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ABSTRACT:  A blending strategy of virgin and reprocessed polylactide may be postulated as an alternative to reduce the 
material cost at industrial level, and as a valorization route to plastic waste management of production scraps. 
The performance of blends prepared from virgin polylactide and polylactide mechanically reprocessed up to 
two cycles (PLA-V/R) was assessed in terms of thermo-oxidative stability, morphology, viscoelasticity and 
thermal kinetics for energetic valorization. PLA-V/R blends showed appropriate thermo-oxidative stability. 
The amorphous nature of polylactide was preserved after blending. The viscoelastic properties showed an 
increment of the mechanical blend effectiveness, which suggested the feasibility of using PLA-V/R blends 
under similar mechanical conditions to those of virgin PLA goods. Finally, it was shown that the energetic 
valorization of PLA-V/R blends would result in a more feasible process, due to the lower required activation 
energy, thus highlighting the advantages of the energetic demand for the process. In conclusion, PLA-V/R 
blends showed similar processability, service performance and valorization routes as virgin PLA and therefore 
could be relevant in the sustainable circular industry of bioplastics.
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1 INTRODUCTION

The use of biobased materials, which have the ben-
efit of coming from renewable resources and being 
biodegradable after their service life within a rational 
period of time, is a focus in the field of bioeconomy 
[1–5]. Polylactide (PLA) is a biodegradable, highly 
versatile aliphatic polyester produced by ring-opening 
polymerization of lactide, which can be obtained from 
renewable resources such as corn, beets, wheat and 
other starchy products [6, 7] and brings some inter-
esting features consisting of appropriate mechanical 
and thermal properties, processability, recyclability 
and limited environmental impact [8, 9]. The great 
effort made in industrial production technology, has 
elevated PLA as a viable candidate for replacing com-
modities in several sectors [10–13].

Processing of PLA can be performed by means of 
several industrial techniques, such as injection mold-
ing or blow molding, or can be extruded into fibers, 

films and sheets. Accordingly, containers such as bot-
tles or trays, and packaging films could feasibly be 
produced from PLA [5, 14]. An extended use of PLA 
in the packaging industry, among other goods, would 
result in the generation of a new considerable source 
of waste in the plastic fraction, among other com-
modities, which should therefore be managed. During 
service life, PLA can undergo thermal, photochemical 
and even biological degradation [15, 16]. Among the 
existing possibilities to deal with a high amount of bio-
plastic waste residues, mechanical recycling, energetic 
valorization and deposition in biodisposal facilities, 
such as composting plants, are the most established 
[17–20].

Mechanical recycling allows extending the service 
life of biobased polymeric materials before finally 
discarding them. It is a relatively simple procedure, 
requires low investment, and its technological param-
eters are currently controlled and can be considered 
in several stages of the life cycle of a given material. 
The recycling of industrial production off-cuts usually 
leads to a source of clean unused waste. This proce-
dure usually consists of milling and shredding the 
production scraps and re-introducing them into the 
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In this work, the preparation of blends from repro-
cessed and virgin PLA was considered as a good alter-
native to not only reduce the material cost at industrial 
level, but also as a contribution to further plastic waste 
management solutions. In addition, a simulated ther-
mally induced valorization procedure was taken into 
account to approach a hypothetical final service-life 
stage of energy valorization. In particular, the aim of 
the present study was to assess the performance of 
blends prepared from virgin and reprocessed polylac-
tide in terms of thermal properties, morphology, vis-
coelasticity and thermal requirements for their energy 
valorization.

2 EXPERIMENTAL PROCEDURE

2.1  Material Description, Reprocessing 
Simulation and Sample Preparation

Polylactide (PLA) 2002D, a thermoforming grade 
PLA, was obtained from NatureWorks LLC as pel-
lets, provided by AIMPLAS (Paterna, Spain). Prior 
to processing, virgin PLA (PLA-V) pellets were dried 
during 2 h at 80 °C in a Conair Micro-D FCO 1500/3 
dehumidifier in order to remove the surface humidity. 
Afterwards, the samples were processed by means of 
injection molding with an Arburg 420 C 1000-350 sin-
gle-screw injector. The temperature gradient set from 
hopper to nozzle was 160, 170, 190, 200 and 190 °C, 
whereas the molds were set at 15 °C. The cooling resi-
dence time was 40 s and the total residence time 60 s. 
The samples were dried before each processing cycle. 
After injection, the samples were ground by means of 
a Retsch SM 2000 cutting mill, which provided pellets 
of size d < 10 mm to be fed back into the process. Up 
to two processing cycles were applied under the same 
conditions to obtain the different testing specimens of 
reprocessed PLA (PLA-R1 and PLA-R2).

The blends of PLA-V and PLA-R were prepared 
by means of a twin-screw co-rotating extruder, with 
diameter D of 25 mm and L/D ratio of 24, from 
DUPRA S.L. The temperature gradient set from feed 
to die was 185, 185, 195 and 195 °C. After extrusion, 
the materials were ground by means of a Retsch SM 
2000 cutting mill, which provided pellets of diameter 
< 10 mm. 

Different compositions of PLA-V/R blends were pre-
pared, from 40 to 80 wt% of reprocessed PLA, accord-
ing to Table 1. Virgin and reprocessed PLA after 1 and 
2 cycles are designated as V, R1 and R2, respectively.

Rectangular film-shaped samples were prepared 
by melt compression in a four axes compression press 
with a 120 × 10 × 0.2 mm3 glass-fiber/Teflon® mold. 
The processing temperature was set at 170 °C. Five 
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processing facility to obtain the reprocessed material. 
Several attempts to reprocess PLA have been reported 
in the literature. Pillin et al. studied the influence o f 
thermomechanical cycles of up to seven injection 
moldings [21], while Ż enkiewicz et al. investigated the 
influence of multiple extrusion of PLA up to 10 times 
using a double-screw extruder for granulation of PLA 
followed by laboratory injection molding press [22]. 
Nascimento et al. evaluated the use of PLA industrial 
waste as a source of raw material for certain applica-
tions as well as the effects of annealing on the fracture 
behavior of PLA [23]. In addition, a detailed investiga-
tion of the behavior of PLA after multiple recycling 
steps using impact modifiers t o i mprove m echani-
cal properties was performed by Scaffaro et al. [24]. 
Badia et al. carried out a wide characterization of 
r eprocessed PLA in terms of material valorization 
[25–27], hydrothermal ageing [28], dielectric proper-
ties [29] and energetic valorization [30, 31]. Beltrán et 
al. reported the influence of mechanical recycling on 
the hydrolytic performance of PLA [32]. All of these 
cited studies suggested that multiple reprocessing 
cycles greatly modified t he s tability o f m echanical 
and thermal properties, as well as melt flow r ate o r 
permeability. The performance of recyclates reach 
a threshold and a non-suitable performance can be 
guaranteed for a given reprocessed material [33]. 
However, as studied by Badia and Ribes-Greus [27], 
the extent of degradation was noticeably influent 
from the second reprocessing step on, and allowed 
utilization of reprocessed PLA after 1 or 2 cycles for 
some existing applications.

Mechanical recycling can also be considered for the 
valorization of PLA waste after its service life, as long 
as external agents, such as oxygen, UV-light, mechani-
cal stresses, temperature and water, promote degra-
dation that might alter its long-term properties [34]. 
These degradation processes may modify the structure 
and composition of PLA and consequently change the 
thermal, viscoelastic and mechanical properties of the 
recyclates [18]. In addition, several stages are neces-
sary in this case, such as collecting, washing, drying, 
shredding and reprocessing, which contribute to addi-
tional degradation [31]. This, along with the limited 
performance of recyclates upon multiple reprocess-
ing cycles, suggested that some alternatives should be 
taken into account [34]. Some strategies consider the 
use of chain extenders [35], blending [36–38] or the 
preparation of composites [39]. When no more profit 
can be obtained from material valorization, energetic 
valorization is a viable solution to manage recycled 
plastic waste [20]. Thermally induced valorization 
technologies, such as pyrolysis, gasification and com-
bustion, are commonly applied, and their feasibility 
shown for virgin and reprocessed PLA [30, 31].
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pressure steps were performed starting by preheat-
ing without pressure during 5 min, followed by 3 
min at 50 kg·cm–2, 3 min at 70 kg·cm–2 and 3 min at 
100 kg·cm–2, finalized by quenching at 15 °C during 
2 h with released pressure. Finally, the samples were 
dried at 50 °C in a Heraeus Vacutherm VT 6025 vac-
uum oven during 24 h, kept in zip bags and placed in 
a desiccator at normalized lab conditions according to 
ISO 291 [40] for further analyses.

2.2 Analytic Techniques

2.2.1 Thermogravimetric Analysis (TGA)

The thermo-oxidative stability was analysed by means 
of a Mettler-Toledo TGA 851 thermogravimetric ana-
lyzer (TGA). The samples, with a mass of about 4 mg, 
were introduced in TGA Mettler-Toledo perforated 
alumina crucibles, with capacity of 70 μl. The sam-
ples were analyzed in the temperature range of 25 to 
800 °C at different heating rates (b = 2, 5, 10, 15 and 
20 °C·min–1), under an oxygen atmosphere at a flow 
rate of 50 mL·min–1. All experiments were performed 
in triplicate to ensure reproducibility of results.

2.2.2  Differential Scanning Calorimetry 
(DSC)

Calorimetric data were obtained by means of a 
Mettler-Toledo DSC 820 differential scanning calorim-
eter (DSC), calibrated following the procedure of In 
and Zn standards. The samples, with a mass of about 4 
mg, were analyzed between 0 and 200 °C with a heat-
ing/cooling/heating profile at a rate of 10 °C·min–1. 
All experiments were run under nitrogen atmosphere 
(50 mL·min–1), performed in triplicate and the aver-
ages of enthalpies and temperatures were considered 
as representative values.

2.2.3 X-ray Diffraction (XRD)

X-ray diffraction analysis was performed by means
of an X’Pert Pro diffractrometer model PW3040/60 to

evaluate the crystallinity of PLA-V/R blends. Dried 
specimens of 100 mm2 were considered for the analy-
sis. The Cu Kα radiation (λ = 1.5418 Å) was generated 
with a tension of 45 kV and current of 35 mA and then 
monochromatized by using a Ni filter of 20 μm. The 
experiment was measured in the reflection mode at 
the angular range of 5–60° (2θ) and a scanning rate of 
0.05° per 10 s. An average spectrum of three different 
specimens was considered as representative for each 
sample.

2.2.4  Dynamic-Mechanical-Thermal Analysis 
(DMTA)

Dynamic mechanical thermal analyses were con-
ducted by the two-point bending mode in single 
 cantilever clamping with 6 mm of effective length 
between clamps, by means of a Mettler-Toledo DMA 
861e. The displacement was checked before all the 
experiments. The deformation force was set at 0.1 N 
and displacement amplitude at 10 μm. Experiments 
were carried out by heating from 35 °C to 130 °C 
with isothermal steps of 2 °C at 1 Hz of frequency. All 
experiments were performed in triplicate to ensure 
reproducibility.

3 RESULTS AND DISCUSSION

The performance of the PLA-V/R blends was 
 initially assessed in terms of thermo-oxidative stabil-
ity by thermogravimetry. Afterwards, the morphol-
ogy of PLA-V/R blends, along with their thermal 
properties, were evaluated by differential scanning 
calorimetry and X-ray diffraction. In addition, the 
viscoelastic behavior and the mechanical blending 
effectiveness were characterized by dynamic thermal 
mechanical analysis. Finally, the energetic valoriza-
tion of future PLA-V/R wastes was simulated by 
kinetic studies of their thermo-oxidative decomposi-
tion behavior.

3.1  Material Valorization: Blends of 
Virgin and Reprocessed Polylactide

3.1.1  Thermo-oxidative Stability of PLA-V/R 
Blends

The analysis of the thermo-oxidative stability was 
focused on the study of the safety limit temperatures 
of PLA-V/R blends. In this section, a study of the 
decomposition profiles of PLA-V/R blends subjected 
to an oxidizing atmosphere was performed by means 
of thermogravimetric analysis (TGA). In addition, 
multi-rate linear non-isothermal experiments were 
carried out in order to functionalize the evolution of 

Table 1 Blend compounding compositions. V stands for vir-
gin PLA and R1/R2 for reprocessed PLA after 1 or 2 cycles, 
respectively.

Pure virgin 
PLA

Virgin/reprocessed PLA 
blends (composition in 
weight percentage)

Pure reprocessed 
PLA

PLA-V

V/R1
PLA-R1

80/20 60/40 40/60

V/R2
PLA-R2

80/20 60/40 40/60
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The aim was to enhance the analysis of the influ-
ence of the heating rate b on the characteristic decom-
position temperatures studied above (To, Tp and Te). At 
high b the evolution of the parameters is almost linear, 
whereas at low b a curved tendency was observed. 
The so-called thermal decomposition behavior (TDB) 
model given in Equation 1 was proposed [31]. An 
example of its validity is shown in Figure 2 for the case 
of the blend V-R2 (40/60).

TDB
a

b e kb b( ) =
+ −1 · · (1)
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PLA-V

Table 2 Thermogravimetric data at b = 10 °C · min–1 in terms 
of onset temperature (To), peak temperature (Tp), endset tem-
perature (Te) and final mass loss (∆m) for virgin (PLA-V), 
rep·rocessed (PLA-R1 and PLA-R2) and virgin/reprocessed 
PLA blends (V/R).

To (°C) Tp (°C) Te (°C) ∆m600 ºC (%)

PLA-V 329.6 ± 1.2 351.9 ± 1.1 365.0 ± 0.3 98.9 ± 0.1

V-R1 (80/20) 326.6 ± 1.4 350.7 ± 1.3 364.2 ± 0.9 98.1 ± 0.1

V-R1 (60/40) 327.6 ± 0.4 351.2 ± 0.3 363.7 ± 0.7 98.1 ± 0.1

V-R1 (40/60) 327.8 ± 1.7 351.8 ± 0.8 365.2 ± 0.6 97.2 ± 0.1

PLA-R1 329.4 ± 0.7 352.8 ± 0.7 366.2 ± 0.5 97.2 ± 0.3

V-R2 (80/20) 325.1 ± 0.7 350.6 ± 1.0 364.6 ± 0.8 97.6 ± 0.1

V-R2 (60/40) 325.9 ± 0.3 349.7 ± 0.3 363.2 ± 0.1 98.0 ± 0.3

V-R2 (40/60) 329.9 ± 0.6 353.6 ± 0.4 366.4 ± 0.4 98.0 ± 0.2

PLA-R2 330.5 ± 0.5 353.0 ± 0.6 366.8 ± 1.1 97.4 ± 0.1

Figure 2 Application of the TDB model to fit the evolution 
of To, Tp and Te for the virgin/reprocessed—V-R2 (40/60)— 
blend.
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Figure 1 Decomposition profiles o f t he t hermogravimetric 
curve (TG) and first-derivative t hermogravimetric c urve 
(DTG, inset) for virgin (PLA-V), reprocessed (PLA-R1 and 
PLA-R2) and virgin/reprocessed PLA blends (V/R).

the thermo-oxidative stability at any linear heating 
rate (b), set the TDB function and the zero-decomposi-
tion temperatures [41], as explained hereby.

Figure 1 shows the decomposition profiles (TG) 
and the first-derivative curves (DTG) for all PLA-V/R 
blends at 10 °C·min–1. The rest of the TGA experiments 
with different heating rates showed similar profiles and 
are not shown for the sake of clarity. The thermograms 
showed a general mass loss of ~97–98%, regardless of 
the composition of the PLA-V/R blend. They exhib-
ited three differentiated mass-loss stages, in accor-
dance with reported results for PLA-based materials 
[17, 31, 42]. The first slight initial loss up to 100 °C—
omitted in the plot—can be related to remnant water 
present in the materials. Then, the decomposition of 
the PLA backbone took place, from ~275 to ~375 °C, 
with a peak around ~352 °C for all compounded mate-
rials. Finally, from ~375 °C to ~500 °C, the degradation 
of char formed during previous decomposition was 
observed, with a peak around ~450 °C.

The decomposition profiles were characterized in 
terms of the decomposition onset (To) and endset (Te) 
temperatures from the TG curve and the peak tem-
perature (Tp) from the DTG curves. The values of 
these parameters along with the mass-loss percent-
age at 600 °C (∆m600 °C) are gathered in Table 2. Virgin 
and reprocessed PLA showed almost identical val-
ues. Blending often produced a minor decrease in the 
thermo-oxidative stability, more perceptible in the 
onset temperature (To). However, the differences are 
almost irrelevant, regardless of the blend composition.

J. Renew. Mater., Vol. 6, No. 4, June 2018 

http://dx.doi.org/10.7569/JRM.2017.634170
http://dx.doi.org/10.7569/JRM.2017.634170


DOI: 10.7569/JRM.2017.634170 A. Ribes-Greus et al.: Suitability of Blends from Virgin and Reprocessed Polylactide

374

The so-called zero-decomposition temperature 
(ZDT) was considered to evaluate the differences in the 
thermal stability under oxidative conditions, instead 
of choosing the experimental temperatures obtained at 
a specific b, since this parameter is related to the induc-
tion of the decomposition. ZDT can be obtained by 
extrapolating the TDB function of To to infinitely low b 
[30]. Table 3 gathers the results of the TDB fitting and 
the ZDTo. Almost identical values of ZDTo were found 
for virgin and reprocessed PLA. However, all blends 
exhibited lower ZDTo values, especially those of 60% of 
virgin and 40% of both reprocessed PLA, with a reduc-
tion between 3 and 8 °C, representing a maximum of 
~2.8% decrease with respect to PLA-V. Blending often 
produced a minor decrease in the thermo-oxidative 
stability, through the reduction in the ZDTo. The pre-
sumable presence of more sites available to the pen-
etration of the O2 in the blended structures may have 
promoted decomposition at slightly lower tempera-
tures. The slight reduction of the thermo-oxidative 
stability is assumable and therefore the PLA-V/R 
blends present a safe temperature margin, similar to 
that shown by virgin and reprocessed PLA.

3.1.2  Calorimetric Thermal Properties and 
Morphology of PLA-V/R Blends

The aim of the calorimetric analysis was to evaluate 
the influence of the addition of reprocessed PLA into 
virgin PLA on the amorphous/crystalline morpholog-
ical balance [42–47]. A first heating scan was carried 
out to remove thermal history and ascertain the effect 
of the processing through melt compression. Then, 
cooling and second heating scans were considered to 
intrinsically study the prepared materials. The PLA 
matrix structural relaxation, cold crystallization and 

melting were evaluated from heating scans. The tem-
perature (Tsr) and enthalpy (Dhsr) associated with the 
structural relaxation were evaluated from its peak and 
area using constant integration limits and a smooth 
polynomial function (sp-line) as baseline. The cold-
crystallization and melting temperatures (Tcc and Tm) 
were determined from their peaks in thermograms 
and the enthalpies associated with those events (Dhcc 
and Dhm) were determined using constant integration 
limits. The degree of crystallinity (Xc) was calculated 
by means of Equation 2:

X
h h

hc
m cc

m

=
−

×
( | |)∆ ∆

∆
Σ

0

100 (2)

where Dhm0 is the melting enthalpy for a 100% crystal-
line PLA (93 J·g–1 [48]). The glass transition tempera-
ture (Tg) was obtained from the cooling scan through 
a tangential method. The results of the main tempera-
tures and enthalpies are gathered in Tables 4, 5 and 6 
for the first heating, cooling and second heating scans, 
respectively.

The effect of the blend processing into films through 
melt compression was evaluated from the data gath-
ered in Table 4. The cold-crystallization and melting 
enthalpies were almost equal for all virgin, reprocessed 
and PLA-V/R blends, which suggested that all materi-
als remained amorphous, without relevant formation 
of a crystalline phase. This fact was confirmed by X-ray 
diffraction, as shown in Figure 3. The crystallinity of 
PLA is related to sharp reflection peaks positioned 
at 16.8°, 19.1° and 22.6°, corresponding to the (200)/
(110), (203), (210) planes respectively [49]. Although 
some smooth peaks can be intuited at characteristic 
positions of semicrystalline PLA, the spectra obtained 
for all materials showed a wide diffraction band from 

Table 3 Results of fitting To = f (b) to Equation 2, along with the onset zero-decomposition temperature obtained by extrapolat-
ing Equation 2 to b → 0 for virgin (PLA-V), reprocessed (PLA-R1 and PLA-R2) and virgin/reprocessed PLA blends (V/R).

TDB fitting values for To

a b k
R2 ZDT (ºC)

a e (%) b e (%) k e (%)

PLA-V 340.7 0.58 0.17 2.40 0.17 3.24 0.99 290.2

V-R1 (80/20) 345.8 0.19 0.20 2.50 0.13 3.49 0.99 287.1

V-R1 (60/40) 344.7 0.54 0.22 4.20 0.16 5.26 0.98 283.5

V-R1 (40/60) 346.2 0.36 0.21 4.36 0.14 5.92 0.97 286.6

PLA-R1 344.6 0.31 0.19 4.93 0.16 5.68 0.98 289.8

V-R2 (80/20) 341.6 0.34 0.21 4.82 0.15 5.93 0.98 283.1

V-R2 (60/40) 342.4 0.40 0.23 5.71 0.18 4.67 0.98 279.2

V-R2 (40/60) 343.1 0.16 0.19 5.79 0.16 3.38 0.99 288.6

PLA-R2 344.9 0.27 0.19 4.31 0.16 5.85 0.99 290.3
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and enthalpies, as gathered in Table 6. Afterwards, a 
cold crystallization was observed, almost impercepti-
ble for virgin and reprocessed PLA separately, though 
highly pronounced for blends. Next, a melting event 
was found, smooth for virgin and reprocessed PLA 
but more intense for blended materials. The enthalpies 
associated with the cold crystallization and melting 
were higher for virgin-rich PLA blends and dimin-
ished when the content of reprocessed PLA increased. 
Nevertheless, the PLA-V/R blends preserved the 
amorphous morphology, which suggested usability of 
goods of PLA-V/R similar to that of virgin PLA.

3.1.3  Viscoelastic Performance of PLA-V/R 
Blends

The evolution of the storage modulus (E′) and loss 
modulus (E″) recorded as a function of tempera-
ture is plotted in Figure 5 to evaluate the effects of 
 blending on the viscoelastic performance of PLA [53]. 
The  maximum of the loss modulus is associated with 
the cooperative movements greatly influenced by 
the viscous contribution of the main chain of macro-
molecules constituting the amorphous region. These 
 movements are considered precursors of the glass 
transition [54]. When the reprocessed and virgin mate-
rials were blended, the temperature calculated for the 
loss modulus peak barely changed, which would con-
firm that the amorphous region undergoes non-signif-
icant modifications.

The storage modulus (E′) in the linear scale showed 
an initial rigidity plateau followed by a drastic drop that 
started at ~45 °C, associated with the glass-rubber relax-
ation of the polymer chains, which takes place around 
the glass transition temperature, characteristic for PLA-
based materials [55]. After the glass-rubber relaxation, 
a small increase in the E′ modulus was found, which 
is related to the cold-crystallization phenomenon, as 

Table 4 Calorimetric data of the first heating scan for virgin (PLA-V), reprocessed (PLA-R1 and PLA-R2) and virgin/repro-
cessed PLA blends (V/R).

1st heating ∆hsr (J · g–1) Tsr (ºC) ∆hcc (J · g–1) Tcc (°C) ∆hm (J · g–1) Tm (ºC)

PLA-V 2.3 ± 0.1 58.5 ± 0.2 –4.5 ± 1.9 118.2 ± 0.4 4.1 ± 2.6 149.8 ± 0.2

V-R1 (80/20) 0.9 ± 0.1 58.6 ± 0.2 –12.6 ± 0.7 128.6 ± 0.4 12.7 ± 0.8 152.5 ± 0.4

V-R1 (60/40) 1.1 ± 0.1 58.7 ± 0.2 –11.1 ± 0.2 128.7 ± 0.1 11.4 ± 0.3 151.8 ± 0.4

V-R1 (40/60) 1.3 ± 0.1 58.9 ± 0.1 –9.4 ± 1.1 127.3 ± 0.5 9.9 ± 0.7 150.8 ± 0.2

PLA-R1 1.6 ± 0.1 60.3 ± 0.1 –2.2 ± 0.6 120.1 ± 0.1 1.4 ± 0.1 148.5 ± 0.5

V-R2 (80/20) 1.4 ± 0.1 58.4 ± 0.1 –16.4 ± 0.7 127.1 ± 0.2 16.4 ± 0.2 150.7 ± 0.2

V-R2 (60/40) 1.6 ± 0.1 59.3 ± 0.7 –12.1 ± 0.1 128.4 ± 0.2 12.4 ± 0.4 152.1 ± 1.1

V-R2 (40/60) 1.5 ± 0.1 59.5 ± 0.6 –7.2 ± 0.1 128.7 ± 0.7 8.0 ± 0.4 151.4 ± 0.5

PLA-R2 0.4 ± 0.1 57.9 ± 0.1 –1.3 ± 0.3 122.9 ± 1.3 1.5 ± 0.1 149.3 ± 0.1

Table 5 Glass transition temperatures (Tg) of virgin (PLA-
V), reprocessed (PLA-R1 and PLA-R2) and virgin/repro-
cessed PLA blends (V/R).

Cooling Tg (ºC)

PLA-V 54.9 ± 0.2

V-R1 (80/20) 55.4 ± 0.1

V-R1 (60/40) 55.9 ± 0.1

V-R1 (40/60) 55.6 ± 0.1

PLA-R1 55.9 ± 0.1

V-R2 (80/20) 55.6 ± 0.1

V-R2 (60/40) 55.6 ± 0.2

V-R2 (40/60) 55.9 ± 0.2

PLA-R2 55.7 ± 0.1

© 2017 Tech Science Press 

10 to 25°, which is characteristic of the scattering of 
amorphous PLA [50–52]. Therefore, film processing 
through melt compression, followed by a quenching 
procedure, seems to have inhibited the development 
of crystallinity, resulting in an unordered amorphous 
structure.

During the cooling scan, a single glass transition was 
found. The absence of any crystallization phenomenon 
corroborated the amorphous character of the materi-
als. The glass transition temperature (Tg), remained at 
55 ± 1 °C for virgin, reprocessed PLA and all PLA-V/R 
blends, as gathered in Table 5. Reprocessing and sub-
sequent blending did not significantly influence the 
glass transition of the material. Therefore, the thermal 
service conditions of PLA-V/R blends remained unal-
tered, in comparison to those of virgin PLA.

The second heating scan showed the intrinsically 
thermal properties of the different materials, whose 
calorimetric spectra are compared in Figure 4. In all 
cases, the structural relaxation associated with the 
physical aging occurred at similar peak temperatures 
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PLA-V/R blends regardless the composition, reaching 
similar values between ~2800 and ~3000 MPa, repre-
senting a ~33% increase with respect to virgin PLA. 
The presence of dissimilar size polymeric chains may 
have enhanced the occurrence of more entanglements, 
which provoked higher rigidity.

The mechanical blending effectiveness (MBE), con-
sidered as an indicator of the rigidizing or reinforce-
ment degree in the preparation of polymer blends 
and composites [56–58], was calculated according to 
Equation 3, where E′g and E′r are the storage modulus 
values in the glassy and rubbery region, respectively. 

Table 6 Calorimetric data of the second heating scan for virgin (PLA-V), reprocessed (PLA-R1 and PLA-R2) and virgin/repro-
cessed PLA blends (V/R).

2nd heating ∆hsr (J·g–1) Tsr (ºC) ∆hcc (J·g–1) Tcc (ºC) ∆hm (J·g–1) Tm (ºC)

PLA-V 1.0 ± 0.1 61.3 ± 0.1 –3.5 ± 1.8 129.2 ± 0.7 3.7 ± 1.6 152.0 ± 0.1

V-R1 (80/20) 1.0 ± 0.1 61.3 ± 0.1 –12.3 ± 0.7 129.5 ± 0.1 12.4 ± 0.7 152.5 ± 0.1

V-R1 (60/40) 0.9 ± 0.1 61.7 ± 0.1 –8.4 ± 0.1 129.8 ± 0.1 8.8 ± 0.3 152.0 ± 0.2

V-R1 (40/60) 0.7 ± 0.1 61.8 ± 0.1 –8.0 ± 0.1 129.1 ± 0.2 8.2 ± 0.1 151.3 ± 0.1

PLA-R1 1.3 ± 0.1 62.1 ± 0.1 –0.2 ± 0.2 129.9 ± 0.1 0.2 ± 0.1 149.7 ± 0.2

V-R2 (80/20) 1.4 ± 0.1 61.4 ± 0.1 –13.7 ± 0.5 128.3 ± 0.1 13.9 ± 0.6 151.2 ± 0.1

V-R2 (60/40) 0.9 ± 0.1 61.6 ± 0.1 –11.4 ± 0.1 129.2 ± 0.1 12.1 ± 0.3 151.6 ± 0.1

V-R2 (40/60) 1.1 ± 0.1 61.9 ± 0.1 –6.4 ± 0.2 129.8 ± 0.2 6.6 ± 0.3 151.3 ± 0.1

PLA-R2 1.4 ± 0.3 62.3 ± 0.1 –0.6 ± 0.1 129.2 ± 2.1 0.6 ± 0.1 150.2 ± 0.1

Figure 3 X-ray diffraction patterns for virgin (PLA-V), 
reprocessed (PLA-R1 and PLA-R2) and virgin/reprocessed 
PLA blends (V/R).

observed by calorimetric analysis in the previous sec-
tion. That new crystalline structure brought some rigid-
ity to the entire material, which implied a higher E′. The 
cold-crystallization event followed a different pattern 
for virgin PLA, reprocessed PLA and blends. PLA-V/R 
blends generally concluded the cold crystallization at 
lower temperatures, which suggested that blending vir-
gin and reprocessed PLA favored crystallization during 
heating, as advised by differential scanning calorimetry. 
This fact, however, does not affect the usual applica-
tions of PLA goods in the glassy state.

The study of the storage modulus at 35 °C can 
provide a general overview of the rigidity of PLA-
V/R blends in the glassy state, as plotted in Figure 6. 
Both reprocessed PLAs showed slightly higher elas-
tic modulus than the virgin PLA, according to previ-
ous studies [21, 23]. Higher rigidity was found for all 

5 10 15 20 25 30 35 40

2θ (°)

In
te

ns
ity

 (a
.u

.)

PLA-R1

PLA-R2

V-R1 (60/40)

V-R2 (60/40)

V-R1 (80/20)

V-R2 (80/20)

V-R1 (80/20)

V-R2 (80/20)

PLA-V

Figure 4 DSC curves of the second heating scan for virgin 
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The higher the value of the parameter MBE, the higher 
is the effectiveness of the blending.

MBE
E E

E E
g r blend

g r PLA V

= −
−

1
( / )

( / )

′ ′

′ ′ (3)

Figure 7 shows the values of the MBE, taking the 

of MBE was higher when there was more reprocessed 
PLA content in the blend. 

3.1.4  Energetic Valorization: Thermal 
Kinetics of the Thermo-oxidative 
Decomposition of Blends of Virgin and 
Reprocessed Polylactide

The thermal kinetics of the  thermo-oxidative decom-
position behavior were assessed in terms of activa-
tion energy in order to simulate further energetic 
valorization of PLA-based wastes [34]. The meth-
odology followed in this analysis is reported else-
where [41]. Briefly, the apparent activation energy 

Figure 5 Evolution of storage modulus (E′) as a function of temperature at a frequency of 1 Hz for virgin (PLA-V), reprocessed 
(PLA-R1 and PLA-R2) and virgin/reprocessed PLA blends (V/R).
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Figure 6 Storage modulus (E′) evolution as a function blend composition measured at 35 °C and a frequency of 1 Hz.
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measured E′ values at 35 °C and 100 °C at 1 Hz as E′g 
and E′r respectively. Due to reprocessing, lower MBE 
was found for both reprocessed PLA-R1 and PLA-R2, 
in comparison to that of virgin PLA-V. However, a 
general increase of MBE was encountered after blend-
ing, which was similar regardless of the type of repro-
cessed PLA incorporated into the blend. The 
increase 
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of the thermo-oxidative decomposition process was 
evaluated as a function of the conversion degree. The 
applied isoconversional methods were based on lin-
ear integral approaches, expressly those developed 
by Flynn-Wall-Ozawa (FWO) [59, 60] and Kissinger-
Akahira-Sunose (KAS) [61, 62], both gathered in Table 
7, where a is the conversion degree, b is the TGA heat-
ing rate, A is the Arrhenius pre-exponential factor, g(a) 
is the kinetic function, T is the temperature and Ea is 
the apparent activation energy. For a given degree of 
conversion (a) and heating rate (b), a characteristic 
temperature Ta was calculated for each material. The 
degree of conversion was considered from 0.05 to 0.95 
in 0.05 increasing gaps, and heating rates considered 
were 2, 5, 10, 15 and 20 °C·min–1. Figure 8 shows the 
results of the thermogravimetric analysis.

The representation of the FWO and KAS plots for a 
given material, in this case the blend V-R2 (40/60), is 
shown in Figure 8a,b as a model to ascertain the linear-
ity of the plots. The rest of materials, which are omit-
ted for the sake of conciseness, showed similar plots. 
From the slope of these representations, the apparent 
activation energy was calculated, and its evolution 

given as a function of the degree of conversion (Eaa). 
As can be seen in Figure 8c, both methods offered 
similar Eaa values, showing a good coincidence along 
the decomposition process, as obtained for the rest of 
PLA-V/R blends. It was found that experimental Eaa 
data could be adjusted to Equation 4 in order to define 
a model to calculate activation energy for any conver-
sion degree [41],

Ea Ea Ea Ea eI II I pa
a

( ) = + −( ) −
· (4)

where EaI and EaII are parameters that can be obtained 
from the intercept at a = 0 and in the asymptote, giv-
ing an idea of the amplitude of decomposition, and p 
is a power to correct the function curvature, ranging 
from 0 to 1. A low p value (close to 0) indicated an Ea 
becoming almost constant, while higher p (close to 1) 
approached linear tendencies. Results for this param-
eters as well as the regression coefficient that verifies 
the suitability of this equation are gathered in Table 8.

The averaged values of the apparent activation 
energy obtained by the FWO and KAS methods, with 
a standard deviation lower than 5%, were plotted for 
all cases in Figure 8d. A significant variation in appar-
ent activation energy along the decomposition pro-
cess was observed following an exponential growing 
fashion for PLA-V, PLA-R1/R2 and PLA-V/R blends, 
in agreement with previous analysis [30]. The Eaa 
increased from ~80–110 kJ·mol–1 at low conversions 
to ~150–200 kJ·mol–1 at the end of decomposition. 
Blending provoked similar Eaa values to reprocessed 
PLA at low conversion degrees whereas showed lower 
activation energy at high conversion degrees. In gen-
eral, PLA-V/R blends showed Eaa values lower than 
those given by virgin PLA-V and both reprocessed 
PLA-R1/R2, in a ~15 kJ·mol–1 range, which was nar-
rower than that given by PLA-V and PLA-R1/R2. 
Therefore, from a cost-effective point of view, con-
sidering the energetic demand of each material, the 
combustion of PLA-V/R blends would result in an 
advantageous energetic process, thus highlighting the 
feasibility of the energetic demand for the valorization 
of their wastes.

Table 7 Isoconversional methods used to calculate the apparent activation energy.

Method designation Equation

Flynn-Wall-Ozawa (FWO) [59, 60] 
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Figure 7 Mechanical blending effectiveness values (MBE), 
considering the measured E′ at 35 °C and 100 °C at 1 Hz as 
E′g and E′r respectively, as a function of the reprocessed PLA 
content (PLA-R1/R2).
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Table 8 Fitting parameters of the theoretical model to calculate activation energy for any conversion degree for virgin (PLA-V), 
reprocessed (PLA-R1 and PLA-R2) and virgin/reprocessed PLA blends (V/R).

EaI EaII p
R2

value (kJ) e (%) value (kJ) e (%) value e (%)

PLA-V 206 1.52 99 1.38 0.36 1.80 0.990

V-R1 (80/20) 208 0.75 64 1.90 0.39 0.56 0.999

V-R1 (60/40) 218 1.21 76 1.84 0.48 0.67 0.998

V-R1 (40/60) 196 1.71 93 1.85 0.48 1.15 0.995

PLA-R1 194 1.26 86 1.27 0.52 0.70 0.998

V-R2 (80/20) 173 1.04 81 1.70 0.40 1.00 0.997

V-R2 (60/40) 197 1.72 68 1.99 0.38 1.48 0.993

V-R2 (40/60) 196 1.08 68 1.47 0.50 0.53 0.999

PLA-R2 195 1.06 73 2.20 0.40 0.88 0.997

Figure 8 (a) Flyn-Wall-Ozawa (FWO) and (b) Kissinger-Akahira-Sunose (KAS) thermo-oxidative degradation representations 
for the compounded blend V-R2 (40/60); (c) calculated activation energy as a function of conversion degree through FWO and 
KAS for the compounded blend V-R2 (40/60); (d) averaged calculated activation energies (symbols) and theoretical model 
(lines), as a function of conversion degree for virgin (PLA-V), reprocessed (PLA-R1 and PLA-R2) and virgin/reprocessed PLA 
blends (V/R). Error bars were omitted for the sake of clarity.
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terms of thermo-oxidative stability, morphology, vis-
coelasticity and energetic requirements for decompo-
sition kinetics. 

The slight reduction of the zero-decomposition 
temperature ZDT0 of the PLA-V/R blends was tech-
nically assumable and presented a safe temperature 

© 2017 Tech Science Press 

4 CONCLUSIONS

Blends of virgin and reprocessed polylactide (PLA-
V/R) were obtained by the usual industrial machinery, 
under typical processing parameters for virgin PLA. 
The performance of PLA-V/R blends was assessed in 
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margin similar to that of virgin and reprocessed PLA. 
Therefore, PLA-V/R blends showed appropriate 
thermo-oxidative stability.

The PLA-V/R blends kept the amorphous nature of 
polylactide, regardless of the type and/or amount of 
reprocessed PLA in the formulation of the blend. The 
PLA-V/R blends did not modify the glass transition 
of the material so it could be used in applications with 
similar thermal service conditions to those of virgin 
PLA-V.

The storage modulus of PLA-V/R blends was, in 
general, slightly higher than that of virgin PLA-V 
and both reprocessed PLA-R1/R2, offering values in 
the same order of magnitude. The mechanical blend-
ing effectiveness (MBE) increased with the content of 
reprocessed PLA in the blend, regardless of the type 
of recycled PLA, so blending could also be considered 
positive from the mechanical point of view. These 
results indicated the suitability of PLA-V/R blends 
to be used in applications with similar mechanical 
stresses to those of virgin PLA.

The energetic demand for the thermo-oxidative 
decomposition of PLA-V/R blends was lower and 
varied in a narrower margin than virgin PLA-V or 
both reprocessed PLA-R1/R2. Therefore, the energetic 
valorization of PLA-V/R blends would result in a 
more feasible process.

To sum up, since the combination of virgin and 
reprocessed polylactide showed similar processability, 
service performance and valorization routes to those 
of virgin polylactide, they could be relevant in the sus-
tainable circular industry of bioplastics. 
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