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ARTICLE INFO ABSTRACT

Keywords: Nowadays, research into environmentally friendly, renewable materials is the focus of materials
Polylactic acid science. One of the best candidates for these purposes is polylactic acid (PLA), whose properties
Plasticizer

are determined mainly by its D-lactide content. PLA is often plasticized to achieve proper
toughness. Our aim was to investigate the combined effects of plasticizers and D-lactide content
on PLA. We investigated two different plasticizers: oligomeric lactide acid (OLA) and dioctyl
adipate (DOA). An internal mixer was used to prepare the compounds, and then sheets were
prepared by hot pressing. After mechanical and morphological analyses, we found that tensile
strength and modulus of neat PLAs and PLA-OLA compounds decreased almost linearly with
increasing D-lactide content. The mechanical properties of PLA-DOA compounds depended far
less on D-lactide content than in the case of PLA-OLA compounds. Plasticizers promote the
crystallization of crystallizable PLAs by their chain mobilizing effect—we obtained a higher
crystalline fraction. The latter effect reduces the impact of the plasticizing effect of plasticizers in
the product. The compatibility and dispersibility of plasticizers also have a significant effect on
the properties of the materials. OLA is more compatible with PLA than DOA, which resulted in
better plasticization, but caused more defects in the crystallites, thus reducing the crystalline
melting temperature, and so the processing temperature of the compound containing plasticizers.

D-lactic content
Mechanical properties
Crystallization

1. Introduction

In the early 21st century, a centralized policy was adopted in Europe with the goal of reducing the environmental burden of plastics,
forcing the plastics industry to start developing biopolymers. A polymer can be called a biopolymer if it is either bipodegradable or can
be produced from renewable sources, or both. Of course, it is more advantageous for sustainability when both conditions are fulfilled at
the same time. It should be mentioned that biocompatible polymers are also often called biopolymers. Almost 40% of artificially
produced polymers are used to make one-way packaging, leading to the generation and accumulation of large amounts of plastic waste
in a short time. It means that biodegradable polymers as materials for packing applications may play a major role in the near future
[1-4].

Polylactic acid has come into view as it may be produced from forage crops. It is biodegradable, i.e., the resulting waste can be
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composted, and its mechanical properties are close to poly(ethylene terephthalate) and polystyrene, which are popular packing
materials [5]. Some properties of PLA make it difficult to use as a packaging material. These properties include relative rigidity [6,71,
low strain at break, low impact resistance [8], and low glass transition temperature (in the range of application temperatures of the
packaging materials) [9]. Another critical issue is that food packaging materials should often be transparent. Most types of commercial
PLA are able to crystallize, which lowers the transparency, therefore crystallinity should be controlled by additives or the
manufacturing parameters [10,11].

The isomerism of lactic acid provides an opportunity to influence the mechanical properties of the polymer during its synthesis by
changing the ratio of the D-lactide and L-lactide content. Increasing the D-lactide content above 10% makes the PLA amorphous, which
decreases the modulus and increases impact resistance, but tensile strength and heat resistance become lower. The most commonly
used PLA types contain 95-99% L-lactide and have a crystalline structure, which can result in better strength properties, but in the case
of fast cooling from the melt, their structure remains nearly amorphous after processing (e.g., extrusion, injection molding,
compression molding or fiber spinning [12-15]), due to the slow crystallization of PLA. Overall not just the structure but also the
processing parameters affect the product’s transparency and mechanical behavior [16-18].

One way to modify the mechanical properties of PLA is to add a plasticizer to it, which can be smaller molecules, even lactic acid
dimers or oligomers. Based on the lubricant theory, plasticizers reduce the intermolecular forces between the polymer chains [19]. To
preserve the environmentally friendly nature of the material, the additive itself must also be environmentally friendly (e.g., produced
from renewable sources, and the decomposition products released during degradation cannot be toxic or harmful). Lactide is an
effective plasticizer for PLA, but a large drawback is its pronounced migration towards the surface, which makes it inappropriate for
use in the food industry, as the amount of foreign substance that migrates into the food is limited by the European Union’s regulations
[20-26].

In the past few years, oligomeric lactide acid (OLA) has come to the fore due to its excellent compatibility with PLA (they have the
same composition, they only differ in molecular weight) and because it can effectively increase the toughness of PLA. Another
advantage is that its migration ability is relatively low. Burgos et al. [27] observed only one glass transition temperature in
OLA-plasticized PLA, which proves their excellent compatibility. The presence of OLA decreased the tensile modulus and increased
elongation at break, indicating a high improvement in toughness. Several other studies have confirmed the good toughening effect of
OLA on PLA [28-31].

In addition to dimers and oligomers, we studied the plasticizing effect of numerous other additives on PLA as well. Dioctyl adipate
(DOA) is one of the most promising plasticizers. It is the diester of 2-ethylhexanol and adipic acid. It increases the toughness of PLA,
which results in higher elongation at break. At the same time, the drop in glass transition temperature (Tg) is moderate, which is
advantageous for a wide range of applications. Another advantage of using DOA is that with the use of this additive even a ten-fold
increase in impact strength can be achieved compared to neat PLA. The favorable change in properties is due to the relatively good
chemical compatibility, as DOA contains ester groups. DOA is a favored plasticizer in the food industry, as its migration into food is
very low [30,32,33].

As we have shown, the D-lactide content of PLA affects the crystalline fraction that forms in it and thus, its mechanical properties. It
means that the effect plasticizers have on toughness may differ depending on the D-lactide content of the PLA. In this paper, we studied
the combined effect of the D-lactide content of the PLA and the commonly used oligomer lactic acid and dioctyl adipate plasticizers on
the mechanical properties and morphology of PLA.

2. Experimental
2.1. Materials and preparation

Different PLA grades produced by NatureWorks (Minnetonka, USA) were used in the experiments: Ingeo 4032D (1.4% D-lactide
content), 2003D (4.3% D-lactide content), and 4060D (12.0% D-lactide content). These PLAs are recommended for extrusion; the melt
flow index (MFI) is between 2 and 4 g/10 min. These PLAs have a density of 1.24 g/cm® and their glass transition temperature is
between 55 and 65 °C [14].

We used Glyplast OLA2 (OLA2) oligomeric lactic acid (supplied by Condensia, Barcelona, Spain), and dioctyl adipate (DOA) (by

Table 1

The compositions of the materials produced.
Sample name D-lactide content PLA type Additive type Amount of additive

% - - wt.%

1.4% 1.4 Ingeo 4032D - 0
4.3% 4.3 Ingeo 2003D - 0
12.0% 12.0 Ingeo 4060D - 0
1.4%_OLA2 1.4 Ingeo 4032D OLA2 10
4.3%_OLA2 4.3 Ingeo 2003D OLA2 10
12.0%_OLA2 12.0 Ingeo 4060D OLA2 10
1.4%_DOA 1.4 Ingeo 4032D DOA 10
4.3%_DOA 4.3 Ingeo 2003D DOA 10
12.0%_DOA 12.0 Ingeo 4060D DOA 10
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HSH Chemie Kft.) as additives to increase toughness.

Before mixing, the PLA granules were dried for 6 h at 80 °C, according to the manufacturer’s recommendation. We prepared the
compounds with a Brabender Plastograph (Brabender GmbH & Co. KG, Duisburg, Germany) internal mixer with a 50 cm® mixing
chamber at 190 °C. Rotor speed was 50 rpm, and the material fed in the mixer was 50 g (50 g PLA or 45 g PLA + 5 g plasticizer). The
steps of mixing were the following. After heating the mixer, 45 g of PLA was mixed at 50 rpm for 1 min, then 5 g (10% by weight) OLA
or DOA was added dropwise with a syringe to the PLA (~40-60 s), then mixed for additional 4 min. From the mixtures, 0.5 mm thick,
200 x 200 mm sheets were fabricated with a Teach-Line Platen Press 200E (Dr. Collin GmbH, Munich, Germany) hydraulic press. The
maximum temperatures of the upper and lower plates were 190 °C. After the mold had been heated, the mixture was placed between
the two press plates. Pressing time was 5 min at a pressure of 1 MPa. The designation and composition of the prepared samples are
shown in Table 1.

2.2. Testing methods

The tensile tests were performed on a Zwick Z005 (Zwick GmbH & Co. KG, Germany, Ulm) tensile tester, according to EN ISO 527-1
and 527-3; tensile speed was 10 mm/min. At least five specimens were tested from each material.

Differential scanning calorimetry (DSC) was carried out on a TA Instruments Q2000 (TA Instruments, New Castle, USA) device. The
temperature range was 0-200 °C, the heating and the cooling rate was 5 °C/min, and two heating scans were performed. The weight of
the samples was around 6 mg, and the tests were performed in a nitrogen atmosphere (40 mL/min). We calculated the degree of
crystallinity after cold crystallization (X.) (Equation (1)) and the degree of crystallinity before cold crystallization (X ) (Equation (2)).
AHp, [J/g] is the melting enthalpy, AH,. [J /g| is the cold crystallization enthalpy of the polymer, and the theoretical melting enthalpy
of 100% crystalline PLA (PLAjgo%) is 93 J/g [34].

AH,
= T ¢ 100 [% (€8]
¢ PLA o4 (%]
AH,, — |AH,|
X =—————— 100 [% 2
ST PLA 0 @

To reveal the structure of the materials, we broke off smaller pieces of the samples under cryogenic conditions. The fracture surfaces
of the samples were inspected with a JEOL 6380 LA (JEOL, Tokyo, Japan) scanning electron microscope (SEM) with an acceleration
voltage of 10 kV. The samples were sputtered with a thin gold layer.

3. Results and discussion
3.1. Mechanical properties

The effect of plasticizers and their compatibility affects the mechanical properties of the mixtures [35]. The typical stress—strain
curves are shown in Fig. 1. The results indicate that increasing D-lactide content decreases tensile strength. Both the increasing
D-lactide content and the presence of the plasticizer have a plasticizing effect on the PLA. However, the impact of plasticizers is much
more significant. The stress—strain curves show tensile strength (Fig. 2 a.), the tensile modulus (Fig. 2 b.), and strain at maximum force
(Fmax) (Fig. 3). The tensile strength and modulus of neat, unplasticized PLA are higher than those of the plasticized PLA samples,
regardless of the type of plasticizer (OLA or DOA). Tensile strength and modulus decreased almost linearly with increasing D-lactide
content in the case of neat PLAs. When plasticizers were added, mechanical properties worsened [36,37] because of the reduced
intermolecular forces [19,38].

Regarding the compounds containing OLA, the decrease in strength shows a linear trend, similarly to the neat reference materials.
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Fig. 1. The stress-strain curves of PLA with different D-lactide content and different type of plasticizers.
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Fig. 2. The effect of plasticizers on the tensile properties of PLA as a function of the D-lactide content a) tensile strength, b) tensile modulus.
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Fig. 3. Strain at maximum force for plasticized and unplasticized PLAs.

However, the modulus was around 1.5 GPa for the two PLA + OLA compounds with PLA containing less D-lactide and decreased
significantly for only the compound with PLA containing 12.0% D-lactide (close to 1 GPa). However, the tensile strength and modulus
of the unplasticized PLA and the PLA containing OLA worsened almost linearly with increasing D-lactide content; this correlation does
not hold for DOA. The reasons for the differences can be explained with morphological changes.

A plasticizer’s effectiveness is clearly reflected in the increase in strain at maximum force (Fig. 3). In this case, using OLA is
particularly advantageous, as the strain at the maximum force of the PLA + OLA compounds increased compared to the PLA + DOA
compounds and neat PLA. Plasticizers reduce the intermolecular forces between the polymer chains, and the decreased intermolecular
forces enhance molecular chain mobility [19,38,39].

Although we expected increased strain at maximum force when using DOA, this did not happen. The reasons for this can also be
explained with the effects of plasticizers on morphology.

Overall, in terms of tensile properties, OLA as a plasticizing additive is more advantageous than DOA. In the case of OLA, the drop in

tensile strength is moderate, while the decrease of the tensile modulus is more pronounced, and OLA increased elongation at the
maximum of the tensile curve.
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Fig. 4. 1st heat up DSC curves of the plasticized and unplasticized PLAs.
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3.2. Differential scanning calorimetry

Differential scanning calorimetry was used to reveal the cross-effects of D-lactide content and the plasticizers on the glass transition
temperature and crystalline properties. Fig. 4 shows the first heating curves. D-lactide content affects the crystallization tendency of
polylactic acid. The melting peaks get smaller as D-lactide content increases, showing that the crystallization tendency of the polymer
decreases [16]. Above 10% D-lactide content, the melting peak is not visible, showing that PLA has an amorphous structure [40]. The
crystal melting temperature of polylactic acid is 165-185 °C, depending on the type of PLA [41]. The differences in melting tem-
perature are caused by the different crystal modifications of PLA, for example, a, 8, and y [42]. Frackowiak et al. [43] explained that
the crystals belonging to the lower crystal melting temperature are smaller in size and formed during the cold crystallization process. In
contrast, the crystal types with higher melting temperatures formed during primary crystallization. A double melting peak—observed
primarily for the 4.3% D-Lactide samples—means that these samples had both the disordered o’ and the more ordered « crystalline
form [42]. As expected, the glass transition temperature (Tg) of the pure PLA samples is between 55 and 60 °C [10]. Plasticizers, as
expected, decreased the glass transition temperature (37-47 °C) because plasticizers have the ability to increase the mobility of the
molecular chains [19,38]. PLA with 12.0% D-lactide content plasticized with OLA has the lowest Ty (37 °C). These results are in
accordance with Roberto et al. [37]. For the samples that crystallize, both the cold crystallization (T,.) peak (around 85 °C) and the
crystalline melting (Ty,) temperatures shifted towards lower temperatures [44] when plasticizers were added.

As indicated by the crystalline fraction (X.) that formed after the manufacturing process (Table 2), the presence of plasticizers
helped crystallize the material during processing. The crystallizing effect of DOA was superior to that of OLA2. The decrease in the cold
crystallization peak temperature also confirms the crystallization-promoting effect. It can be explained with the fact that the molecules
become mobile enough to crystallize at lower temperatures. The decrease in Tg gives information about the interaction between
plasticizers and PLA. OLA2 reduced T; more, indicating a better interaction compared to DOA.

The cooling curves of DSC provide information on the effects of plasticizers and D-lactide content on crystallization. As Fig. 5
shows, neat PLA has a crystallization temperature (T.) of 120 °C in the case of 1.4% D-lactide content and 94 °C in the case of 4.3% D-
lactide content. The plasticizers reduced the peak crystallization temperatures for PLA with 1.4% D-lactide content to 115 °C, which
means that they hampered crystalline nucleating, which is understandable because of the atactic structure of OLA2 and the different
structure of DOA compared to PLA.

The area under the crystallization peaks of the PLA with 1.4% D-lactide content and its compounds increased when the plasticizers
were added (Table 3). It means that the plasticizers enhanced the growth rate of the crystals, consistent with the above-mentioned
chain mobilizing effect. Although the increase in Fig. 4 is hardly visible, the evaluation of the curves clearly showed a peak for the
PLA with 4.3% D-lactide content; the results support the results described for the PLA with 1.4% D-lactide.

After cooling the polymer sample down, its thermal history is erased. We used the second heating curves to compare the inherent
properties of the materials. Fig. 6 (second heating) shows that the cold crystallization peak disappeared for the mixtures containing
1.4% D-lactide, i.e., the cooling rate applied during cooling was adequate for maximal crystallization, which is also shown in the
cooling curves. For both the first and the second heating, the presence of plasticizers increased the crystalline fraction (Table 4). Since
OLAZ2 can be considered amorphous, it does not participate in the formation of crystallites, and so it may be integrated in the crystallite
as a defect. A similar conclusion was reached by Tanrattanakul et al. [22]. These results suggest that plasticizers increased the chain
mobility of PLA molecules, which positively affected crystallization, allowing the corresponding molecular parts to arrange more
easily.

In Table 4, one can see that in the presence of plasticizers, the crystalline melting temperatures decreased significantly, in the same
way as was observed in the first heating. Two effects can explain it: either the average crystallite size decreased or the number of defect
sites in the crystallites increased. In the case of 1.4% D-lactide content in the cooling curve, the evaluated characteristics of the curves
changed slightly. Based on these, the crystallization process was very similar in these cases, i.e., the increase in the number of defect
sites may explain the lower crystal melting temperature. It is also supported by the change in the case of T, which suggests a strong
interaction between PLA molecules and plasticizers, i.e., plasticizer molecules may remain in the crystallites during crystallization.

In the case of PLA containing 4.3% D-lactide, a double melting peak was measured for the first and second heating. Also, the & (Ty,)
and o (Ty,) crystallites have the same melting temperature (Tables 2 and 4). In the presence of DOA, Ty, and Ty, are also the same. PLA
containing 4.3% D-lactide plasticized with OLA2 also has a double melting peak, Ty, is the same, but T, decreased. This effect could be

Table 2

Thermal properties of plasticized and unplasticized PLAs determined by the 1st heat-up cycle.
Sample name Ty Tee AHc Tm T AH,, Xc X

°C °C J/g °C °C J/g % %

1.4% 60 98 27.8 168 - 28.0 30.1 0.2
1.4%_OLA2 43 85 26.9 165 - 335 33.6 7.0
1.4%_DOA 47 78 24.1 165 - 33.9 36.5 10.5
4.3% 57 107 27.4 147 154 26.2 28.2 0.9
4.3%_OLA2 40 87 24.3 140 150 24.8 26.7 2.6
4.3%_DOA 43 85 25.0 138 150 28.1 30.2 3.3
12.0% 57 - 0 - - 0 0 0
12.0%_OLA2 37 - 0 - - 0 0 0
12.0%_DOA 44 - 0 - - 0 0 0
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Fig. 5. Heat flow of the plasticized and unplasticized PLAs during cooling.

Table 3
Thermal properties of plasticized and unplasticized PLAs determined by the cooling cycle.
Sample name T, Te AH,
°C °C J/g
1.4% 62 120 32.4
1.4%_OLA2 43 117 37.7
1.4%_DOA 44 115 38.7
4.3% 58 94 0.5
4.3%_OLA2 40 93 4.0
4.3%_DOA 40 85 1.4
12.0% 54 - 0
12.0%_OLA2 39 - 0
12.0%_DOA 38 - 0
o
§T | Quzw/g
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Fig. 6. 2nd heat-up DSC curves of the plasticized and unplasticized PLAs.

Table 4

Thermal properties of plasticized and unplasticized PLAs determined by the 2nd heat up cycle.
Sample name Tg Tee AHc. Tm T AHp, Xe Xe

°C °C J/g °C °C J/g % %

1.4% 62 - 0 165 170 35.0 37.6 37.6
1.4%_OLA2 43 - 0 160 168 40.6 43.7 43.7
1.4%_DOA 46 - 0 157 167 41.4 44.5 44.5
4.3% 58 108 25.9 148 154 26.6 28.6 2.9
4.3%_OLA2 43 91 20.4 139 143 26.7 28.7 6.7
4.3%_DOA 44 90 24.4 139 150 28.6 30.8 4.5
12.0% 57 - 0 - - 0 0 0
12.0%_OLA2 42 - 0 - - 0 0 0
12.0%_DOA 42 - 0 - - 0 0 0

related to the fact that the average crystallite size decreased or the number of defect sites in the crystallites increased. In the case of PLA
containing 1.4% D-lactide, only one melting peak was detected during the first heating, with a lower peak temperature (Tp,), meaning
smaller crystallites.

On the other hand, during the second heating, the PLA containing 1.4% D-lactide was able to form crystallites, and their crystalline
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melting temperature (Ty,') was higher. It can indicate that crystallites with higher crystalline melting temperature were created during
the primary crystallization process [42]. If a plasticizer is present in the system, just like in the case of the PLA containing 4.3%
D-lactide, T, decreased.

A comparison of the DSC results with the results obtained in mechanical tests shows that with DOA, a higher crystalline fraction
formed during manufacturing in PLAs with a low D-lactide content than with OLA2 and with unplasticized polylactic acid. This effect is
reflected in the change of mechanical properties, since both modulus and tensile strength decrease slightly at the beginning. However,
at 12.0% D-lactide content, no crystalline particles are detected in the material, so this compensatory effect is not present.

3.3. Morphology

Scanning electron microscopy can be used to show the material’s behavior from the inhomogeneities in the material and the surface
features that are formed during fracture. As shown in Fig. 7, there was no significant difference in the type of fracture (rigid or tough)
between the materials without plasticizer, nor did the addition of OLA2 result in a significant behavior change. Due to the similar
molecular structure of the PLA and OLA2, no inhomogeneity can be observed on the fracture surface, which refers to excellent
compatibility. On the fracture surface of the PLA containing DOA, there are visible plasticizer phases, which is in accordance with the
results of Martino et al. [44]. From their size, the quality of compatibility can be deduced. For DOA, the size of the plasticizer phases
decreased with increasing D-lactide content as the plasticizer can best be incorporated in the amorphous parts of the PLA. Since we
were able to deduce changes at the molecular level from the DSC studies, we can conclude that DOA was partially dispersed in the
system. From a mechanical point of view, the presence of inhomogeneities should mainly affect strength. Therefore, the lowest
strength values measured for PLAs containing DOA are related to the partial distribution of DOA. Due to their inhomogeneous
structure, strain at maximum force is the smallest for compounds containing DOA.

4. Conclusions

We investigated the effects of plasticizers on the mechanical and morphological properties of polylactic acid with different D-
lactide content. We showed that the tensile strength and modulus of neat, unplasticized PLA are higher than those of the plasticized
PLA samples, regardless of the type of plasticizer (OLA or DOA). Tensile strength and modulus decreased almost linearly with
increasing D-lactide content in the case of neat PLAs and for compounds containing OLA. For PLA compounds containing DOA, tensile
strength and modulus were much less dependent on D-lactide content than for OLA. For crystallizable PLAs, plasticizers promote
crystallization, which also affects mechanical properties. In the presence of plasticizers, the crystalline fraction that formed after post-
crystallization increased significantly. In contrast, crystallization temperature decreased. This phenomenon can be explained by that

PLA OLA2 DOA

1.4%

4.3%

Fig. 7. SEM images of the plasticized and unplasticized PLAs.
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molecules or parts of molecules are embedded as defect in the crystallites during crystallization. Scanning electron microscopy
indicated that OLA2 formed a single phase with PLA. The DSC results showed that the dispersion of DOA was only partial. The
inhomogeneous structure results in lower strength and lower strain at maximum force. Overall, it can be concluded that D-lactide
content and plasticizers have a complex effect on the properties of the PLA since the plasticizers influence both the crystallization
processes and the mechanical properties.

Author contribution statement

Katalin Litauszki: Conceived and designed the experiments; Analyzed and interpreted the data; Contributed reagents, materials,
analysis tools or data; Wrote the paper.

Roland Petrény: Analyzed and interpreted the data; Wrote the paper.

Zs6fia Haramia: Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or
data.

Laszl6 Mészaros: Conceived and designed the experiments; Analyzed and interpreted the data; Wrote the paper.

Funding statement

The research reported in this paper is part of project no. BME-NVA-02, implemented with the support provided by the Ministry of
Innovation and Technology of Hungary from the National Research, Development and Innovation Fund, financed under the TKP2021
funding scheme. This paper was supported by the National Research, Development and Innovation Office, Hungary (NVKP_16-1-2016-
0012, K 132462). L. Mészaros is thankful for Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences, for the UNKP-
22-5 New National Excellence Program of the Ministry for Innovation and Technology.

Data availability statement
No data was used for the research described in the article.
Declaration of interest’s statement

The authors declare no competing interests.

References

[1] T. Tabi, A.Z. Egerhazi, P. Tamas, T. Czigany, J.G. Kovécs, Investigation of injection moulded poly(lactic acid) reinforced with long basalt fibres, Compos. Appl.
Sci. Manuf. 64 (2014) 99-106.
[2] S.M. Al-Salem, P. Lettieri, J. Baeyens, Recycling and recovery routes of plastic solid waste (PSW): a review, Waste Manag. 29 (10) (2009) 2625-2643.
[3] Association of Plastics Manufacturers, Plastics — the Facts 2020: an Analysis of European Plastics Production, Demand and Waste Data, 2020.
[4] M. Flieger, M. Kantorova, A. Prell, T. Rezanka, J. Votruba, Biodegradable plastics from renewable sources, Folia Microbiol. 48 (2003) 27-44.
[5] T. Horvath, T.J. Szabd, K. Marossy, Polylactic acid as a potential alternatives of traditional plastic packagings in food industry, Int. J. Eng. Manag. Sci. 5 (2)
(2020) 123-129.
[6] M.M. Hanon, R. Marczis, L. Zsidai, Influence of the 3D printing process settings on tensile strength of PLA and HT-PLA, Period. Polytech. - Mech. Eng. 65 (1)
(2021) 38-46.
[7] S. Xu, J.-F. Tahon, I. De-Waele, G. Stoclet, V. Gaucher, Brittle-to-ductile transition of PLA induced by macromolecular orientation, Express Polym. Lett. 14
(2020) 1034-1047.
[8] T. Tabi, T. Ageyeva, J.G. Kovacs, Improving the ductility and heat deflection temperature of injection molded Poly(lactic acid) products: a comprehensive
review, Polym. Test. 101 (2021), 107282.
[9] T. Péter, K. Litauszki, A. Kmetty, Improving the heat deflection temperature of poly(lactic acid) foams by annealing, Polym. Degrad. Stabil. 190 (2021).
[10] R. Auras, B. Harte, S. Selke, An overview of polylactides as packaging materials, Macromol. Biosci. 4 (9) (2004) 835-864.
[11] G. Perego, G.D. Cella, C. Bastioli, Effect of molecular weight and crystallinity on poly(lactic acid) mechanical properties, J. Appl. Polym. Sci. 59 (1) (1996)
37-43.
[12] T. Tébi, LE. Sajo, F. Szabd, A.S. Luyt, J.G. Kovdcs, Crystalline structure of annealed polylactic acid and its relation to processing, Express Polym. Lett. 4 (2010)
659-668.
[13] A. Antunes, A.S. Luyt, P. Kasak, O. Aljarod, M.K. Hassan, A. Popelka, Effect of plasma treatment on accelerated PLA degradation, Express Polym. Lett. 15 (8)
(2021) 725-743.
[14] A. Kmetty, K. Litauszki, Development of poly (lactide acid) foams with thermally expandable microspheres, Polymers 12 (2) (2020) 463.
[15] C. Ribeiro, V. Sencadas, C.M. Costa, J.L.G. Ribelles, S. Lanceros-Méndez, Tailoring the morphology and crystallinity of poly(L-lactide acid) electrospun
membranes, Sci. Tech. Adven. Materials 12 (2011), 015001.
[16] S. Saeidlou, M.A. Huneault, H. Li, C.B. Park, Poly(lactic acid) crystallization, Prog. Polym. Sci. 37 (12) (2012) 1657-1677.
[17] T.L.de Albuquerque, J.E. Marques Junior, L.P. de Queiroz, A.D.S. Ricardo, M.V.P. Rocha, Polylactic acid production from biotechnological routes: a review, Int.
J. Biol. Macromol. 186 (2021) 933-951.
[18] N. Madhavan Nampoothiri, N.R. Nair, R.P. John, An overview of the recent developments in polylactide (PLA) research, Bioresour. Technol. 101 (22) (2010)
8493-8501.
[19] Michael Schiller, PVC Additives: Performance, Chemistry, Developments, and Sustainability, Hanser, Munich, 2015.
[20] M.N. Belgacem, A. Gandini, Monomers, Polymers and Composites from Renewable Resources, Elsevier Science, Oxford, UK, 2011.
[21] W. Xuan, K. Odelius, M. Hakkarainen, Tunable polylactide plasticizer design: rigid stereoisomers, Eur. Polym. J. 157 (2021), 110649.
[22] European Commission, Commission Regulation (EU), in: E. Commission (Ed.), No 10/2011 of 14 January 2011 on Plastic Materials and Articles Intended to
Come into Contact with Food Text with EEA Relevance, 2011. Official Journal of the European Union.
[23] B. Geueke, K. Groh, J. Muncke, Food packaging in the circular economy: overview of chemical safety aspects for commonly used materials, J. Clean. Prod. 193
(2018) 491-505.


http://refhub.elsevier.com/S2405-8440(23)01881-9/sref1
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref1
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref2
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref3
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref4
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref5
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref5
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref6
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref6
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref7
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref7
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref8
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref8
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref9
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref10
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref11
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref11
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref12
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref12
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref13
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref13
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref14
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref15
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref15
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref16
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref17
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref17
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref18
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref18
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref19
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref20
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref21
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref22
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref22
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref23
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref23

K. Litauszki et al. Heliyon 9 (2023) e14674

[24] R. Ortega-Toro, A. Lopez-Cordoba, F. Avalos-Belmontes, Epoxidised sesame oil as a biobased coupling agent and plasticiser in polylactic acid/thermoplastic yam
starch blends, Heliyon 7 (2) (2021).

[25] L.C. Llanes, S.H. Clasen, A.T.N. Pires, I.P. Gross, Mechanical and thermal properties of poly(lactic acid) plasticized with dibutyl maleate and fumarate isomers:
promising alternatives as biodegradable plasticizers, Eur. Polym. J. 142 (2021), 110112.

[26] W. Lu, R. Cui, B. Zhu, Y. Qin, G. Cheng, L. Li, M. Yuan, Influence of clove essential oil immobilized in mesoporous silica nanoparticles on the functional
properties of poly(lactic acid) biocomposite food packaging film, J. Mater. Res. Technol. 11 (2021) 1152-1161.

[27] N. Burgos, V.P. Martino, A. Jiménez, Characterization and ageing study of poly(lactic acid) films plasticized with oligomeric lactic acid, Polym. Degrad. Stabil.
98 (2) (2013) 651-658.

[28] F. Cicogna, S. Coiai, C. De Monte, R. Spiniello, S. Fiori, M. Franceschi, F. Braca, P. Cinelli, S.M.K. Fehri, A. Lazzeri, W. Oberhauser, E. Passaglia, Poly(lactic acid)
plasticized with low-molecular-weight polyesters: structural, thermal and biodegradability features, Polym. Int. 66 (6) (2017) 761-769.

[29] V.K. Thakur, M.K. Thakur, M.R. Kessler, Handbook of Composites from Renewable Materials, Structure and Chemistry, Wiley, Hoboken, USA, 2017.

[30] N. Burgos, D. Tolaguera, S. Fiori, A. Jiménez, Synthesis and characterization of lactic acid oligomers: evaluation of performance as poly(lactic acid) plasticizers,
J. Polym. Environ. 22 (2) (2014) 227-235.

[31] S. Pivsa-Art, N. Phansroy, W. Thodsaratpiyakul, C. Sukkaew, W. Pivsa-Art, S. Lintong, T. Dedgheng, Preparation of biodegradable polymer copolyesteramides
from L-lactic acid oligomers and polyamide monomers, Energy Proc. 56 (2014) 648-658.

[32] A.B. Badeka, M.G. Kontominas, Effect of microwave heating on the migration of dioctyladipate and acetyltributylcitrate plasticizers from food-grade PVC and
PVDC/PVC films into ground meat, in: E.T. Contis, C.T. Ho, C.J. Mussinan, T.H. Parliment, F. Shahidi, A.M. Spanier (Eds.), Developments in Food Science,
Elsevier, 1998, pp. 759-765.

[33] M. Schiller, PVC Additives, Hanser Publishers, Munich, 2015.

[34] S. Girdthep, W. Limwanich, W. Punyodom, Non-isothermal cold crystallization, melting, and moisture barrier properties of silver-loaded kaolinite filled poly
(lactic acid) films, Mater. Chem. Phys. 276 (2022), 125227.

[35] Wypych George, Handbook of Plasticizers, third ed. ed., ChemTec Publishing, Toronto, Canada, 2017.

[36] M. Murariu, A. Da Silva Ferreira, M. Pluta, L. Bonnaud, M. Alexandre, P. Dubois, Polylactide (PLA)-CaSO4 composites toughened with low molecular weight
and polymeric ester-like plasticizers and related performances, Eur. Polym. J. 44 (11) (2008) 3842-3852.

[37]1 R. Avolio, R. Castaldo, G. Gentile, V. Ambrogi, S. Fiori, M. Avella, M. Cocca, M.E. Errico, Plasticization of poly(lactic acid) through blending with oligomers of
lactic acid: effect of the physical aging on properties, Eur. Polym. J. 66 (2015) 533-542.

[38] T. Tébi, T. Ageyeva, J.G. Kovacs, The influence of nucleating agents, plasticizers, and molding conditions on the properties of injection molded PLA products,
Mater. Today Commun. 32 (2022).

[39] A. Lopera-Valle, J.V. Caputo, R. Leao, D. Sauvageau, S.M. Luz, A. Elias, Influence of epoxidized canola oil (eCO) and cellulose nanocrystals (CNCs) on the
mechanical and thermal properties of polyhydroxybutyrate (PHB)-Poly(lactic acid) (PLA) blends, Polymers 11 (6) (2019).

[40] M. Nofar, C.B. Park, Polylactide Foams: Fundamentals, Manufacturing, and Applications, Plastic Design Library, Oxford, UK, 2018.

[41] M. Niaounakis, Biopolymers: Applications and Trends, Elsevier, Oxfrod, UK, 2015.

[42] T. Tabi, S. Hajba, J.G. Kovacs, Effect of crystalline forms (o’ and «) of poly(lactic acid) on its mechanical, thermo-mechanical, heat deflection temperature and
creep properties, Eur. Polym. J. 82 (2016) 232-243.

[43] S. Frackowiak, J. Ludwiczak, K. Leluk, K. Orzechowski, M. Kozlowski, Foamed poly(lactic acid) composites with carbonaceous fillers for electromagnetic
shielding, J. Materials Design 65 (2015) 749-756.

[44] V.P. Martino, A. Jiménez, R.A. Ruseckaite, Processing and characterization of poly(lactic acid) films plasticized with commercial adipates, J. Appl. Polym. Sci.
112 (4) (2009) 2010-2018.


http://refhub.elsevier.com/S2405-8440(23)01881-9/sref24
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref24
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref25
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref25
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref26
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref26
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref27
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref27
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref28
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref28
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref29
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref30
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref30
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref31
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref31
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref32
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref32
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref32
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref33
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref34
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref34
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref35
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref36
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref36
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref37
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref37
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref38
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref38
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref39
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref39
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref40
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref41
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref42
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref42
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref43
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref43
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref44
http://refhub.elsevier.com/S2405-8440(23)01881-9/sref44

	Combined effects of plasticizers and D-lactide content on the mechanical and morphological behavior of polylactic acid
	1 Introduction
	2 Experimental
	2.1 Materials and preparation
	2.2 Testing methods

	3 Results and discussion
	3.1 Mechanical properties
	3.2 Differential scanning calorimetry
	3.3 Morphology

	4 Conclusions
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	References


