neat
PLA (Table 3), the glass transition temperature slightly
decreased from 59.49 °C to 55.94 °C with 10 rounds of
injection molding. Badia and Ribes-Greus [27] also
obtained similar results when investigating the mechanical
recycling of PLA. In their case, the decrease in the glass
transition temperature was associated with the increase in
free volume and the decrease in molecular weight.

All samples exhibited cold crystallization during heat-
ing, so the crystallinity of the injection molded samples
was calculated from the difference between the cold crys-
tallization and melting enthalpies. Due to the inaccuracies
in the process of evaluation, there is no clear trend observ-
able; however, it can be stated that the average crystallin-
ity of the injection molded samples is around 5 %. Peaks
associated with cold crystallization and melting both
increased with each recycling step, indicating that PLA's
ability to crystallize improved. The increasing crystallin-
ity with the number of recycling cycles corresponds to the
results obtained by Zenkiewicz et al. [19]. The rising crys-
tallinity was attributed to the potential nucleating effect of
degradation by-products or impurities, but lower molecu-
lar weight of the degraded material can also play a part.

Fig. 2(a) shows from the third round of recycling two
melting peaks were visible, one at 149 and another at
156 °C. The area of the second peak grew with the num-
ber of recycling processes while the first one decreased.
To investigate whether the two peaks were a result of dif-
ferent crystalline forms in the samples or the occurrence
was due to the rearrangement of the structures at high tem-
peratures, measurements with 5 °C/min and 20 °C/min
heating rates were performed. Samples from PLA R 1,
PLA R 5, and PLA R 10 were investigated further and
t showed similar tendencies. The results of PLA R 5 are
shown in Fig. 2(b). At 5 °C/min, the area of the second peak
was larger, while at 10 °C/min it was smaller. At 20 °C/min
heating rates, the two peaks could not be separated.

The change between the ratios of the peaks implies that
only one crystalline form is present, and at slower heat-
ing rates exothermic recrystallization was possible due to
the existence of both thermodynamical and kinetic condi-
tions. Considering the possible crystalline forms of PLA,
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Table 3 Thermal properties of recycled PLA and PLA-IW compounds

Glass transition Crystallization Crystallization . .. Crystallinity after
Sample name temperature temperature enthalpy Meltmg /enthalpy Cryst;illlmty cold crystallization
¢C) 0) W) g %) %)
PLA R 0 - - - 33 35 35
PLA R 1 59.5 122.2 18.4 22 4 21
PLA R 2 58.0 120.7 23.2 27 5 25
PLA R 3 58.0 112.3 25.7 32 7 30
PLA R 4 58.2 111.1 27.0 30 4 28
PLA R 5 58.3 110.4 26.7 32 6 30
PLA R 6 58.5 109.5 29.9 32 2 30
PLA R 7 55.4 108.5 28.1 34 6 32
PLA R 8 55.5 108.6 28.1 35 7 33
PLA R 9 55.2 108.2 28.4 36 8 33
PLA R 10 55.9 108.3 30.1 34 4 32
100 w% IW 55.5 108.4 5.5 7 2 7
90 w% IW 59.3 106.1 8.1 10 2 10
70 w% IW 56.4 107.6 9.1 14 4 14
50 w9% IW 55.1 107.1 15.0 20 5 19
30 wo% IW 56.0 109.7 16.5 21 5 21
10 w% IW 55.8 108.3 21.1 27 6 27
the two peaks probably belong to the less ordered o' form
and its change to the more ordered a form [28]. During
5 — A Rs injection molding, the mold temperature was 25 °C which
é AR caused the polymer melt to cool instantly, resulting in a
i A v | mars less ordered crystalline structure.
§ d PLA R 6 Fig. 3(a) shows the variations of the DSC curves
E W—_/H/\(i — PARS for samples with different mass ratios of PLA and IW.
g ﬁ-——JHI\ri ——PLA R 10 The glass transition temperature, as a characteristic
& parameter, is approximately in the same temperature
30 éo 13|0 15;0 range on every curve, which is around the Tg of PLA (55
Temperature (°C) to 60 °C). PBATs Tg was measured at 29.6 °C during sep-
@) arate measurements that were conducted in a wider tem-
perature range just to show that it can be detected in the
R compounds. The minimal change in glass transition tem-
& perature with increasing PBAT concentration confirms
é \_JH\I— —— 5 °C/min that PBAT does not blend with PLA.
i 10 *C/min The area under the peak and the maximum tempera-
2 | o e ture associated with cold crystallization decreased with
E decreasing PLA content changing from 122 °C to around
g 108.5 °C when PBAT was present. However, for the sam-
= : : : ple containing 100 % PLA, the peak is notably smaller.
30 80 130 180 According to the work of La Mantia et al. [25] used in
Temperatare (*C) small amounts, PBAT can act as a nucleating agent,
(b)

Fig. 2 (a) DSC curves of recycled PLA, and (b) PLA R _5 at different

heating rates

resulting in higher crystallinity when only 10 w% IW was
used. In compounds that contain more IW, PBAT hin-
ders crystallization. The melting peak is more important
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Fig. 3 (a) DSC curves of PLA and IW compounds, and (b) 50 w% IW at
different heating rates

as it provides precise information about the structural
and thermal properties of the sample and the complexity
of the melting process. As shown in Fig. 3 and Table 3,
the melting temperature, the melting enthalpy, and thus
the crystallinity gradually increases with increasing
PLA content. The phenomenon of double peaks can be
observed in some compositions. This could be due to the

phenomenon of crystalline perfection upon heating, or,
since we investigated a two-component system, polymor-
phism might also occur.

To investigate the double peak phenomenon more thor-
oughly, DSC measurements were conducted at various
heating rates because the proportion of modifications in
the system is dependent on the speed of heating [29, 30].

In Fig. 3(b), it can be seen that at a heating rate of
20 °C/min, the 50 w% IW compound does not exhibit
double peaks. In contrast, at 5 °C/min heating rate, the
double peak phenomenon is present in the curves, and
there is also a change in the melting enthalpy (Table 3).
With increasing heating rate, the peak at higher tempera-
tures shifts towards lower temperatures and decreases in
size. Therefore, as it can be observed in Fig. 3(b), the dou-
ble peak phenomenon disappears at a heating rate of
20 °C/min. This can be explained the same way as with
neat PLA, where recrystallization was possible at 5 °C/
min heating rate, but not at 20 °C/min.

3.3 Mechanical properties
The changes in the mechanical properties of recycled PLA
are shown and Table 4. The tensile tests showed that the ten-
sile and flexural modulus of PLA do not change significantly
with recycling (Figs. 4(a) and 4(b)). The tensile strength
(Fig. 4(c)) did not change for 6 cycles and started to drop
with each new cycle and similar tendencies were observed
with the flexural strength (Fig. 4(d)). After the 10" cycle, the
tensile strength was 27.94 MPa, which is a 45% decrease
from the single-time injection molded samples.

The deformation at break changed similarly from 2.42
to 0.84% with tensile testing, and from 6.48 to 1.51%

Table 4 Mechanical properties of recycled PLA and PLA/IW compounds

Tensile modulus

Tensile strength

Deformation at

Flexural modulus

Flexural strength

Deformation at

(GPa) (MPa) break (%) (GPa) (MPa) break (%)
PLA R 1 3.35 51.73 242 3.40 92.34 6.48
PLA R 3 3.44 49.63 2.41 3.50 93.06 6.34
PLA R S 3.45 49.71 2.06 3.54 9291 4.78
PLA R 6 3.47 47.38 1.51 3.53 92.54 3.54
PLA R 8 343 37.32 1.15 3.49 64.70 1.86
PLA R 10 3.45 27.94 0.84 3.47 52.77 1.51
10 w% IW 3.68 50.68 1.74 3.58 90.09 4.18
30 w% IW 3.38 45.73 1.94 3.33 79.57 3.85
50 w% IW 3.35 40.98 1.99 3.28 70.15 3.45
70 w% IW 2.94 34.12 1.98 2.83 58.20 3.56
90 w% IW 213 23.90 3.81 2.05 42.35 4.56
100 w% IW 1.77 20.57 8.57 1.65 36.70 5.15
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Fig. 4 (a) Tensile modulus, (b) flexural modulus, (c) tensile strength, and (d) flexural strength of the recycled PLA

during bending tests. All in all, mechanically recy-
cled PLA had very small changes in mechanical prop-
erties for up to 6 cycles of processing and deteriorated
harshly after. This was not following the findings of
Zenkiewicz et al. [19]. In their research, it was found that
the tensile properties of PLA do not change significantly
with the number of processing cycles, specifically extru-
sion. However, measurements conducted by them had
different conditions (crosshead speed and sample dimen-
sions) which can be accountable for different results.

PBAT has been widely investigated as a toughening agent
for biodegradable polymer blends [31, 32]. Post-consumer
plastic waste can contain a lot of different polymers, so if
biopolymers were to be collected separately depending on
the concentration of PBAT (and other types of biopolymers),
the recycled material's properties could vary significantly.
This is what we aimed to investigate further in this research.

As expected, the modulus and yield strength were
higher when the compounds contained less IW (Fig. 5(a)).
The industrial waste caused a 51% decrease in the tensile
modulus when it was recycled on its own.

This was due to the PBAT's ability to make the com-
pound more flexible and less stiff, which was well repre-
sented in the deformation values of the materials. At I mm/
min crosshead speeds the samples composed of 90 w%
and 100 w% industrial waste did not brake during the test,
therefore only yield stress and deformation at yield were
evaluated. Deformation at yield highly increased with
IW content, being at its maximum at 8.6 % with the neat
IW samples. Our assumptions proved to be valid, with
the recycling of different types of biopolymers together.
The mechanical properties change drastically even with
less than 15 w% of PBAT content.

The impact strength slightly decreased with the num-
ber of cycles (Fig. 6(a)), although the results showed high
deviations. After three rounds of injection molding, the
impact strength did not change, and similar to the ten-
sile and bending properties it started to decrease with the
5" cycle, indicating that PLA is fully recyclable for at least
3-4 times. It is important to note, that the impact strength
of PLA was low to begin with at 1.75 kJ/m? and changed
to 1.25 kJ/m? after 10 cycles, which is a 28.6% decrease.
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Fig. 5 (a) Yield strength, and (b) deformation at yield of PLA
and IW compounds

Different tendencies were observed for the samples
containing different ratios of industrial waste (Fig. 6(b)).
The impact strength of the PBAT containing industrial waste
was 31 kJ/m?, almost 18 times more than the pure PLA sam-
ple. PBAT is generally used to modify the impact strength
of PLA [32] so recycling the two polymers together results
in different mechanical properties depending on the ratio
of the components. All mechanical tests combined indicate
that the presence of PBAT increased the impact strength but
decreased the tensile modulus and tensile strength.

The heat deflection temperature showed a steady
decrease with the number of recycling cycles, ranging
from 58.3 °C for neat PLA and 57.3 °C for 10 times pro-
cessed PLA (Fig. 7(a)). This small difference correlates
with the decrease in the glass transition temperature exam-
ined by DSC. Similar conclusions can be drawn about the
recycled industrial waste compounds. Fig. 7(b) shows that
with increasing IW content the heat deflection tempera-
ture decreased, being the highest of neat PLA and the low-
est at 90 w% of IW content and 56.1 °C.
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Fig. 6 Impact strength as (a) a function of processing cycles,

and (b) industrial waste content

3.4 Rheology

The MFR values increased drastically with recycling.
After one round of processing PLAs MFR increased from
18.05 to 35.48 g/10 min (Fig. 8(a)). Samples that were pro-
cessed 8-10 times, could not be measured properly with
this technique. The growth of MFR means a decrease in
viscosity, which can be associated with degradation and
decrease in molecular weight caused by multiple process-
ing cycles [33]. The lower viscosity and molecular weight
could also play a part in the deterioration of the mechani-
cal properties after multiple recycling rounds.

In the case of PLA and IW blends (Fig. 8(b)),
the changes in the MFR values can be mostly attributed
to the difference of the neat materials MFRs, which were
34.4 g/10 min for PLA processed for 1 time, and 13.5 for
the recycled PBAT containing IW.

4 Conclusions

During the series of experiments investigating the mechani-
cal recyclability of PLA, it was observed that PLA undergoes
degradation upon multiple recycling cycles. Its processability
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becomes increasingly difficult, and process parameters need
to be adjusted to manufacture samples. This is supported
by the MFR measurements as the values increased with
the number of processing cycles: 18 g/10 min after the first
cycle and 277 g/10 min after the seventh cycle. For more than
7 cycles of processing, MFR could not be measured under
the applied conditions. The decrease in molecular weight
due to degradation was further confirmed by the increas-
ing crystallization tendency observed in the DSC analysis.
It is important to highlight that from both technological and
material standpoints, processing for 5-6 cycles proved to be
achievable. After that, mechanical properties start to dete-
riorate, with decreasing tensile strength, deformation, and
impact resistance. This finding contradicts what was found
in the literature, where PLA's properties were seemingly
unchanged after 10 times of extrusion [19]. Heat deflection
temperature and melt viscosity also decrease with the num-
ber of processing cycles.

Our experiments showed that PLA and PBAT products
can be recycled together, even if they originally required
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[
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Fig. 8 MFR values as (a) a function of processing cycles,
and (b) industrial waste content

different processing conditions. However, the properties of
the material depend highly on the ratios of PLA and PBAT.
According to the DSC results, the amount of crystalline
fraction increases with the increase in pure PLA content,
as PBAT's random copolymer structure inhibits signifi-
cant crystallization. However, even with a small amount
of PBAT content, the crystalline fraction increased, and
based on MFR results, viscosity also increased, which
can be explained by PBAT acting as a nucleating agent.
Variable heating rate DSC measurements were conducted
to examine the phenomenon of double peaks observed
during heating. The results indicate crystalline perfection
occurring during heating, presenting as a secondary peak
within the melting peak.

Acknowledgement

TKP2021-NKTA-07 has been implemented with the sup-
port provided by the Ministry of Culture and Innovation
from the National Research, Development and Innovation
Fund, financed under the TKP2021 funding scheme.



10|

Németh et al.
Period. Polytech. Mech. Eng.

References

(1]

(2]

(3]

(4]

(5]

(8]

(9]

[10]

(1]

[12]

[13]

Andrady, A. L. "Plastics and the Environment", John Wiley &
Sons, Inc., 2003. ISBN 9780471095200
https://doi.org/10.1002/0471721557

OECD "Greenhouse gas emissions from plastics lifecycle",
[online] Available at: https://stats.oecd.org/viewhtml.aspx?data-
setcode=PLASTIC GHG 2&lang=en [Accessed: 11 June 2025]
European Bioplastics and Nova-Institute "European Bioplastics
collaborates with nova-Institute and Plastics Europe to deliver bio-
plastics production data for 2022", [online] Available at: https://
www.european-bioplastics.org/european-bioplastics-collabo-
rates-with-nova-institute-and-plastics-europe-to-deliver-bioplas-
tics-production-data-for-2022/ [Accessed: 11 June 2025]

La Mantia, F. P., Vinci, M. "Recycling poly(ethyleneterephthal-
ate)", Polymer Degradation and Stability, 45(1), pp. 121-125, 1994.
https://doi.org/10.1016/0141-3910(94)90187-2

Meran, C., Ozturk, O., Yuksel, M. "Examination of the possibility
of recycling and utilizing recycled polyethylene and polypropyl-
ene", Materials & Design, 29(3), pp. 701-705, 2008.
https://doi.org/10.1016/j.matdes.2007.02.007

Merrington, A. "Recycling of Plastics", In: Kutz, M. (ed.) Applied
Plastics Engineering Handbook: Processing, Materials, and
Applications, Elsevier, 2017, pp. 167-189. ISBN 978-0-323-39040-8
https://doi.org/10.1016/B978-0-323-39040-8.00009-2

Schyns, Z. O. G., Shaver, M. P. "Mechanical Recycling of Packaging
Plastics: A Review", Macromolecular Rapid Communications,
42(3), 2000415, 2021.

https://doi.org/10.1002/marc.202000415

Cinelli, P, A., Alvarez, V.
"Polyhydroxyalkanoate (PHA): Review of synthesis, characteris-

Bugnicourt, E., Lazzeri,
tics, processing and potential applications in packaging", Express
Polymer Letters, 8(11), pp. 791-808, 2014.
https://doi.org/10.3144/expresspolymlett.2014.82

Lee, C. H.,, Sapuan, S. M., Ilyas, R. A., Lee, S. H., Khalina, A.
"Development and Processing of PLA, PHA, and Other
In: Al-Oqla, F. M., Sapuan, S. M. (eds.)
Advanced Processing, Properties, and Applications of Starch
and Other Bio-Based Polymers, Elsevier, 2020, pp. 47-63.
ISBN 978-0-12-819661-8
https://doi.org/10.1016/b978-0-12-819661-8.00005-6

Sabapathy, P. C., Devaraj, S., Meixner, K., Aunburajan, P.
Kathirvel, P., Ravikumar, Y., Zabed, H. M., Qi, X.
developments in Polyhydroxyalkanoates (PHAs) production —
A review", Bioresource Technology, 306, 123132, 2020.
https://doi.org/10.1016/j.biortech.2020.123132

Tan, D., Wang, Y., Tong, Y., Chen, G. Q. "Grand Challenges
for Industrializing Polyhydroxyalkanoates (PHAs)", Trends in
Biotechnology, 39(9), pp. 953-963, 2021.
https://doi.org/10.1016/j.tibtech.2020.11.010

Lim, L. T., Auras, R., Rubino, M. "Processing technologies

Biopolymers",

"Recent

for poly(lactic acid)", Progress in Polymer Science, 33(8),
pp. 820-852, 2008.
https://doi.org/10.1016/j.progpolymsci.2008.05.004

European Bioplasitcs "Bioplastics market development update
[pdf]

Available at: https:/docs.european-bioplastics.org/publications/

2021", European Bioplastic, Berlin, Germany, 2021.

market data/Report_Bioplastics Market Data 2021 short ver-
sion.pdf [Accessed: 11 June 2025]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

Burford, T., Rieg, W., Madbouly, S. "Biodegradable poly(butylene
adipate-co-terephthalate) (PBAT)", Physical Sciences Reviews,
8(8), pp. 1127-1156, 2021.

https://doi.org/10.1515/psr-2020-0078

Jian, J., Xiangbin, Z., Xianbo, H. "An overview on synthesis,
properties and applications of poly(butylene-adipate-co-tere-
phthalate)-PBAT", Advanced Industrial and Engineering Polymer
Research, 3(1), pp. 19-26, 2020.
https://doi.org/10.1016/j.aiepr.2020.01.001

European Parliament and Council, Directive (EU) 2019/904 of
the European Parliament and of the Council of 5 June 2019 on the
reduction of the impact of certain plastic products on the envi-
ronment. 2019. [online] Available at: https:/eur-lex.curopa.cu/eli/
dir/2019/904/0j/eng [Accessed: 11 June 2025]

Dedenaro, G., Costa, S., Rugiero, 1., Pedrini, P., Tamburini, E.
"Valorization of agri-food waste via fermentation: Production of
L-lactic acid as a building block for the synthesis of biopolymers",
Applied Sciences, 6(12), 379, 2016.
https://doi.org/10.3390/app6120379

Carrasco, F., Pages, P, Géamez-Pérez, J., Santana, O. O.,
Maspoch, M. L. "Processing of poly(lactic acid): Characterization
of chemical structure, thermal stability and mechanical proper-
ties", Polymer Degradation and Stability, 95(2), pp. 116—125, 2010.
https://doi.org/10.1016/j.polymdegradstab.2009.11.045
Zenkiewicz, M., Richert, J., Rytlewski, P., Moraczewski, K.,
Stepczynska, M., Karasiewicz, T. "Characterisation of multi-ex-
truded poly(lactic acid)", Polymer Testing, 28(4), pp. 412—418, 2009.
https://doi.org/10.1016/j.polymertesting.2009.01.012

Hopmann, C., Schippers, S., Hofs, C. "Influence of recycling of
poly(lactic acid) on packaging relevant properties", Journal of
Applied Polymer Science, 132(9), 41532, 2015.
https://doi.org/10.1002/app.41532

Arrieta, M. P., Samper, M. D., Aldas, M., Lopez, J. "On the use
of PLA-PHB blends for sustainable food packaging applications",
Materials, 10(9), 1008, 2017.

https://doi.org/10.3390/mal10091008

Kervran, M., Vagner, C., Cochez, M., Pon¢ot, M., Saeb, M. R.,
Vahabi, H. "Thermal degradation of polylactic acid (PLA)/poly-
hydroxybutyrate (PHB) blends: A systematic review", Polymer
Degradation and Stability, 201, 109995, 2022.
https://doi.org/10.1016/j.polymdegradstab.2022.109995

Owonubi, S. J., Mokhena, T. C., Mochena, M. J., Fasiku, V. O.,
Aderibigbe, B. A., Mukwevho, E., Sadiku, E. R. "Blends and
composites of polyhydroxyalkanoates and their applications", In:
Williams, H., Kelly, P. (eds.) Polyhydroxyalkanoates: Biosynthesis,
Chemical Structures and Applications, 2018, pp. 239-262.
ISBN 978-1-53613-439-1

Zhang, M., Thomas, N. L. "Blending polylactic acid with poly-
hydroxybutyrate: The effect on thermal, mechanical, and biodeg-
radation properties", Advances in Polymer Technology, 30(2),
pp. 6779, 2011.

https://doi.org/10.1002/adv.20235

La Mantia, F. P., Botta, L., Mistretta, M. C., Di Fiore, A., Titone, V.
"Recycling of a biodegradable polymer blend", Polymers, 12(10),
2297, 2020.

https://doi.org/10.3390/polym12102297


https://doi.org/10.1002/0471721557
https://stats.oecd.org/viewhtml.aspx?datasetcode=PLASTIC_GHG_2&lang=en
https://stats.oecd.org/viewhtml.aspx?datasetcode=PLASTIC_GHG_2&lang=en
https://www.european-bioplastics.org/european-bioplastics-collaborates-with-nova-institute-and-plastics-europe-to-deliver-bioplastics-production-data-for-2022/
https://www.european-bioplastics.org/european-bioplastics-collaborates-with-nova-institute-and-plastics-europe-to-deliver-bioplastics-production-data-for-2022/
https://www.european-bioplastics.org/european-bioplastics-collaborates-with-nova-institute-and-plastics-europe-to-deliver-bioplastics-production-data-for-2022/
https://www.european-bioplastics.org/european-bioplastics-collaborates-with-nova-institute-and-plastics-europe-to-deliver-bioplastics-production-data-for-2022/
https://doi.org/10.1016/0141-3910(94)90187-2
https://doi.org/10.1016/j.matdes.2007.02.007
https://doi.org/10.1016/B978-0-323-39040-8.00009-2
https://doi.org/10.1002/marc.202000415
https://doi.org/10.3144/expresspolymlett.2014.82
https://doi.org/10.1016/b978-0-12-819661-8.00005-6
https://doi.org/10.1016/j.biortech.2020.123132
https://doi.org/10.1016/j.tibtech.2020.11.010
https://doi.org/10.1016/j.progpolymsci.2008.05.004
https://docs.european-bioplastics.org/publications/market_data/Report_Bioplastics_Market_Data_2021_short_version.pdf
https://docs.european-bioplastics.org/publications/market_data/Report_Bioplastics_Market_Data_2021_short_version.pdf
https://docs.european-bioplastics.org/publications/market_data/Report_Bioplastics_Market_Data_2021_short_version.pdf
https://doi.org/10.1515/psr-2020-0078
https://doi.org/10.1016/j.aiepr.2020.01.001
https://eur-lex.europa.eu/eli/dir/2019/904/oj/eng
https://eur-lex.europa.eu/eli/dir/2019/904/oj/eng
https://doi.org/10.3390/app6120379
https://doi.org/10.1016/j.polymdegradstab.2009.11.045
https://doi.org/10.1016/j.polymertesting.2009.01.012
https://doi.org/10.1002/app.41532
https://doi.org/10.3390/ma10091008
https://doi.org/10.1016/j.polymdegradstab.2022.109995
https://doi.org/10.1002/adv.20235
https://doi.org/10.3390/polym12102297

[27]

(28]

[29]

Saeidlou, S., Huneault, M. A., Li, H., Park, C. B. "Poly(lactic
acid) crystallization", Progress in Polymer Science, 37(12),
pp. 1657-1677, 2012.
https://doi.org/10.1016/j.progpolymsci.2012.07.005

Badia, J. D., Ribes-Greus, A. "Mechanical recycling of polylac-
tide, upgrading trends and combination of valorization tech-
niques", European Polymer Journal, 84, pp. 22-39, 2016.
https://doi.org/10.1016/j.eurpolym;.2016.09.005

Vadas, D., Kmetyko, D., Marosi, G., Bocz, K. "Application of
melt-blown Poly(lactic acid) fibres in self-reinforced composites",
Polymers, 10(7), 766, 2018.
https://doi.org/10.3390/polym10070766

Saeed, R. M., Schlegel, J. P., Castano Giraldo, C. H., Schlegel, J. P.,
Castano, C., Sawafta, R. "Uncertainty of Thermal Characterization
of Phase Change Material by Differential Scanning Calorimetry
Analysis Reyad Sawafta", International Journal of Engineering
Research & Technology (IJERT), 5(1), pp. 405412, 2016. [online]
Available at: https://www.researchgate.net/publication/291973182
[Accessed: 11 June 2025]

(30]

(31]

(32]

(33]

Németh et al. | 11
Period. Polytech. Mech. Eng.

Schick, C. "Differential scanning calorimetry (DSC) of semicrys-
talline polymers", Analytical and Bioanalytical Chemistry, 395(6),
pp. 1589-1611, 2009.

https://doi.org/10.1007/s00216-009-3169-y

Chen, W., Qi, C,, Li, Y., Tao, H. "The degradation investigation
of biodegradable PLA/PBAT blend: Thermal stability, mechanical
properties and PALS analysis", Radiation Physics and Chemistry,
180, 109239, 2021.
https://doi.org/10.1016/j.radphyschem.2020.109239

Pietrosanto, A., Scarfato, P., Di Maio, L., Nobile, M. R., Incarnato, L.
"Evaluation of the suitability of poly(lactide)/poly(butylene-adi-
pate-co-terephthalate) blown films for chilled and frozen food pack-
aging applications", Polymers, 12(4), 804, 2020.
https://doi.org/10.3390/POLY M 12040804

Sikorska, W., Richert, J., Rydz, J., Musiot, M., Adamus, G.,
Janeczek, H., Kowalczuk, M. "Degradability studies of poly(l-lac-
tide) after multi-reprocessing experiments in extruder", Polymer
Degradation and Stability, 97(10), pp. 1891-1897, 2012.
https://doi.org/10.1016/j.polymdegradstab.2012.03.049


https://doi.org/10.1016/j.progpolymsci.2012.07.005
https://doi.org/10.1016/j.eurpolymj.2016.09.005
https://doi.org/10.3390/polym10070766
https://www.researchgate.net/publication/291973182
https://doi.org/10.1007/s00216-009-3169-y
https://doi.org/10.1016/j.radphyschem.2020.109239
https://doi.org/10.3390/POLYM12040804
https://doi.org/10.1016/j.polymdegradstab.2012.03.049

	1 Introduction
	2 Experiments
	2.1 Materials
	2.2 Material preparation and processing
	2.3 Methods

	3 Results and discussion
	3.1 Processing of the materials
	3.2 Thermal properties
	3.3 Mechanical properties
	3.4 Rheology

	4 Conclusions
	Acknowledgement
	References

