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The aim of this work is to study the effects of different simulated mechanical recycling processes on the
structure and properties of PLA. A commercial grade of PLA was melt compounded and compression
molded, then subjected to two different recycling processes. The ﬁrst recycling process consisted of an
accelerated ageing and a second melt processing step, while the other recycling process included an
accelerated ageing, a demanding washing process and a second melt processing step. The intrinsic
viscosity measurements indicate that both recycling processes produce a degradation in PLA, which is
more pronounced in the sample subjected to the washing process. DSC results suggest an increase in the
mobility of the polymer chains in the recycled materials; however the degree of crystallinity of PLA
seems unchanged. The optical, mechanical and gas barrier properties of PLA do not seem to be largely
affected by the degradation suffered during the different recycling processes. These results suggest that,
despite the degradation of PLA, the impact of the different simulated mechanical recycling processes on
the ﬁnal properties is limited. Thus, the potential use of recycled PLA in packaging applications is not
jeopardized.
© 2017 Elsevier Ltd. All rights reserved.

Keywords:
Poly(lactic acid)
Mechanical recycling
Structure
Optical properties
Mechanical properties
Gas barrier properties

1. Introduction
Poly(lactic acid) (PLA) is an aliphatic polyester produced, at industrial scale, by ring-opening polymerization of lactide, a cyclic
oligomer of lactic acid. The lactic acid is obtained from the
fermentation of glucose, derived from agricultural sources such as
corn, potato or sugar beet (Reddy et al., 2013). PLA present some
interesting properties, such as its biodegradability, good processability, low cost production, low environmental impact and optical
and mechanical properties similar to those of polystyrene or
poly(ethylene terephthalate) (PET) (Auras et al., 2010). These good
properties have caused a growing interest in PLA, making it one of
the most important bioplastics in the market, speciﬁcally in packaging applications, with a global production capacity of 0.21 million
tons in 2016. Furthermore, it is projected a sustained growth of the
production of PLA, reaching the 0.5 million tons in 2020
(Aeschelmann and Carus, 2016).
This expected growth of the production, and consumption, of
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PLA could lead to some social and environmental problems in
coming years. Firstly, the sustenance and health of poor countries
might be threatened, as farmers could exchange the cheap food
production for the high value crops used in the manufacture of PLA
and others biopolymers (Mülhaupt, 2013). Secondly, there is
concern about the management of the wastes derived from the
massive use of PLA, since the commercial grades used in packaging
applications degrade at low rate in comparison with the accumulation of wastes (Niaounakis, 2013). These problems highlight the
need to study the potential of extending the life of PLA based
products, in order to reduce the consumption of essential raw
materials and the generation of wastes.
There are several alternatives for the valorization of PLA wastes.
Piemonte (2011) carried out Life Cycle Analysis for PLA, evaluating
four different ﬁnal scenarios: incineration, composting, anaerobic
digestion and mechanical recycling. The results showed that, from
an environmental point of view, the best alternative for the valorization of PLA wastes is the mechanical recycling. However, mechanical recycling presents some associated costs, which are
mainly related with the logistics of the recovery and separation of
the different materials. In the case of PLA this is very important,
since PLA can contaminate other plastics present in the recycling

http://dx.doi.org/10.1016/j.jenvman.2017.05.020
0301-4797/© 2017 Elsevier Ltd. All rights reserved.

n, F.R., et al., Effect of simulated mechanical recycling processes on the structure and properties of
Please cite this article in press as: Beltra
poly(lactic acid), Journal of Environmental Management (2017), http://dx.doi.org/10.1016/j.jenvman.2017.05.020

n et al. / Journal of Environmental Management xxx (2017) 1e7
F.R. Beltra

2

stream, such as PET, decreasing the quality of the recycled products.
Therefore, it is necessary to evaluate the cost of separation of PLA,
and to develop a viable recovery system for this polymer. Due to
this potential costs, it is necessary to evaluate the proﬁtability of the
mechanical recycling of PLA. In this regard, Cornell reported that
the critical mass for the mechanical recycling to be proﬁtable was
200,000 tons/year (Cornell, 2007). This critical mass has been
exceeded in 2014, so the mechanical recycling should be feasible
from an economical point of view. Besides the proﬁtability of the
process, it is also important to study the effect of the mechanical
recycling on the performance of PLA, since if there is an important
decrease of the properties of the recycled materials, the mechanical
recycling would not be viable, compromising the low environmental impact of PLA (Niaounakis, 2013; Soroudi and Jakubowicz,
2013).
Although the relevance of the mechanical recycling of PLA is
clear, to our best knowledge, there is little reported data about the
effect of different mechanical recycling process on the performance of PLA. Pillin et al. (2008) reported that after seven
reprocessing cycles, a commercial grade of PLLA showed a
decrease of 60% in the molecular weight, increased crystallization
ability but no signiﬁcant changes in the hardness and Young
_
modulus measured by nanoindentation. Zenkiewicz
et al. (2009)
found in their studies with PLLA, an important decrease of the
tensile strength and thermal stability after 10 reprocessing cycles.
Nascimento et al. (2010) studied the effect of an extrusion process
followed by an injection process in the structure and thermal and
mechanical properties of PLA, concluding that a single reprocessing step does not have a signiﬁcant impact on the performance of
the polymer. Brüster et al. also reported a 30% reduction of the
molecular weight and an increase on the crystallization ability
after 3 reprocessing cycles (Brüster et al., 2016). These studies
provide useful information about the effects of the thermomechanical degradation on some properties of PLA; however, they
do not consider the degradation of PLA during its service life, and
the potential impact it might have on the performance of the
recycled polymer.
The main objective of this work is to study the effect of degradation in use and different simulated mechanical recycling processes on the structure and properties of PLA. A commercial grade
of PLA, commonly used in packaging applications, was melt compounded and transformed into ﬁlms. Then, two different recycling
processes were studied. One process consisted of an accelerated
thermal and photochemical ageing, to simulate the degradation in
use, and reprocessing by extrusion and compression molding. The
other recycling process included the same accelerated ageing process, but also introduced a demanding washing step prior to the
reprocessing. The effect of these recycling processes was measured
by means of dilute solution viscosimetry (IV), attenuated total
reﬂectance infrared spectroscopy (FTIR-ATR), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), UVeVis
spectroscopy, haze measurements, instrumented nanoindentation
tests and gas permeability measurements.
2. Materials and methods
2.1. Material description and sample preparation
A commercial grade of PLA designed for packaging applications
(Ingeo 2003D, Natureworks™), with a melt mass-ﬂow rate of 6 g/
10 min (2.16 kg at 210  C) was used. Prior to processing the pellets
were crystallized for 20 min at 100  C and dried in a vacuum oven at
85  C for 2 h. Afterwards, the samples were processed by melt
compounding in a Rondol Microlab twin-screw microcompounder,
with L/D ¼ 20 and a screw speed of 60 rpm. The barrel temperature

proﬁle from hopper to die was 125,160,190,190,180  C.
The obtained materials were then molded by compression into
ﬁlms with a thickness of 230 ± 10 mm in a IQAP-LAP hot-plate press
at 190  C, beginning with a melting step, with no pressure, for
5 min, followed by a degasiﬁcation step for 2 min, and ﬁnally the
samples were cooled between cold plates, using a pressure of
14 MPa for 5 min.
In order to simulate the mechanical recycling of the polymer, the
ﬁlms of the virgin polymer were ﬁrst subjected to an accelerated
ageing process, which included 40 h of photochemical degradation
in an Atlas UVCON chamber, equipped with eight F40UVB lamps.
The samples were also exposed to thermal degradation in a convection oven at 50 ΊC for 468 h. A portion of these aged samples was
washed at 85 ΊC for 15 min, in a solution of NaOH (1.0% by weight)
and a surfactant (Triton X, 0.3% by weight). Finally, all aged samples
were reprocessed by extrusion and compression molded into ﬁlms,
following the process explained above.
According to the recycling process there were three different
materials: PLAV, which was not reprocessed, PLAR, which was
recycled without the washing step, and PLARW which was recycled
with the demanding washing step at 85  C. Before the characterization, all the samples were subjected to physical ageing, at room
temperature, for 3 weeks.
2.2. Characterization techniques
Infrared spectra of the different materials were recorded in a
Nicolet iS10 spectrometer, equipped with an Attenuated Total
Reﬂectance (ATR) accessory. Each spectrum was recorded at a
resolution of 4 cm1, with a total of 16 scans. The FTIR spectra were
corrected using the software Omnic 9.2.41, and normalized using
the band at 1450 cm1, which has been reported as an internal
standard (Kister et al., 1998).
The overall transmittance in the visible light region was
measured according to the ISO 13468 standard, using a Shimadzu
2401 PC UVeVis spectrophotometer equipped with a Shimadzu
integrating sphere, using a scan speed of 200 nm/min. The haze of
the different materials was measured according to the ISO 14782
standard, using a Minolta CMD3600D Spectrocolorimeter, with a
diffuse/8 geometry. The value of the haze is given by the following
expression:

% Haze ¼

tD
 100
tT

(1)

where tD is the diffuse transmittance and tT is the total
transmittance.
The intrinsic viscosity (IV) was measured at 25 ± 0.5  C using an
Ubbelohde viscosimeter and chloroform as solvent.
Thermogravimetric analysis of the different samples was carried
out using a TA Instruments TGA2050 thermobalance. Samples of
z14 mg were heated at 10  C/min from room temperature to
800  C in dry nitrogen (30 cm3/min).
Differential scanning calorimetry (DSC) analysis was performed
on samples of about 7 mg, in standard aluminum pans, using a
MettlereToledo DSC 823e calorimeter, under nitrogen atmosphere.
The data was recorded at a heating rate of 10  C/min. The samples
were ﬁrst heated from 20 to 220  C, and then kept at 220  C for
3 min to erase thermal history. After that, the samples were cooled
to 0  C, and ﬁnally a second heating scan was performed until
220  C. The crystallinity of PLA was determined by Eq. (2):

cð%Þ ¼

DHM  DHCC
 100
DH∞

(2)
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where DHM and DHCC (J/g of polymer) are the melting enthalpy and
the cold crystallization enthalpy respectively. DH∞ is the melting
enthalpy for a 100% crystalline PLA, it has a value of 93.1 J/g (Lim
et al., 2008).
The mechanical properties of the ﬁlms were measured using a
Shimadzu DUH-211S dynamic Ultra-Microhardness Tester at room
temperature. A maximum load of 10 mN and a loading rate of
1.4632 mN/s were selected. Maximum load was hold for 5 s, and
afterwards, load was retired. Each measurement was replicated 6
times.
The gas permeability of N2, O2 and CO2 was measured using a
homemade permeation cell, with a gas pressure of 1 bar and at a
temperature of 30  C.
3. Results and discussion
3.1. Degradation during the recycling processes
It is known that PLA is susceptible to thermo-mechanical and
hydrolytic degradation during melt processing (Scaffaro et al.,
2014). The polymer subjected to high temperatures and shear
stresses could suffer chain scission processes, which cause a
decrease in the molecular weight, and thus in the intrinsic viscosity.
Besides the degradation during melt processing, PLA could also
suffer degradation processes during its use. These processes can be
thermal, photochemical and hydrolytic, and also cause a reduction
in the molecular weight of the polymer (Le Marec et al., 2014; Tuna
and Ozkoc, 2016).
In any case, the degradation of the polymer during its use and/or
during its recycling could have an impact on the structure and on
some properties, such as thermal stability or mechanical and optical properties. Thus, it is very important to quantify the effect of
the different recycling processes on the molecular weight of PLA.
For this purpose, intrinsic viscosity measurements of all the samples were performed.
Fig. 1 shows the intrinsic viscosity values for the samples subjected to different recycling processes. It can be seen that the
recycled PLA, without the washing step, presents a small decrease
of the intrinsic viscosity in comparison with the virgin polymer
(around 5%). Similar results have been reported by other authors
which reported marginal decreases in the molecular weight of PLA
subjected to one reprocessing step (Pillin et al., 2008; Badia et al.,
2012a; Chariyachotilert et al., 2012). The reduction of the intrinsic

Fig. 1. Intrinsic viscosity values of PLA subjected to different simulated mechanical
recycling processes (PLAV is the virgin material, PLAR the material recycled without
the washing step and PLARW the material obtained when the recycling process includes the washing step).
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viscosity observed in our measurements is due to the chain scission
of PLA, as a result of the high temperatures and the shear stress to
which the polymer was subjected during the reprocessing, and
could also be attributed to the degradation during the accelerated
ageing. Nevertheless, the decrease of the intrinsic viscosity is small,
so it can be expected only a limited effect of the mechanical recycling, in these conditions, on the mechanical, thermal and optical
properties of the plastic.
On the other hand, Fig. 1 also shows that PLARW presents a
lower intrinsic viscosity than PLAV (20% lower) and PLAR (16%
lower). This behavior suggest that the washing step plays an
important role on the degradation of PLA during its mechanical
recycling.
In order to clarify this issue, intrinsic viscosity measurements
were performed on PLA samples subjected to the washing step, but
without being reprocessed by extrusion. The values of the intrinsic
viscosity for these samples was (123 ± 1) mL/g, which is higher
than the value of the PLARW sample, (104 ± 5) mL/g, and close to
that of PLAV, (130 ± 3) mL/g, suggesting that most of the degradation takes places during the reprocessing of the washed samples.
Considering that all the samples were adequately dried prior to
processing, this decrease of the intrinsic viscosity of PLARW suggests that the demanding washing process weakens the structure
of the polymer, making it more susceptible to thermomechanical
degradation.
Taking into account these results, it can concluded that PLA can
withstand a single recycling process without suffering an important loss of molecular weight; however, the introduction of a
washing step weakens the polymer structure, promoting the
degradation during the reprocessing step. This reduction of the
molecular weight could affect both the structure and ﬁnal properties of PLA.
3.2. Monitoring of the structural changes by FTIR-ATR and DSC
Once it has been analyzed the effect of the different recycling
processes on the molecular weight of PLA, the structural changes
suffered by the polymer were studied, since they could have an
impact on the mechanical, optical and gas barrier properties of the
materials. Fig. 2 shows the FTIR-ATR spectra of the different samples, in the region between 3500 and 650 cm1. The band assignment for PLA can be found in the literature (Kister et al., 1998). As it

Fig. 2. FTIR-ATR spectra of PLA subjected to different simulated mechanical recycling
processes (V ¼ virgin; R ¼ recycled; RW ¼ recycled with washing step).
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can be seen, Fig. 2 does not show signiﬁcant differences between
the spectra of the three samples. However, there is a small difference in the region around 1750 cm1. The absorption band centered
at 1756 cm1 corresponds to the stretching of the C]O bonds of the
ester groups originally present in PLA (Kister et al., 1998). This band
has been used as an indicator of the degradation of PLA, due to the
generation of new carbonyl-linked species, both in the middle or in
the end of the chains, during the reprocessing of PLA. In fact, Badia
et al (Scaffaro et al., 2014) reported a displacement of the carbonyl
stretching band towards higher wavenumbers as a consequence of
several reprocessing steps. However, the obtained results show that
there are only minor differences between the virgin PLA and those
subjected to the different mechanical recycling processes, thus
revealing that only minor amounts of new carbonyl compounds are
generated during the recycling of PLA.
The changes in the structure of the polymer caused by the
different recycling processes can be characterized using DSC. The
ﬁrst DSC heating scans of the different materials are presented on
Fig. 3. It can be seen that all the samples present a glass transition
around 60  C, accompanied by an endothermic peak related to the
physical ageing of PLA (Nascimento et al., 2010). The recycling
process does not seem to have a signiﬁcant effect on the glass
transition temperature (Tg), calculated from the cooling DSC scans,
of PLA (see also Table 1).
After the glass transition, there is an exothermic peak around
110  C, which corresponds to the cold crystallization of PLA (Beltr
an
et al., 2016; Badia et al., 2012b). It can be seen on Fig. 3 and on
Table 1, that the recycled materials show a decrease of about 5  C in
the cold crystallization temperature (TCC). This reduction in the
values of TCC has been attributed in previous studies with reprocessed PLA, to a higher mobility of the polymer chains, as a consequence of the reduction of the molecular weight during the
reprocessing (Pillin et al., 2008; Brüster et al., 2016; Yarahmadi
et al., 2016; Scaffaro et al., 2011). These results agree with those
found by intrinsic viscosity measurements, where both PLAR and
PLARW showed a decrease in the molecular weight, as a consequence of the mechanical recycling process.
Finally, a double endothermic peak appears around 150  C. This
peak corresponds to the melting of the polymer. This doublemelting behavior has been attributed by several authors (Di
Lorenzo, 2006; Yasuniwa et al., 2004) to a melt recrystallization
mechanism, where the less perfect crystals melt at lower temperatures, reorganize in more stable crystals during the heating, and

Table 1
Data obtained from the DSC scans of the three PLA samples. Tg, TCC, TM1 and TM2 are
the glass transition, the cold crystallization and the melting temperatures, respectively. DHC and DHM are the cold crystallization and melting enthalpies, respectively.
Sample

Tg ( C)

TCC ( C)

TM1 ( C)

TM2 ( C)

DHC (J/g)

DHM (J/g)

PLAV
PLAR
PLARW

57.6
57.1
59.1

112.4
106.9
106.9

149.6
148.7
150.1

154.2
155.1
157.0

24.5
23.2
27.1

25.4
24.7
29.8

then melt at higher temperatures. According to Table 1, there are no
major differences in the melting temperatures of the three samples.
However, there is a signiﬁcant difference in the shape of the
melting peaks between the virgin and the recycled materials. In
PLAV, the low temperature melting peak (TM1) is more relevant
than the melting peak at high temperature (TM2), while in PLAR and
PLARW, the high temperature melting peak seems to increase its
relevance. This difference could also be related with the decrease in
the molecular weight of PLA, and its effect on the mobility of the
polymer chains. During the melting, shorter polymer chains, as
those present in the recycled materials, can effectively reorganize
themselves into more ordered crystals, hence increasing the relevance of the high temperature melting peak. In the other hand, the
polymer chains present in PLAV have limited mobility, due to their
larger size, which prevents them to rearrange during the melting
process.
Regarding the crystallinity of the different samples, it can be
seen that, for each material, the crystallization (DHC) and melting
enthalpies (DHM) are similar, suggesting that most of the crystals
that melt during the heating are formed in the cold crystallization
process. These results indicate that all the materials are amorphous,
and that the recycling processes do not seem to cause any changes
on the crystallinity degree of PLA, thus supporting the results obtained by means of FTIR-ATR spectroscopy. However, it is worth to
note that, while PLAV and PLAR show similar values for DHC and
DHM, PLARW showed slightly higher values. This difference is
related to the degradation of the previously washed PLA during the
mechanical recycling, since, shorter polymers chains are able to
crystallize more easily and, therefore, a bigger amount of crystals
are formed. These results are in good agreement with those found
by means of intrinsic viscosity measurements, where PLAR showed
a molecular weight close to PLAV, while PLARW showed signiﬁcant
decrease of the intrinsic viscosity.
3.3. Effect of the recycling processes on the properties of the
materials
3.3.1. Thermal stability
The thermal stability was studied by means of TGA, and the
obtained results are shown in Fig. 4, which presents the TGA curves
for the three samples. It can be seen on Fig. 4 that there is no signiﬁcant difference between the TGA curves of PLAV and PLAR. This
result indicates that the small reduction on the molecular weight
that took place during the recycling process does not have a signiﬁcant impact on the thermal stability of the sample.
On the other hand, PLARW have a slightly lower thermal stability, which is related to the reduction in the molecular weight
observed in the intrinsic viscosity measurements. It has been reported that the generation of shorter polymer chains with lower
thermal stability is responsible for this perceived difference in the
early stages of thermal degradation (Carrasco et al., 2010).

Fig. 3. First heating scans of PLA subjected to different simulated mechanical recycling
processes (V ¼ virgin; R ¼ recycled; RW ¼ recycled with washing step).

3.3.2. Optical properties
The results shown in the previous sections indicate that the
recycling processes cause a reduction in the molecular weight and
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does not seem to affect the light transmission in the visible region
of the spectra. Table 2 presents the percentage of transmitted light
between 400 and 800 nm, as well as the haze values for the
different materials. It can be seen that both recycled materials have
a very good light transmission, greater than 90%, and similar haze
values that the virgin polymer. This result points out that despite
the reduction in the molecular weight caused by the recycling
processes, the optical clarity does not seem to be affected, probably
due to the fact that all the materials are amorphous and there are
not crystals that could act as reﬂecting or diffusing centers, which
would decrease the optical clarity of PLA.

Fig. 4. TGA curves of PLA subjected to different simulated mechanical recycling processes (V ¼ virgin; R ¼ recycled; RW ¼ recycled with washing step).

structural changes in PLA. These changes could have a negative
effect on some optical properties of the materials, such as haze and
light transmission, which play an important role in the applications
of PLA in the packaging sector.
Fig. 5 shows the UVeVis spectra of the different materials. It can
be seen that there is an important difference in the absorbance of
the samples between 250 and 300 nm. In this range, the absorbance
was increased in both PLAR and PLARW. The material subjected to
the washing step presents an absorption band around 270 nm. The
higher UV-light absorption of the PLA recycled samples could be
caused by the formation of carboxyl end groups as a consequence of
the chain scissions from thermo-mechanical degradation that took
place during the recycling, as it was stated by Chariyachotilert et al.
(2012). Furthermore, Badia et al (Badía et al., 2011) observed that
several reprocessing steps caused a change in the oligomeric distribution of PLA, increasing the amount of eCOOH terminal groups.
These results agree with those found by viscosimetry, where
PLARW showed a larger decrease in the molecular than PLAR, due
to the weakening of the polymer during the washing step, making it
more susceptible to the thermo-mechanical degradation.
Although there are some changes in the UV region of the
spectra, the presence of the absorption band located at 270 nm

3.3.3. Mechanical properties
In order to study the effect of the different recycling processes,
some mechanical properties were determined by means of
instrumented nanoindentation tests, and they are presented on
Fig. 6.
It can be seen on Fig. 6a that the recycled materials present
lower hardness values than virgin materials, ~7% and ~11% lower for
PLAR and PLARW, respectively. On the other hand, Fig. 6b shows
that the effect of the different recycling processes on the Young
modulus is negligible. This results are in good agreement with
those reported by Hopmann et al., which found no signiﬁcant differences in PLA reprocessed up to eight times (Hopmann et al.,
2015). These results suggest that the decrease in the molecular
weight observed in the intrinsic viscosity measurements has a
limited effect on the mechanical properties of PLA. In fact, Perego
et al. (1996) reported that the effect of the molecular weight in
the hardness and Young modulus of a multi-reprocessed PLLA is
small. As it has been observed by means of UVeVis spectroscopy,
the mechanical recycling led to the generation of new eCOOH
groups, which could increase the interaction between the polymer
chains, thus counteracting the negative effect of the decrease of
molecular weight in the mechanical properties.
3.3.4. Gas barrier properties
One of the key properties of the polymers in the ﬁeld of food
packaging is their permeability against different gases. It has been
_
reported by Zenkiewicz
et al. (2009) that the water vapor and oxygen transmission rates increase by 39 and 18.3% respectively in a
PLA subjected to 10 reprocessing steps. These results highlight the
relevance of the studying the effect of the different mechanical
recycling processes on the gas barrier properties of PLA. Fig. 7
shows the permeability coefﬁcient of the virgin and recycled PLA
for N2, O2 and CO2.
It can be seen on Fig. 7 that the mechanical recycling does not
seem to have a signiﬁcant effect on the permeability in any of the
three gases studied, even for the polymer subjected to the
demanding washing step. However, in order to better explain these
results, it should be considered that, in amorphous polymers, the
permeability coefﬁcient is related to the diffusion coefﬁcient and
the solubility of the gas in the polymer, according to the following
expression (Choudalakis and Gotsis, 2009):

P ¼ DxS

(3)

where P is the permeability coefﬁcient, D the diffusion coefﬁcient

Table 2
Haze and light transmission values of virgin and recycled PLA.

Fig. 5. UVeVis spectra of PLA subjected to different simulated mechanical recycling
processes (V ¼ virgin; R ¼ recycled; RW ¼ recycled with washing step).

Sample

Transmission (%)

Haze

PLAV
PLAR
PLARW

92.0 ± 0.4
91.1 ± 0.5
91.3 ± 0.8

2.2 ± 0.3
2.8 ± 0.6
2.0 ± 0.2
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materials and causing the decrease of the diffusion coefﬁcient
(Choudalakis and Gotsis, 2009).
On the other hand, the increase of the solubility of N2 and O2
could be related to the presence of more eCOOH groups, which was
observed by UVeVis spectroscopy, as a consequence of the thermomechanical degradation of the polymer during the mechanical
recycling. The presence of these groups could favor the interactions
between the polymer and the gas molecules, which would lead to
an increase in the solubility of the gases. Nevertheless, the effects of
the thermomechanical degradation on the diffusion coefﬁcient and
solubility counteract each other, and the overall effect of the
different mechanical recycling processes on the permeability coefﬁcient of PLA is very small, so its use in packaging applications
cannot be ruled out.
4. Conclusions

Fig. 6. Indentation hardness (a) and Young modulus (b) of PLA subjected to different
simulated mechanical recycling processes (V ¼ virgin; R ¼ recycled; RW ¼ recycled
with washing step).

Fig. 7. Permeability coefﬁcient of different gases in virgin and recycled PLA (V ¼ virgin;
R ¼ recycled; RW ¼ recycled with washing step).

and S is the gas solubility. Both, D and S, depend on several factors,
such as the structure of the polymer, the size of the gas molecules,
the free volume and temperature, among others. It has been found
that for N2 and O2 the diffusion coefﬁcient decreases in the recycled
materials, while the solubility increases. The decrease of the
diffusion coefﬁcient might be explained by the degradation of the
polymer during the recycling processes. The shorter PLA chains
present in the recycled materials rearrange themselves better
during the physical ageing, thus reducing the free volume of the

The effect of different mechanical recycling processes on the
structure and some important properties, in food packaging applications, of PLA was studied. The intrinsic viscosity measurements show that mechanical recycling causes a decrease on the
molecular weight of PLA. This effect is more pronounced in the
sample subjected to the demanding washing step. Nevertheless,
this decrease on the molecular weight is relatively small, of about
20% in the washed PLA. UVeVis spectra of the recycled materials
show an absorption band at 270 nm, which is related to the presence of eCOOH groups, indicating that thermomechanical degradation during melt processing is responsible for the decrease of the
molecular weight of PLA.
The degradation of PLA did not have a signiﬁcant effect on the
structure or degree of crystallinity, as it was show by FTIR-ATR
spectroscopy and DSC; however, there was a decrease in cold
crystallization temperature as a consequence of the higher mobility
of the shorter polymer chains present in the recycled materials.
Regarding the effect of the recycling processes on some properties of PLA, TGA results showed that the thermal stability of PLA is
almost unchanged, even in the case of the material subjected to a
demanding washing step. This behavior was explained by the
generation of compounds with higher thermal stability during the
melt reprocessing, counteracting the effect of the decrease of the
molecular weight. The lack of changes observed in the degree
crystallinity of PLA observed in DSC explains the results obtained by
means of UVeVis spectroscopy and haze measurements, which
suggests that recycling processes do not affect the optical clarity of
PLA, obtaining light transmission rates above 90% for all the samples. Furthermore, the decrease of the molecular weight neither
seems to have an important effect on the hardness or Young
modulus of the different materials, as it was shown by means of
nanoindentation tests. Finally, the mechanical recycling process
seem to have opposite effects on the diffusion coefﬁcient and solubility of N2 and O2 in PLA, while the former decreases during
recycling, the latter increases, causing the overall effect of the
recycling processes on the permeability to be negligible.
Summarizing, the obtained indicate that the moderate degradation of PLA during its use and mechanical recycling has a limited
impact on the structure, thermal stability, mechanical, optical and
gas barrier properties. Therefore, the results reveal the potential of
mechanically recycled PLA to be reused, even in demanding applications such as food packaging.
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