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On the Recycling of a Biodegradable Polymer: Multiple Extrusion of Poly (Lactic Acid)
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Poly (lactic acid) (PLA) was submitted up to five cycles of extrusion in order to evaluate the effect 
of mechanical recycling. The material was evaluated under two conditions, thoroughly dried before 
processing and without drying. The changes in the molecular weight, acidity, thermal properties and 
coloring were assessed after each extrusion, and with this information, mechanisms of degradation were 
purposed. Molecular weight was reduced at a maximum of 30% after the most aggressive condition; five 
cycles without drying, which caused also an increase in acidity due to hydrolysis. Thermal properties 
were not significantly altered, which in combination to the molecular weight decrease allow to infer 
the recyclability of PLA. However, the most degraded samples had developed strong yellowing, 
particularly for samples without drying, which could be a problem for final products.
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1. Introduction
As environmental issues are gaining importance over 

the years, the use of fossil materials and the polymeric 
waste production are targets of several efforts and studies to 
their reducing. Poly (lactic acid) (PLA), or polylactide, is a 
material of interest in this context, for being biodegradable 
and originated from renewable sources1,2.

PLA is one of the more outstanding polymer among 
biodegradable and green polymers, for being commercially 
available in large-scale production and wide range of grades, 
which enables all usual thermoplastic processes of manufacture 
such as extrusion, injection molding, blow molding, blown 
film extrusion, and with these, several possibilities on 
packaging applications. Due to its biocompatibility, it has 
also several biomedical applications like sutures, scaffolds 
and drug carriers. PLA nowadays represents about 10% of 
the bioplastics market3-5.

PLA properties, such as good processability, mechanical 
properties, thermal stability and low environmental impact, 
which make it a substitute to commodities in well-established 
sectors. For instance, the Life Cycle Assessment (LCA) of 
PLA drinking bottles in comparison to PET bottles, shows 
a gain on reducing global warming potential, reducing 
dependency on fossil energy and decreasing human toxicity. 
Also considering that not always the End of Life of the product 
is taken on LCA account, the recyclability as a manner of 
extend its service life, before disposal on proper facilities to 
biodegrade, could make PLA an even better alternative6-8.

Mechanical reprocessing is one of the simplest routes 
to extend the service life of a polymeric material and 
environmentally superior to chemical recycling, however it 
has also some complexities, particularly when applied to waste 

materials, which require additional processes of separating 
and washing. Even though in the mechanical reprocessing of 
non-waste materials, there is always associated degradation 
mechanisms due to the presence of heat, shear stresses, 
and in the case of polycondensates as PLA, moisture3,5,9. 
The degradation mechanisms of PLA are very complex 
and involve hydrolysis, non-radicalar reactions such as 
transesterifications, cis-eliminations and radicalar reactions 
as well10. Understanding the mechanisms of degradation 
during processing may be a good starting point to consider 
the use of additives or variation of processing variables to 
reduce degradation and allow more cycles of processing.

Several studies have been conducted on the topic of 
mechanical recycling of PLA. Beltran and co-authors11 have 
found that the thermal stability and crystallinity of PLA have 
not changed after reprocessing, as well as clarity and barrier 
properties, suggesting that the recycled PLA could be reused 
for applications such as packaging. However, the studies 
of Zhao and co-authors12 on the recycling of 3D-printing 
PLA show that the polymer could not be reprocessed up to 
two cycles without severe loss of properties and viscosity. 
This could be an indication of the role of additives on 
degradation present on different grades of PLA for different 
applications. Another strategy for reprocessing PLA is using 
chain extenders to overcome the possible molecular weight 
reduction during recycling. The introduction of the chain 
extenders, in general, results to an improvement of properties 
such as molecular weight, MFI, thermal and mechanical 
properties13,14. Although, this could be an unnecessary step 
when the reprocessing causes little change on the properties 
of interest as discussed above.

This study aimed to assess the effects of multiple extrusions 
on PLA with different levels of moisture, with focus on the *liviagarciagoncalves@gmail.com
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molecular weight changes, acidity and discoloration, as well 
as the possible correlations of those effects with the reaction 
mechanisms of degradation.

2. Experimental

2.1 Materials
PLA used in multiple extrusions was Ingeo™ Biopolymer 

7001D (NatureWorks LLC) with MFR of 6 g/10 min 
(210°C, 2.16 kg).

2. 2 Multiple extrusion of PLA
Multiple extrusions were conducted in a co-rotating 

twin-screw extruder, B&P Process Equipment and Systems, 
model MP19, with screw diameter of 19 mm and length/
diameter (L/D) ratio of 25. Temperature profile was set at 150, 
180, 180, 180, 180 and 180°C and screw speed of 100 rpm. 
PLA was extruded under different reprocessing conditions: 
using a dried PLA prior to each cycle of extrusion and without 
drying. In latter case, PLA was used before the first extrusion 
as is, stored at room temperature, with no humidity control, 
and thereafter it was extruded sequentially with cooling in a 
bath of water and without drying between the steps. For the 
first condition (reprocessing of dried PLA), samples were 
dried for at least 4 h in a vacuum oven at 75ºC.

2.3 Characterization
Samples were characterized by titration of the acid 

groups, molecular weight measurements, thermal properties 
and yellowness index.

Acidity percentage was acquired by titration of the 
acid groups with 0.04M ethanolic KOH solution, using 
phenolphthalein as indicator, and a back titration was 
achieved with 0.04M HCl solution in isopropyl alcohol. 
Samples were dried and solubilized in chloroform (0.5 g 
of sample in 50 mL solvent), at room temperature, until 
complete solubilization. Acidity percentage in the samples 
was calculated through Equation 1:

e KOH caV *C *M% acidity *100
m

 =  
 

  (1)

Where, Ve is the equivalent volume of KOH added 
(VKOH + Vexcess – VHCl), CKOH molar concentration of KOH, Mca 
is the molar mass of PLA carboxylic acid group (45 g/mol) 

and m is the mass of the sample. All titrations were performed 
in triplicate. This methodology is better described in15.

Relative molecular weights of samples were determined 
using Malvern Viscotek_HT-GPC liquid chromatograph 
equipped with refractive index detector and operating with 
tetrahydrofuran (THF) as solvent and test temperature of 
50°C. Main flow (column) and auxiliary flow (detector) of 
1.0 mL/min were employed. A calibration curve was obtained 
from polystyrene (PS) standards.

Thermal analyses were carried out in a differential 
scanning calorimeter, TA Universal Analysis, model Q100. 
Samples were submitted to two heating cycles at a rate of 
10 °C/min, from 20°C to 200°C, under a nitrogen atmosphere 
and 5 min isothermal at 200°C (after first heating) and at 
20°C (after cooling). Thermal properties were determined 
from the second heating cycle.

Yellowness index were measured with a BYK spectro-guide 
sphere gloss colorimeter obtaining the CIELab coordinates 
of color from three different points of square samples, with 
same thickness of 1.1 mm, obtained by melt pressing in a 
mold. Averages of the CIELab coordinates were calculated 
for the virgin material, and material retrieved from first, 
third and fifth cycles of extrusion. The yellowness index 
for each sample was calculated according to ASTM E313.

3. Results
Table 1 shows the molecular weight number- and weight-

average (Mn and Mw, respectively) and the polydispersity index 
(PDI, Mn/Mw) calculated from the SEC curves. The proper 
drying protocol of the virgin material reflects on its very 
little degradation, with a reduction of approximately 2% of 
molecular weight averages on the first extrusion. However, 
drying alone could not avoid subsequent degradation due 
to the influences of heat and shear stresses of the extrusion 
process, the decrease on molecular weight is around 5% per 
cycle (Table 1 - Dried PLA).

According to Yu et al.6, with the thermal degradation of 
PLA, the random mechanisms would cause an increase of 
the polydispersity value towards 2, the theoretical value of 
PDI for condensation polymers. In their work, this evolution 
of the PDI values to 2, is followed with a severe decrease, 
of at least half, of the original molecular weight.

Considering that the reduction of molecular weight for the 
present results is, at maximum, of 20% for this set of dried 
samples, a steep increase of polydispersity is not expected, yet 

Table 1: Molecular weight averages after multiple extrusions obtained by SEC

Dried PLA
Virgin 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle

Mn 126800 124300 119500 112000 103500 99100
Mw 223400 219800 210600 203200 190700 184000

IPD 1.762 1.769 1.762 1.815 1.842 1.857
Humid PLA

Virgin 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle
Mn 123400 122500 110600 100200 90600 84000
Mw 229600 223600 206700 189800 174700 161700

IPD 1.861 1.825 1.869 1.895 1.928 1.925
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values rise from 1.76 to 1.86 with the extrusions. Therefore, 
random mechanisms of degradation are predicted.

Most of the mechanisms proposed in the literature for 
the thermal degradation of PLA such as, transesterification, 
cis-elimination, and the radicalar mechanisms, which are 
plausible to occur during extrusion, due to the presence of 
shear stresses, are characterized to be random17-19. Thus, 
polydispersity cannot define the main mechanism of degradation.

The averages in Table 1 (humid PLA) point to a very 
similar path when compared to the dried sample. However, 
the addition of moisture to this system causes an increase to 
the degradation conditions. First extrusion leads to a reduction 
of more than 2% of Mw. The next cycles induce from 8 up 
to 9% of molecular weight decrease for each extrusion.

From the literature, a PLLA at room temperature with 
65% of relative humidity has 0,3% in weight of moisture 
content20. The material in this study has been stored in 
similar conditions. In the same way, on previous studies 
by our research group of the material in this present work, 
its immersion in water at room temperature resulted on 
a moisture content of 0,4% in weight, measured by Karl 
Fischer titration. Therefore, it is believed that the PLA 
uses has moisture percentage between 0,3 and 0,4%. Thus, 
this may be the responsible for the increase on degradation 
caused by the first extrusion.

During extrusions, it was considered that the final extrudate 
material maintained a relatively constant amount of moisture, 
due to the balance of the evaporation of some moisture during 
the extrusion process at 180°C and the absorption of water 

on the cooling bath. The constant degradation percentage 
of each cycle corroborates to this hypothesis of a little and 
negligible moisture addition.

The higher degree of degradation caused by the presence 
of moisture indicates hydrolysis occur concurrently with 
thermal degradation. The mechanisms of hydrolysis, though, 
depends on the pH media. Assuming the initial content 
of moisture, and the presence of residual monomer, it is 
possible to consider a slightly acidic media to degradation. 
In this case, hydrolysis may happen with the protonation 
of a random carbonyl in the chain, or the protonation of the 
terminal hydroxyl group. The first route leads to a split in two 
chains of smaller molecular weight, while the latter results on 
the liberation of a lactic acid molecule and the reduction of 
one in the degree of polymerization of the former chain21,22.

With either mechanism, hydrolysis or thermal, degradation 
of PLA leads to an increase of chain ends, and part of these 
chain ends are carboxylic, which would cause an increase 
in the acidity of the samples. Figure 1 shows the weight 
percentage of acidity determined via titration of samples in 
a chloroform solution.

The acidity percentage increases with processing, very 
slightly, however, for the first three cycles, regardless of 
drying or not, but remaining relatively constant for the 
dried samples and noticeably higher for the last two cycles 
of the humid samples. The acidity increase for the latter is 
compatible with the reduction of molecular weight. This 
data also allows to infer about the degradation mechanism 
of hydrolysis, this increase would be possible when there is 
the formation of new chain ends (Figure 2a). If hydrolysis 
occurred by the second mechanism, with liberation of lactic 
acid as depicted on Figure 2b, these lactic acid molecules 
would be evaporated during processing or on drying prior 
to titration.

As for the thermal degradation, the mechanisms of reaction, 
either transesterification or cis-elimination (Figures 3a and 3b) 
are compatible with a decrease on molecular weight without a 
major increase on acidity, because some of the new structures 
formed with chain scission will be a cycle, and therefore not 
having a carboxylic end.). Radicalar degradations (Figure 4) 
would cause similar effects on acidity.

Thermal properties are shown on Table 2. From the table 
follows that the decrease of molecular weight does not alter 
significantly the thermal properties of the extrudates. There is Figure 1. Acidity percentage and Mw for multiple extrusion samples

Figure 2. Schematic representations of PLA hydrolysis in acidic conditions: a) intra chain cleavage and b) end chain cleavage. Adapted from21
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Figure 3. Schematic representations of chain scission reactions of PLA: a) cis-elimination; b) intramolecular transesterification. Adapted from18

Table 2: Thermal properties obtained by DSC for the multiple extrusion samples

Dried PLA
Virgin 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle

Tg (˙C) 60.55 60.39 60.35 60.97 60.00 60.84
Tc (˙C) 129.45 119.49 115.92 115.02 113.79 114.07

∆Hcc (J/g) 0.977 20.59 22.47 23.50 26.20 23.69
Tm (˙C) 151.28 151.16 150.27 150.95 149.40 150.19
∆Hm (J/g) 1.161 23.80 23.75 22.26 26.29 26.65

Xc (%) 1.2 25.6 25.5 23.9 28.2 28.6
Humid PLA

Virgin 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle
Tg (˙C) 60.55 61.14 60.74 60.59 60.49 60.20
Tc (˙C) 129.45 117.06 113.50 112.64 112.30 112.20

∆Hcc (J/g) 0.977 18.70 23.07 22.69 25.85 25.55
Tm (˙C) 151.28 149.87 150.11 149.77 148.93 149.49
∆Hm (J/g) 1.161 22.31 24.29 22.18 25.30 29.09

Xc (%) 1.2 24.0 26.1 23.8 27.2 31.2

Figure 4. Example of a radicalar mechanism of PLA degradation. Adapted from23
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no change on the temperature of glass transition (Tg), which 
remains around 60ºC for all samples, with a variation of 
less than 1ºC. Reduction on the glass transition temperature 
could be related to the presence of more chain ends, and the 
increase of free volume caused by them. Or related to the 
presence of fragments from chain scission which could act 
as plasticizers for the material. Either way, considering the 
extent of molecular weight reduction, the increase in free 
volume, or chain fragments, is not significant to a dramatic 
decrease of Tg determined by DSC2.

The crystallization behavior also remains the same. 
All samples have significant exothermic peaks due to cold 
crystallization, whose magnitude, in most cases, equals 
to the values of the endothermic melting peaks, which 
indicates that, in these conditions of cooling, the samples 
are amorphous. Some samples may have presented a more 
relevant difference between cold crystallization enthalpy 
(∆Hcc) and melt enthalpy (∆Hm), but this is considerably 
more related to the indistinct separation of the two peaks of 
interest, as observed by Zenkiewicz et al. than to a tendency 
of increase crystallinity.

There is, however, a tendency to an increase of the values 
of both enthalpies, which could be related to an increase of 
the potential of crystallization of these materials. The increase 
of crystallinity could not be noticed on the final material due 
to the reduction of nucleating and growth rate caused by the 
presence of 4% of D-isomer. The increase on the potential 
of crystallization is, though, explained by the molecular 
weight reduction, as smaller chains have higher mobility 
to be crystallized24. Moreover, this phenomenon occurred 
at lower temperatures compared to the virgin PLA, as can 
be seen by the cold crystallization temperature (Tc), and 
there was a trend towards Tc reduction along with extrusion 
cycles, probably due to reduced molecular weight of these 

formulations. On the other hand, melt temperature (Tm) 
showed similar results for all samples.

Degree of crystallinity is determined by m
c 0

m

HX 100
H

∆
= ×
∆

 , 
being ∆Hm

0 = 93,1 J/g25

Mechanical tests were not performed in this work, 
nonetheless, comparing with the literature on multiple 
processing of PLA1,2,9,19, it is possible to infer that the 
mechanical properties could be diminished, with a tendency 
of decrease of tensile strength and impact strength. However, 
these results are often observed to molecular weight decreases 
higher than those obtained in this work, caused by more 
than five cycles of extrusion, or cycles of injection molding.

The multiple extrusion process leads to visually noticeable 
yellowing, which is an undesirable effect for several 
applications, such as packaging. Figure 5 illustrates this 
effect. The quantification of this color change was approached 
with CIELab coordinates and ASTM E313 yellowness index 
(YI). Those results are shown on Table 3.

As a general trend, color formation is associated with 
degradation, with an increase of the yellowness index 
proportional to the molecular weight decrease. There is a 
strong deviation to yellow, noticed by the higher values of ‘b’ 
coefficient, but there are also deviations to red, with values 
of ‘a’ becoming positive and a darkening of the samples 
with the decrease of ‘L’.

Yellowing is associated with the increase of chromophore 
groups, whose conjugation causes absorption on higher 
wavelengths. Considering the degradation mechanisms of PLA, 
cis-elimination produces chain scission with the formation of 
a terminal double bond, which in conjugation with the nearest 
carbonyl double bond would form a chromophore. On the 
classical papers of polylactide degradation via pyrolysis17,18, 
however without shear and oxidative atmosphere, this 
mechanism is considered secondary.

Figure 5. Extrudates from different extrusion cycles for visual illustration purposes



Gonçalves et al.6 Materials Research

On the other hand, hydrolysis mechanisms are not 
responsible for the formation of conjugated bonds. Therefore, 
it would be expected from the dried samples to have higher 
yellowness indexes than the humid ones, as former discussed 
on literature by Wang et al.26. Nonetheless, the findings of 
the present work point to the opposite. The humid samples 
presents more discoloration than the dried ones. Meanwhile, 
as the material used in this experiments is a commercial 
polymer, it would be expected to contain additives, such as 
hydrolysis stabilizers, in its formulation, which could be the 
responsible for the color formation, however this hypothesis 
is yet to be tested on further studies.

4. Conclusions
This study of multiple extrusions of PLA allowed 

to have an insight on the degradation of the material in 
conditions similar to reprocessing and recycling. Despite 
being a biodegradable material, it would be beneficial, in 
terms of cost reduction, to increase its life cycle time through 
mechanical recycling.

The mechanisms of degradation were addressed by 
analyzing the results of SEC, acidity and colorimetry. 
Hydrolysis, induced by the presence of moisture, is preponderant 
to a more drastic reduction of molecular weight, when 
compared to dried samples, which were assumed to suffer 
only thermal degradation. Polydispersity and acidity support 
the hypothesis of random mechanisms of chain cleavage 
instead of a chain-end preferential route. Discoloration 
would endorse the predominance of cis-elimination among 
thermal mechanisms, since it is the only capable of produce 
conjugated double bonds. However, stronger discoloration 
on humid samples, implied that the color developing may 
not be due, primarily, to reactions of scission from the main 
PLA chain, which is to be investigated.

Results suggest that PLA is a good candidate to mechanical 
recycling, as reduction of molecular weight is not drastic 
even after five cycles of extrusion, showing a maximum 
decrease of 30%, when drying protocol is not applied, 
which is unconventional. Other properties, as thermal 
properties, remain practically unaltered along with cycles, 
yet, discoloration, as discussed above, may be a restraint 
for some of its applications.
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