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Abstract: Polylactide (PLA) is one of the most important bioplastics worldwide and thus represents
a good potential substitute for bead foams made of the fossil-based Polystyrene (PS). However,
foaming of PLA comes with a few challenges. One disadvantage of commercially available PLA is its
low melt strength and elongation properties, which play an important role in foaming. As a polyester,
PLA is also very sensitive to thermal and hydrolytic degradation. Possibilities to overcome these
disadvantages can be found in literature, but improving the properties for foaming of PLA as well
as the degradation behavior during foaming have not been investigated yet. In this study, reactive
extrusion on a twin-screw extruder is used to modify PLA in order to increase the melt strength and
to protect it against thermal degradation and hydrolysis. PLA foams are produced in an already
known process from the literature and the influence of the modifiers on the properties is estimated.
The results show that it is possible to enhance the foaming properties of PLA and to protect it against
hydrolysis at the same time.
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1. Introduction

Degradation describes any type of mechanism in which there is a reduction in molecu-
lar weight and consequently a shortening of the polymer chains. These include hydrolysis,
enzymatic oxidation, photooxidation and auto-oxidation. Mechanical and thermal as well
as UV radiation-induced degradation can also occur. All these processes take place without
the presence of microorganisms, which is why they are called abiotic degradation processes.
This is their difference from biodegradation, which involves microorganisms. The abiotic
degradation processes can lead to fragmentation and the formation of small microparticles,
which in turn can be metabolized by microorganisms [1,2].

PLA, as with many other bioplastics, is very sensitive to thermal and hydrolytic
degradation, which is characteristic of all polyesters. In this process, cleavage takes place
at the hydrolyzable groups, such as esters, by water molecules. The structural formula of
PLA is shown below in Figure 1, with the functional groups color-coded.
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Figure 1. Chemical structure of PLA with its functional groups.
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In hydrolysis, a distinction must be made between two different types, acidic and basic
ester hydrolysis. Both reactions can occur in PLA and it must be noted whether the reaction
takes place within the chain or at the end groups and under which conditions. Hydrolysis is
influenced by several parameters, including on the one hand the prevailing environmental
conditions such as water activity, temperature, pH and time [3,4]. On the other hand, the
degree of crystallization, molar mass, size and geometry of the samples, stereo complex
formation, number of acid end groups and hydrophobicity also play a crucial role [5-8].
A special feature in PLA is also the occurrence of the so-called autocatalyzed hydrolysis.
The mechanism is similar to that of acid ester hydrolysis. The proton of the carboxyl
group catalyzes the hydrolysis reaction. The proton activates the carbonyl group and
makes it more susceptible to attack by water molecules. Under neutral conditions, a
slower degradation takes place and in alkaline media, a faster degradation takes place than
in acidic environments [1,4,9]. Hydrolysis often occurs during processing (for example
extrusion or injection molding) under the influence of high temperatures. One way to
counteract this is to pre-dry the PLA pellets very well before processing or to add stabilizers
during processing [6,7,10]. However, hydrolysis can occur not only at high temperatures,
but also at relatively moderate temperatures around 60 °C and under the influence of
increased humidity, such as under industrial compost conditions [11].

Hydrolytic degradation does not necessarily end in complete decomposition of the
material. However, it must be considered in order to identify and minimize downgrading
of the polymer properties. The literature contains numerous papers and patents that coun-
teract undesirable degradation with chemical modifiers [3,6-8,10,12-17]. The substance
classes epoxides, carbodiimides and phosphorous acid esters have shown the most promise
to date [10,13]. Most of these modifiers react with the end groups of PLA to inhibit the
hydrolysis. The determination of the acid value is a method to verify possible reactions
between modifiers and PLA and degradation through processing. Although there are some
ways to prevent the hydrolysis of PLA, to the best of our knowledge, this was not investi-
gated for foaming. Especially in bead foaming, PLA has to undergo different processing
steps, such as compounding, foaming and welding.

Often, biopolymers such as PLA are said to be potential alternatives in packaging
applications. Here, expanded PS (EPS) and expanded Polypropylene (EPP) are the market
leaders due to their possible complex geometries compared with their low densities. In
order to compete with these materials, PLA bead foams have to be made and fused
together. Standau et al. [18] showed different ways of producing bead foams. As an
example, expanded PLA (EPLA) can be made by a stirring autoclave process described by
Nofar [19]. This process is characterized by a water-polymer mixture which is processed
at temperatures far above 100°C, which leads to a tremendous degradation and therefore
a loss in mechanical stability. To be competitive with polyolefine bead foams, the used
polylactides need to be modified in order to prevent degradation during processing.

As a conclusion, PLA suffers from hydrolytic degradation during processing. There-
fore, several modifiers have been used to increase the molecular structure and prevent the
PLA from degradation during processing. Modified samples have been processed in a
stirring autoclave process according to the literature to evaluate the stabilizing effect of
the modifiers.

2. Experimental
2.1. Materials

In this study, PLA Ingeo 2003 D from NatureWorks Ltd. (Minnetonka, USA) was mod-
ified with two different chemical modifiers. Dicumyl peroxide (DCUP) from Sigma Aldrich
was used as a melt strength enhancer and poly carbodiimide from Lanxess, Cologne, Ger-
many as a hydrolysis stabilizer. Both modifiers were incorporated by reactive extrusion
with a ZSK 26 twin screw extruder (Coperion GmbH, Stuttgart, Germany). The concentra-
tions were selected based on pre-trials with 0.1 and 0.2 wt% for the peroxide and 0.5 wt%
for the poly carbodiimide.
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2.2. Methods
2.2.1. Rheological Investigation

Using a Discovery HR-2 plate-to-plate rheometer from TA Instruments, USA (plate
diameter 25 mm; plate spacing 1 mm), the linear viscoelastic deformation behavior of
PLA and the modified grades was determined. Prior to measurement, the materials
were dried overnight at 40 °C in a vacuum oven. The viscosity measurements were
then carried out under a nitrogen atmosphere. To determine the thermal stability and
to investigate if the chemical reactions were completed, time-sweep measurements were
performed at a constant angular velocity of 1 rad/s, a shear stress amplitude of 5 % and
a measurement temperature of 180 °C. The measurement time was 1800 s. A frequency
sweep was performed to determine the viscoelastic flow behavior. Here, at a shear stress
amplitude of 5% and a temperature of 180 °C, the angular velocity is varied from 500 to
0.01 rad/s.

2.2.2. Size ExIcusion Chromatography (SEC)

An Agilent 1260 (Agilent, Waldbronn, Germany), equipped with a PSS-SDV precol-
umn (10 um) 50 mm x 8 mm and three linear PSS-SDV columns (10 pm) 300 mm X 8 mm
(with pore sizes of 103 A, 105 A and 106 A), from PSS (Mainz, Germany) was used to
determine the molar mass. Measurements were made in chloroform at a temperature of
30 °C and a flow rate of 1.0 mL/min. Using a PSS SECurtiy 1260 differential detector (PSS,
Mainz, Germany), the molar mass could be calculated. In order to investigate the influence
of the modification and the chemical constitution, GPC measurements were performed
using a PSS DVD 1260 viscosity detector (PSS, Mainz, Germany).

2.2.3. Acid Value Determination

The acid number was determined according to EN ISO 2114:2000 to verify whether
the acid end group had been modified by reactive extrusion. For the subsequent deter-
mination of the acid number, 3 or 6 g PLA were dissolved in 100 mL chloroform (Carl
Roth, Karlsruhe/Germany) and stirred for at least three hours. The glass electrode (type
6.0229.100 from Methrom (Filderstadt, Germany)) was then placed in the analysis vessel.
While stirring, the methanolic KOH solution was added stepwise (0.5 mL steps or 0.2 mL
steps around the equivalence point) and the voltage value of the potentiometer (“AL15”
from Tintometer GmbH—Lovibond Water Testing, Dortmund, Germany) was noted. The
measurement was stopped as soon as the voltage value of the potentiometer changed only
slightly after the addition of the methanolic KOH solution. The potentiometer “AL15” was
used (Tintometer GmbH—Lovibond Water Testing, Dortmund, Germany).

2.2.4. Foaming

A self-made stirring autoclave was used for processing the polymer granules. Here,
the materials were processed as it is known for EPLA bead foams in the literature [19].
Deionized water and the pellets were put in the autoclave. Afterwards, it was sealed and
a pressure of 50 bar of CO; was applied. The setup was heated up to a temperature of
120 °C, saturated for 30 min and released out of the autoclave. The gained materials after
this processing were used to evaluate the degradation behavior of the samples.

3. Results
3.1. SEC Results

The used PLA was modified on a twin-screw extruder with DCUP (0.1 wt% /0.2 wt%)
and PDCI (0.5 wt%). After the reactive modification, the effectiveness of the modifiers
was verified. One way to investigate this is by the method of SEC, which can be used to
determine the molar mass and a molar mass distribution. The principle is based on the
separation of molecules according to their molecular size. Figure 2 shows the molar mass
and polydispersity index (PDI) of all produced compounds.
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Figure 2. SEC-Results of all PLA compounds.

The organic peroxide led, as well as the PDCI, to an increased molar mass. As the
amount of DCUP increases, this effect is enhanced. The addition of PCDI leads also
to an increase in molar mass but is less pronounced than DCUP. The reason why the
molar mass does not increase that much is that PCDI only reacts with the end groups of
PLA. The combination of DCUP and PCDI showed the highest increase in molar mass.
The results show on the one hand that a successful modification took place during the
reactive extrusion on the twin-screw extruder and thus a chemical reaction between the
two components has occurred. Furthermore, the increase in molar mass indicates a change
in the linear structure of the PLA, which will be considered in more detail in the following
rheological investigations.

3.2. Rheological Investigation

Figure 3 shows the measured frequency sweeps of the unmodified PLA compared to
the modified ones.
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Figure 3. Rheological measurements of the PLA compounds.

All materials show a typical shear thinning behavior. Pure, unmodified PLA shows a
chain progression typical for linear polymers. Modification with DCUP leads to an increase
in zero viscosity, but the curves still show typical shear thinning behavior and form a
Newtonian plateau in the low-frequency range, except PLA with 0.2. wt% DCUP and
0.5 wt% PCDI. With higher amount of DCUP, a higher zero shear viscosity is observed.
The increase in viscosity can be explained by the change in the molecular chain structure of
the modified PLA. DCUP decomposes during reactive extrusion to form radicals that can
attack the PLA chain leading to a chain extension or/and branching. It has already been



Polymers 2021, 13, 2624

50f7

described in the literature that DCUP can lead to branching or cross-linking of polymer
chains [12]. The longer chains and branching in the modified PLA result in entanglements
that act like a physical network, leading to longer relaxation times. This leads to the fact
that the Newtonian range is only indicated at low frequencies. The addition of 0.2 wt%
DCUP is more effective than that of 0.1 wt% because a higher number of possible reactive
groups are available which leads to an amount of extensions. PCDI was added as a
hydrolysis stabilizer. As seen with the SEC results before, the addition of 0.5 wt% PCDI
leads to an increase in molar mass und therefore also to an increase in the complex viscosity
compared to neat PLA. Consequently, the combination of DCUP with PCDI results in
the highest complex viscosity of all materials and to a change in the curve flow due to a
complementation of the chain extension and the prevention to degradation.

Timesweep measurements were used to observe the thermal stability. The thermal
stability is crucial for the processing, especially for the foaming process of polymers. In
addition, information is obtained about the conversion of the chemical reaction during the
reactive extrusion. Degradation reactions as well as post-reactions are generally undesirable
and should be avoided or at least taken into account. The normalized complex viscosity as
a function of time is shown in Figure 4.

—&— PLA neat

|—®—PLA +0.1 wt% DCUP
PLA +0.2 wt% DCUP
PLA +0.5 wt% PCDI
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Figure 4. Normalized time-dependent viscosity of the compounds.

The time sweep was done for 30 min at isothermal temperature of 180 °C for all inves-
tigated compounds. It can be seen that the neat PLA has the highest degree of degradation,
followed by the different peroxide-containing compounds. The PCDI stabilized material
and the modified stabilized modifications show the highest relative viscosity indicating
no or even a low degradation during the timesweep. After the first 400 s, for all materials
except those with PCDI, the normalized complex viscosity decreases due to degradation
processes. The use of PCDI led to the desired stabilization process. However, only a slight
decrease in complex viscosity for the PLA with 0.5 wt% PCDI can be observed after 30 min.
Additionally, the reaction regarding the chain extension proceeded completely and no
post-reactions could be observed. The combination of DCUP and PCDI has the highest
complex viscosity and is stable over the time of 1800 s.

3.3. Acid Value Determination

The determination of the acid value is a method to verify if chemical reactions at the
end groups of PLA occurred. Table 1 shows the results of the acid value of the different
PLA compounds before and after the foaming.
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Table 1. Determined acid values in mmol/kg.

Compound Acid Value before Foaming Acid Value after Foaming
PLA neat 18.78 £ 0.04 30.60 + 0.13
PLA + 0.1 wt% DCUP 20.80 4= 0.25 31.87 +1.20
PLA + 0.2 wt% DCUP 26.63 £0.19 34.83 £0.31
PLA + 0.5 wt% PCDI 0.72 £0.03 2.03 £0.98
PLA + 0.2 wt% DCUP + 0.5 wt% PCDI 1.15+0.20 5.67 £ 0.31

The higher the acid value, the higher the amount of carboxyl end groups of PLA
and therefore more possibilities for a hydrolytic reaction are given. PCDI can react with
these end groups and lead to a small acid value. This means that PCDI is capturing the
carboxyl end groups, which hinders the hydrolytic reaction. The results before indicated
that a reaction between PLA and PCDI happened. The acid values before foaming were
determined after the compounding step. The addition of 0.5 wt% PCDI leads to the smallest
acid value. It confirms the other results and the expected reaction of PLA and PCDI. The
combination of both modifiers has a higher acid value of 1.15 but it is still in a range where
hardly any end groups exist in the whole polymer chains. As a comparison the neat PLA
showed an acid value of about 18.8 mmol/Kg. The conditions during the foaming led
for all materials to an increase of the acid value indicating a chain scission during the
processing. This is not surprising, looking at the processing conditions (PLA pellets in
water at 120 °C for 30 min). As it is known from literature, hydrolysis of PLA takes place
around 60 °C and under humidity. Therefore, it can be concluded that the processing
conditions for the foaming contain the ideal surroundings for hydrolysis.

4. Conclusions

PLA was successfully modified via reactive extrusion. By using 0.2 wt% of an organic
peroxide, the molar mass and complex viscosity could be increased. To prevent PLA from
undergoing hydrolysis, a stabilizer was used. To receive good foaming properties as well
as a thermally and hydrolytically stable PLA, the two modifiers were combined. The
combination of 0.2 wt% DCUP and 0.5 wt% PCDI leads to the highest molar mass and the
best thermal stabilization. By using the acid value determination, it could be shown that
the stabilizer reacts with the end groups of PLA and that several processing steps such as
extrusion and foaming can lead to a degradation of PLA. As a result, it is indispensable
to prevent PLA from hydrolysis to ensure that there is no downgrade of the properties of
PLA. In future works, different modifiers and stabilizers could be investigated and also the
following processing steps of bead foams, such as welding.

Author Contributions: Conceptualization, J.D.; methodology, J.D. and C.B. (Christian Briitting);
software, ].D., validation, J.D. and C.B. (Christian Briitting); formal analysis, J.D.; investigation, ].D.
and C.B. (Christian Briitting); resources, J.D.; data curation, J.D.; writing—original draft preparation,
J.D. and C.B. (Christian Briitting); writing—review and editing, ].D. and C.B. (Christian Briitting);
visualization, J.D.; supervision, V.A., H.R. and C.B. (Christian Bonten); funding acquisition, V.A.,
H.R. and C.B. (Christian Bonten). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by German Research Foundation (DFG) (392851979).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors kindly like to thank the scientific staff members who contributed
with inspiring discussions and all technicians and students for their support during the experiments.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2021, 13, 2624 70f7

References

1.  Lucas, N.; Bienaime, C.; Belloy, C.; Queneudec, M.; Silvestre, F.; Nava-Saucedo, J.-E. Polymer biodegradation: Mechanisms and
estimation techniques. Chemosphere 2008, 73, 429-442. [CrossRef] [PubMed]

2. Farah,S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread applications—
A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367-392. [CrossRef] [PubMed]

3.  Elsawy, M.A,; Kim, K.-H.; Park, J.-W.; Deep, A. Hydrolytic degradation of polylactic acid (PLA) and its composites. Renew.
Sustain. Energy Rev. 2017, 79, 1346-1352. [CrossRef]

4.  Haider, T.P; Volker, C.; Kramm, J.; Landfester, K.; Wurm, ER. Kunststoffe der Zukunft? Der Einfluss von bioabbaubaren
Polymeren auf Umwelt und Gesellschaft. Angew. Chem. 2019, 131, 50-63. [CrossRef]

5. Lim, L.-T.; Auras, R.; Rubino, M. Processing technologies for poly(lactic acid). Prog. Polym. Sci. 2008, 33, 820-852. [CrossRef]

6.  Al-ltry, R; Lamnawar, K.; Maazouz, A. Improvement of thermal stability, rheological and mechanical properties of PLA, PBAT
and their blends by reactive extrusion with functionalized epoxy. Polym. Degrad. Stab. 2012, 97, 1898-1914. [CrossRef]

7. Yang, L.; Chen, X;; Jing, X. Stabilization of poly(lactic acid) by polycarbodiimide. Polym. Degrad. Stab. 2008, 93, 1923-1929.
[CrossRef]

8. Janorkar, A.V,; Metters, A.T.; Hirt, D.E. Modification of Poly(lactic acid) Films: Enhanced Wettability from Surface-Confined
Photografting and Increased Degradation Rate Due to an Artifact of the Photografting Process. Macromolecules 2004, 37, 9151-9159.
[CrossRef]

9.  Gorrasi, G.; Pantani, R. Effect of PLA grades and morphologies on hydrolytic degradation at composting temperature: Assessment
of structural modification and kinetic parameters. Polym. Degrad. Stab. 2013, 98, 1006-1014. [CrossRef]

10. Ehrenstein, G.W.; Pongratz, S. Bestindigkeit von Kunststoffen; Edition Kunststoffe; Hanser: Miinchen, Germany, 2007; ISBN
978-3-446-21851-2.

11. Mohanty, A.K; Drzal, L.T.; Misra, M. Natural Fibers, Biopolymers, and Biocomposites; Taylor & Francis: Boca Raton, FL, USA, 2005;
ISBN 9781280400148.

12. Badia, J.D.; Ribes-Greus, A. Mechanical recycling of polylactide, upgrading trends and combination of valorization techniques.
Eur. Polym. J. 2016, 84, 22-39. [CrossRef]

13. Cicero, J.A; Dorgan, J.R.; Dec, S.F,; Knauss, D.M. Phosphite stabilization effects on two-step melt-spun fibers of polylactide.
Polym. Degrad. Stab. 2002, 78, 95-105. [CrossRef]

14. Gottermann, S.; Standau, T.; Weinmann, S.; Altstddt, V.; Bonten, C. Effect of chemical modification on the thermal and rheological
properties of polylactide. Polym. Eng. Sci. 2017, 57, 1242-1251. [CrossRef]

15. Karst, D.; Yang, Y. Molecular modeling study of the resistance of PLA to hydrolysis based on the blending of PLLA and PDLA.
Polymer 2006, 47, 4845-4850. [CrossRef]

16. Oliveira, M.; Santos, E.; Aratjo, A.; Fechine, G.J.; Machado, A.V.; Botelho, G. The role of shear and stabilizer on PLA degradation.
Polym. Test. 2016, 51, 109-116. [CrossRef]

17. Rasal, RM,; Janorkar, A.V.; Hirt, D.E. Poly(lactic acid) modifications. Prog. Polym. Sci. 2010, 35, 338-356. [CrossRef]

18. Standau, T.; Zhao, C.; Castellon, S.M.; Bonten, C.; Altstddt, V. Chemical Modification and Foam Processing of Polylactide (PLA).
Polymers 2019, 11, 306. [CrossRef] [PubMed]

19. Nofar, M.; Ameli, A ; Park, C.B. A novel technology to manufacture biodegradable polylactide bead foam products. Mater. Des.

2015, 83, 413-421. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2008.06.064
http://www.ncbi.nlm.nih.gov/pubmed/18723204
http://doi.org/10.1016/j.addr.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/27356150
http://doi.org/10.1016/j.rser.2017.05.143
http://doi.org/10.1002/ange.201805766
http://doi.org/10.1016/j.progpolymsci.2008.05.004
http://doi.org/10.1016/j.polymdegradstab.2012.06.028
http://doi.org/10.1016/j.polymdegradstab.2008.06.016
http://doi.org/10.1021/ma049056u
http://doi.org/10.1016/j.polymdegradstab.2013.02.005
http://doi.org/10.1016/j.eurpolymj.2016.09.005
http://doi.org/10.1016/S0141-3910(02)00123-4
http://doi.org/10.1002/pen.24505
http://doi.org/10.1016/j.polymer.2006.05.002
http://doi.org/10.1016/j.polymertesting.2016.03.005
http://doi.org/10.1016/j.progpolymsci.2009.12.003
http://doi.org/10.3390/polym11020306
http://www.ncbi.nlm.nih.gov/pubmed/30960290
http://doi.org/10.1016/j.matdes.2015.06.052

	Introduction 
	Experimental 
	Materials 
	Methods 
	Rheological Investigation 
	Size Exlcusion Chromatography (SEC) 
	Acid Value Determination 
	Foaming 


	Results 
	SEC Results 
	Rheological Investigation 
	Acid Value Determination 

	Conclusions 
	References

