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Introduction

Bioplastics are a new generation of biobased and/or biodegradable polymers (Reddy et al., 2013; European Bioplastic Association,
2018b). Conventional plastics (i.e. petroleum-derived and non-biodegradable) have transformed our society and are used in all aspects
of our everyday life. The worldwide production of conventional plastics reached 348 million tons in 2017. Although it represents less
than 1% of the world production of conventional plastics, the bioplastic market has been continuously growing over the last years,
reaching around 2.11 million tons in 2018, and it is estimated to reach 2.62 in 2023 (World Economic Forum, 2016; European
Bioplastic Association, 2018a). Food packaging represents one of the main applications of bioplastics. The most popular biopolymers are
30% biobased poly(ethylenterephtalate) (Bio-PET30), biobased polyethylene (Bio-PE) and poly(lactic acid) (PLA) (European Bioplastic
Association, 2018a). Among them, only the last one meets both criteria, i.e. being biobased and biodegradable. PLA benefits from an
interesting balance between costs, functional properties and processability. The European Bioplastic Association has recently reported that
the global production of PLA exceeded 210 thousand tons in 2017, and has forecast that PLA capacity will grow by 50% in 2022. PLA is
compliant with European and North American legislation for food contact materials.

The first synthesis of PLA dates back to 1932 when researchers from DuPont (Carothers et al., 1932) developed a method to
polymerize lactide to produce PLA that was later patented by DuPont in 1954. Due to its high costs and ability to hydrolyze in biological
environments, it was firstly used only for biomedical applications. The low molar mass of PLA (<100000 g mol−1) is now widely used in
that field, as stents (Soares et al., 2008; Erne et al., 2006), surgical sutures (Maharana et al., 2009), and tissue cultures or drug delivery
devices (Langer, 1998). In the early 1990s, the ring opening polymerization process was developed (Gruber et al., 1994; Gruber et al.,
2001) to produce high molar mass PLA (>100000 g mol−1) for different industrial purposes such as fibers and textiles, plasticulture, and
food packaging and serviceware (Castro-Aguirre et al., 2016).

Food corporations such as Danone (Germany), Del Monte (USA) and Noble Juice (USA), as well as leading food retailers such as
Wal-Mart (USA), SPAR (Austria) and Auchan (France) are already using PLA based packaging in some of their products (Castro-Aguirre
et al., 2016). Various types of foods are currently packed and commercialized with PLA-based materials. These foods are characterized by
different physical states, a wide range of water activity (aw), pH and composition, and moreover different shelf lives. Some examples are
potato crisps (amorphous solid, aw = 0.1–0.3), fresh salads and vegetables (biological gel, aw > 0.99), yogurts (gel, aw > 0.99), citrus juices
(acidic liquid, aw = 0.97–0.99) and water (liquid, aw > 0.99) (Fig. 1).

Short Overview of PLA Synthesis and Properties

The constitutive unit of PLA is lactic acid, which is derived by lactic fermentation of glucose, obtained from different vegetal sources
(Fig. 2). Some examples are corn, sugar cane or sugar beet. Polymers based on lactic acid can be synthesized by different routes: i) direct
lactic acid condensation, often using coupling agents to increase molecular weight and, ii) ring opening polymerization (ROP) of lactide.
This sometimes leads to confusion in the nomenclature used in the literature. Polymers derived from direct polycondensation should be
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Figure 1 Selected examples of commercial applications of PLA as food packaging. Images taken from NatureWorks and brands website.

Figure 2 Production and life cycle of PLA as food packaging.

referred to as poly(lactic acid) and polymers synthesized by ROP of lactide as poly(lactide). Both types of macromolecules are generally
named PLA. ROP of lactide is by far the most employed route to obtain high molecular weight polymers used in the packaging industry
(Ducruet and Domenek, 2015). This route first consists of a direct polycondensation reaction to produce a low molar mass prepolymer.
The prepolymer is then depolymerized in order to obtain lactides (3,6-dimethyl-1,4-dioxane-2,5-dione), being dehydrated cyclic dimers,
which are the starting material for ROP into high molar mass polymers. Three forms of lactide can be obtained as a function of the
stereochemistry of the feedstock, temperature and catalyst: L,L-lactide, D,D-lactide and D,L-lactide (meso-lactide) (Garlotta, 2001). The
stereocontrol of the macromolecular chain can be achieved by ROP. D-lactic acid perturbs the chain packing of PLA and its quantity has
therefore a large impact on the macroscopic properties of the polymer (e.g. glass transition and crystallization behavior). Enantiopure PLLA
and PDLA can form a stereocomplex (Ikada et al., 1987), caused by stereoselective interactions (mostly van der Waals forces) locking the
chains into a novel material with different physical properties such as changed crystalline form and higher thermal stability. Many newer
technological developments are associated with this finding, and more information can be found in recent reviews, such as Bai et al. (2017).

The obtained PLA polymer can then be processed using the conventional manufacturing techniques like extrusion, injection molding,
blow molding, cast film extrusion and thermoforming, in order to achieve different PLA goods such as films, rigid containers, bottles
and others. PLA is a transparent polymer, glassy at room temperature, and has satisfying mechanical properties with a tensile strength ≈
60 MPa, an elongation at break ≈5% and a Young modulus 3–4 GPa (approximate values taken from the review of Domenek et al., 2018).
After being exposed to different environmental conditions according to their application, PLA goods can be fully biodegraded or recycled
(Auras et al., 2004; Castro-Aguirre et al., 2016; Jamshidian et al., 2010).

Although there is a general interest to increase the quantity of foods packed in PLA, several factors are currently limiting its
application as a food packaging material. PLA displays an intermediate barrier performance to oxygen (O2), carbon dioxide (CO2) and
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nitrogen (N2) compared to medium or high barrier plastics such as poly(ethylene terephthalate) (PET), poly(amide) (PA), poly(vinylidene
chloride) (PVDC) or poly(vinyl alcohol) (PVA) (Rocca-Smith et al., 2019). Its properties are near the benchmark poly(styrene) (PS).
PLA has furthermore lower water vapor barrier properties compared to most petroleum-derived polymers. A recent review was dedicated
to this subject (Sonchaeng et al., 2018). Another factor that reduces the use of PLA is its inherent water sensitivity. Even though PLA
sorbs small quantities of water (Auras et al., 2004; Witzke, 1997), it readily reacts with water molecules and is hydrolyzed over time,
thus compromising the performance of PLA material (Rocca-Smith et al., 2017b). Other factors which restrict it use in the market are the
undesirable crinkling noise that PLA makes when it is handled, its rather low thermal stability and its high price.

Stability Testing of PLA

Containment, protection and preservation represent the basic functions provided by food packaging. They can obviously be accomplished
only if the material maintains its integrity in terms of chemical structure and physical state over time. Therefore, the stability of the food
packaging material is intimately related to the shelf life of the product and, consequently, to the quality of the food. In the food industry, the
food quality term involves a large variety of meanings which depend on the food product category. In the food technology literature, there
is thus no single and simple definition of the shelf life, due to its complexity (Robertson, 2013). In general, it is described as a finite length
of time, after production (including in some cases maturation or aging) and packaging, during which the food retains a required level of
quality under well-storage conditions (Nicoli, 2012). According to this definition, the shelf life of food represents the failure time at which
the level of quality becomes unacceptable to the consumer. Regarding European legislation, shelf life was described for the first time in
Directive 13/EC (2000) on food labeling, then repealed by Regulation No 1169 (2011), as the date of minimum durability of foodstuffs.
A first definition of shelf life was given in Commission Regulation (EC) 2073 (2005) based on microbiological criteria for foodstuffs.
It means either the period preceding the “use by” or the “minimum durability” date as defined in the articles 9 and 10 of the European
Directive 2000/13. Concerning the safety of the packaging, Commission Regulation (EC) 10 (2011) defined migration test conditions in
order to validate food contact materials. In that case, food simulants are used to mimic:

• hydrophilic foods: ethanol 10% (v/v) food simulant A, acetic acid 3% (w/v) food simulant B, ethanol 20% (v/v) food simulant C.
• Lipophilic foods: ethanol 50% (v/v) food simulant D1, vegetable oil food simulant D2 (used for foods which contain free fats at the

surface).
• Dry foods: poly(2,6-diphenyl-p-phenylene oxide), particle size 60–80 mesh, pore size 200 nm, food simulant E.

Dealing with biodegradable packaging, it is of utmost importance to ensure their stability under actual conditions of use in contact
with food, in order to preserve their shelf life. The environmental factors such as relative humidity, temperature, and ultraviolet (UV) light
play a key role in the stability of biodegradable packaging. These parameters also influence their biodegradation process after use (Holm,
2010). To date, neither in the scientific literature nor in the legislation, has any standard procedure been proposed for determining the
stability of PLA or other biodegradable packaging during their service lifetime. Nevertheless, it is noteworthy that from an environmental
point of view, the same concept applies to composting and biodegradation methods used to analyze the end of life of the material (NF
13432:2000). Concerning industrial applications other than food packaging, in the agronomic field PLA has to comply with the ultimate
aerobic biodegradability in soil reported in the standard ISO 17556:2012, while in the medical domain, standard specifications for PLA
and poly(lactide-co-glycolide) resin for surgical implants are provided in ASTM F2579-2010 and in ISO 13781:2017.

The inherent water sensitivity of PLA is a serious limitation for products having medium or long shelf life, as reported in different shelf
life studies (Peelman et al., 2014; Romani et al., 2015; Panseri et al., 2018). In order to use PLA as a valuable packaging material for
food with a long shelf life, Accelerated Shelf Life Testing (ASLT) has to be designed, as for food, in order to analyze the deterioration
process under defined environmental conditions (e.g. temperature and relative humidity) which accelerate by a known factor the reaction
rate, reducing the time of analysis (Robertson, 2010).

This article will thus focus on the importance of using appropriate storage tests to better know the stability of PLA and for later better
controlling the changes according to the food application. Based on these considerations, the objective is to review the advances reached in
understanding the interactions between water or food simulants and PLA, focusing on the impacts on its chemical and physical stability in
its conditions of use as a food contact material.

Chemical Stability of PLA

One of the most important issues about using PLA as a food packaging material is related to its sensitivity to moisture. The hydrolysis
phenomenon reduces the molecular weight of PLA, which is considered as the step preceding biodegradation (Gorrasi and Pantani, 2013).
As reported in the scientific literature, the main studies on the sensitivity of PLA to water have been carried out in the biomedical field and,
specifically, in contact with liquid media simulating biological systems (Li, 1999; Migliaresi et al., 1994; Tsuji et al., 2000b; Tsuji, 2010).
In contrast, only limited information about the stability of PLA is reported in the literature when it is used as a food packaging material,
and thus exposed to different environmental conditions in terms of temperature, relative humidity and pH.

Hydrolysis is the main route to PLA degradation. The hydrolysis kinetics of PLA under mild temperature conditions (T < 40 °C)
corresponding to a physiological environment, or to the storage conditions of many foods, are of importance for the design of PLA-based
materials such as surgical implants or drug delivery devices. Upon immersion in aqueous environments, water only penetrates into
the amorphous phase and cannot penetrate the crystallites (Sonchaeng et al., 2018). This results in primary degradation of amorphous
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domains. In the presence of water and a catalyst, ester hydrolysis occurs, leading to a decrease in molecular weight. Once oligomers are
small enough to dissolve, mass loss of the PLA is observed.

Main Mechanisms of Degradation in Contact With Liquid Water

The general hydrolysis reaction of the ester groups within the polymer in the presence of water can be either acid- or base-catalyzed (Lyu
et al., 2007). More specifically, when PLA is used as packaging in contact with foods, which are mostly acidic products, the acid-catalyzed
hydrolysis mechanism is as detailed in Fig. 3.

The hydrolytic degradation of PLA starts from the surface and its progression is dependent on the ratio of degradation kinetics and
dissolution kinetics of oligomers or carboxylic acids. If the degradation products are not leached from the surface, carboxylic acid end
groups accumulate in the amorphous phase where they have an autocatalytic effect (Li and Vert, 2002). In particular, in case of thick
objects, the leaching of catalytic molecules from the center is slow compared to the hydrolytic degradation which evolves much faster. The
amount of absorbed water, the diffusion coefficient of the chain fragments within the polymer and the solubility of degradation products are
thus the main factors that control PLA hydrolysis in contact with aqueous media (Schliecker et al., 2003; Auras et al., 2010, Rocca-Smith
et al., 2017b). The macroscopic outcome of this mechanism is that thick pieces liquefy at first on the inside.

Effect of Relative Humidity

Focusing in more detail on the effect of relative humidity (RH) and the physical state of water, Fig. 4 shows the evolution over time of the
mean molar mass ( ) of PLA films (of ∼20 μm thickness), stored at 50 °C, in various environmental conditions mimicking dry to humid
foods. The progressive decrease in , from 50% to 100% RH environments, confirms that the higher the RH, the faster the hydrolysis
occurs. In parallel to the decrease in the ( ), after 62 days at 50 °C and 100% RH, the glass transition temperature (Tg) of PLA is also
reduced to ∼46 °C and broadened (Rocca-Smith et al., 2017a). A similar decreasing trend in Tg of PLA was observed in different studies
carried out under various environmental conditions (Migliaresi et al., 1994; Gonzalez et al., 1999; Tsuji et al., 2000a; Tsuji et al., 2000b;
Copinet et al., 2004).

Actually, increasing the RH induces an increase in chemical potential of water, an increase of the water uptake by PLA, and,
consequently, an acceleration of the hydrolysis reaction (Copinet et al., 2004). Moreover, the degradation products, accumulating in the
film under high RH conditions, act as acid catalysts for the hydrolysis of PLA. However, in the case of PLA in direct contact with liquid
water, the hydrolysis reaction occurs slower than for the highest RH conditions because the degradation products are solubilized into the
medium in contact (Rocca-Smith et al., 2017b). When PLA is exposed to a humid environment, it can sorb small quantities of water
(<1.1 wt% at T = 25 °C and close to saturation) (Auras et al., 2004; Witzke, 1997; Holm et al., 2006; Kucharczyk et al., 2013). It
will then react with them, starting the hydrolysis phenomenon (Li, 1999; Tsuji, 2010). Whether PLA is in contact with water vapor or
liquid water, its water content remains at a very low value until hydrolysis leads to a mean molar mass lower than 25000 g mol−1, then
increasing a lot with the absorbed water quantity (Rocca-Smith et al., 2017b; Lyu et al., 2007). Obviously, in contact with liquid aqueous
media, PLA dry matter is decreasing once the hydrolysis is sufficiently advanced, due to the solubilization of degradation products which
are of small size, highly polar and hydrophilic (Li and McCarthy, 1999; Tsuji et al., 2000a; Lyu et al., 2007; Rocca-Smith et al., 2017b).

Effect of pH

The pH of foods or beverages may also influence the rate of hydrolysis. Rocca-Smith, 2017 investigated this effect using McIlvaine's
citric acid-phosphate buffer to control the pH of the liquid phase in contact with PLA films (for food packaging applications) in the range

Figure 3 Schematics of ester hydrolysis (nucleophilic substitution reaction) which happens for PLA in the presence of water. Acid catalyzed
hydrolysis is represented, as the main route of degradation for PLA packaging in contact with foods (which are mostly acidic).
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Figure 4 Kinetics of the hydrolysis rate of PLA, following the mean molar mass of PLA films stored at 50% RH, 65% RH, 75% RH, 85% RH,
95% RH, 100% RH or immersed in liquid water, at 50 °C. Error bars are standard deviations. Lines are guide for the eyes. Adapted from
Rocca-Smith et al. (2017).

from 3 to 7 (under accelerated conditions at T = 50 °C). The analysis of the molecular weight distribution of PLA clearly indicated that pH
had no influence on the rate of hydrolysis (Fig. 5).

Similar results with no effect of pH have also been reported for amorphous polylactide used in biomedical applications (Lyu et al.,
2007). In this work, the pH range was even broader (from HCl water solution at pH 0 up to NaOH water solution at pH = 12) for PLA
immersed at 37 °C, for 500 days.

Figure 5 Kinetics of PLA films degradation, reported as the weight average molecular weight ( ), when immersed in aqueous media at
different pH, at 50°C.
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Effect of Temperature

The effect of temperature on the hydrolysis rate of PLA immersed in aqueous media is classically described by the Arrhenius model:

where k is the rate constant for deteriorative reaction, A the collision frequency, Ea (J·mol−1) is the activation energy, R the gas constant
(8.314 J K−1 mol−1) and T the temperature in K. The rate at which the hydrolysis takes place obviously depends on the physical state of
polymer, and thus on the temperature.

Three temperature ranges can be identified accordingly with different activation energy (Table 1) (Tsuji, 2010). Above the melting
temperature of PLA, between 180–250 °C, the activation energy was found to be close to 50 kJ mol−1 (Tsuji et al., 2003). The activation
energy in the range of temperature between 120–160 °C was reported around 70 kJ mol−1 (Tsuji et al., 2008). For temperatures below the
glass transition temperature (Tg), between 21 and 45 °C, the kinetics of hydrolysis of PLA reached a higher value of activation energy
(>80 kJ mol−1) (Makino et al., 1985). Hydrolysis thus occurs faster at higher temperatures and has a lower activation energy compared
to temperatures below Tg. This hydrolysis phenomenon can be described in two steps: a first slow rate, followed by a second accelerated
rate. This rate difference is smaller when hydrolysis occurs at high temperature, probably due to the increased chain end mobility (Lyu et
al., 2007). Therefore, according to the temperature range in which the hydrolysis phenomenon is studied, different kinetic behaviors can
be observed. The degradation at high temperature above Tg follows the Arrhenius model (first order kinetics), while below Tg it can more
accurately be described by the Williams-Landel-Ferry model (Lyu et al., 2007).

Physical Stability of PLA

When an amorphous or semi-crystalline polymer is stored at temperatures below its Tg, slow molecular rearrangements occur in the
amorphous region, because only restricted motion as rotation of small groups of atoms and vibration and rotation motion of chemical
bonds along the polymer can occur. Over time, the polymer relaxes towards its thermodynamic equilibrium, which causes changes in
bulk properties such as volume or enthalpy. This phenomenon is called physical aging (Struik, 1977; Hutchinson, 1995). It can cause
dimensional instability of the polymer, embrittlement over time and changes in gas barrier properties. Above Tg, the amorphous phase
aging caused by relaxation phenomena is not thought to happen because the thermodynamic equilibrium is installed. In the case of
semi-crystalline polymers, three different phases can coexist (Wunderlich, 2003). Phase coupling of amorphous and crystalline phases can
give rise to an amorphous fraction with decreased macromolecular mobility, i.e. the Rigid Amorphous Fraction (RAF), which cannot relax
at Tg. Except for the crystalline phase, the polymer needs to be described with two fractions in the amorphous phase, the Mobile Amorphous
Fraction (MAF) and the RAF. The RAF vitrified at temperatures higher than Tg can be subject to physical aging.

PLA has a glass transition temperature (Tg) of approximately 60 °C and is therefore sensitive to quick physical aging at room
temperature (i.e. storage below but near Tg). The phenomenon is often investigated by the analysis of the enthalpy recovery peak
in a DSC experiment (Pan et al., 2007; Monnier et al., 2017; Dobircau et al., 2015; Righetti et al., 2017). An example of the
increase in the enthalpy of recovery peak linked to Tg is given in Fig. 6 (Delpouve et al., 2014). This Tg is attributed to the MAF.
Comparing Fig. 6A (amorphous PLA) and Fig. 6B (maximum crystallized PLA, Xc = 42%), a broadening of this recovery peak linked
to Tg can be observed due to higher heterogeneity in the mobility of the amorphous phase constrained between spherulites. In the
case of insufficient crystallization, Fig. 6C (semi-crystalline PLA, Xc = 22%) shows that distinct types of mobility can coexist in this
amorphous fraction. Both the peak overshoots of relaxation enthalpy linked to Tg, consequently to physical aging, and corresponding to
the inter-spherulitic amorphous phase and to the intra-spherulitic amorphous phase (inflection point I, Fig. 6C) are observed in that case.
The RAF devitrification only occurs between 80 and 130 °C. The RAF contributes to the physical aging mainly at high undercooling (low
temperature), while the structural relaxation at low undercooling (high temperature) occurs apparently via cooperative segmental motions.

Table 1 Activation energy of the hydrolysis of PLA according to the characteristic temperatures of the polymer

Temperature range
investigated

Activation energy
(kJ·mol−1)

PLA material References

T < Tg 21–45 °C 83.7 PLA microcapsules (1.5 μm in
diameter)

Makino et al.
(1985)

Tg < T <
Tm

120–160 °C 69.0 PLLA pellets ( = 160000 g mol−1

Xc = 27.2%)
Tsuji et al. (2008)

T > Tm 180–250 °C 51.0
49.6

PLLA pellets (Xc = 27%)
PLLA pellets ( =
160000 g mol−1

Xc = 27.2%)

Tsuji et al. (2003)
Tsuji et al.
(2008)
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At high undercooling, only small-scale local motions can take place, and this also occurs in the RAF (Righetti et al., 2017). Moreover, it
has been shown that an increase of D-lactic acid content in the macromolecular structure increases the physical aging (Aou et al., 2007).

Recently, fast scanning calorimetry (FSC) was also used to study physical aging of PLA. This technique allows heating up and cooling
down polymers as fast as a thousand Kelvin per second, which permits reaching the thermodynamic equilibrium of aging in relatively small
time intervals (Monnier et al., 2017; Monnier et al., 2018). This provides new means for theoretically investigating the aging behavior
of PLA as a function of the polymer morphology. Monnier et al., 2018 showed, for example, that constraints imposed by the RAF in the
amorphous phase can decelerate the physical aging rate.

From a practical point of view, the physical aging of PLA induces embrittlement (Pan et al., 2007; Burgos et al., 2013; Avolio et al.,
2015). Pan et al. (2007) showed in their pioneering work the decrease of the elongation at break of PLA during aging (Fig. 7). Burgos et
al. (2013) analyzed the oxygen barrier properties of aged PLA and showed an increase of almost 20% in 90 days of aging at 25 °C and 50%
RH. This decrease was even more important in the case of plasticized samples, similar to what is also observed for other types of plasticized
materials (Ruellan et al., 2016). A more detailed analysis on physical aging of plasticized PLA can be found in Ruellan et al. (2015).

In addition, the physical aging of PLA in contact with water was shown to be faster compared to dry conditions. This effect could be
explained by the capacity of water to form clusters inside the polymer matrix, even at very low absorbed quantities. The water clusters
bring additional free volume to the structure and could thus be responsible for the acceleration of segmental motion even in the absence of
any degradation due to hydrolysis (Vyavahare et al., 2014).

Effect on the Crystalline Phase of PLA

The increase in the percentage of crystallinity (Xc) is a well-known phenomenon in PLA under hydrolytic degradation which occurs also
in initially amorphous PLA. Hydrolysis-induced crystallization has been confirmed by different authors, using different techniques such as
DSC, WAXS (Wide-Angle X–ray Scattering) and FTIR (Fourier Transform Infrared spectroscopy). The increased chain mobility, induced
by the small degradation products and water molecules, favors plasticization and also crystallization of PLA chains (Migliaresi et al.,
1994; Tsuji et al., 2000a; Tsuji, 2010; Harris and Lee, 2010; Gorrasi and Pantani, 2013; Kucharczyk et al., 2013). Moreover, this
phenomenon is highly influenced by the storage conditions. As an example, there was no significant change in Xc (∼23%) for PLA films
stored at 50% RH and 50 °C, while increasing the RH conditions up to 100%, or immersing PLA in liquid water, lead to a linear increase
of Xc with time, up to ∼36% (Rocca-Smith et al., 2017b). This also induced a progressive loss of the transparency of film samples
(Rocca-Smith et al., 2017a). As a direct result, the melting temperature (Tm) first increased, due to an increase in the thickness of PLA
crystals, favoring their thermostability (and then obviously a decrease for high hydrolysis states when chemical aging occurs). It is also
worthy to note that such changes indirectly modify the respective ratios between the crystalline phase, the Rigid Amorphous Fraction
(RAF), and the Mobile Amorphous Fraction (MAF) (Rocca-Smith et al., 2017b).

Conclusions and Perspectives

This article reports on the chemical and physical stability of PLA when stored in different environmental conditions mimicking food
storage. The physical state of water plays a key role in the kinetics of the hydrolysis of PLA. Hydrolysis occurs faster when increasing
relative humidity from 50% to 100%. However, when PLA is stored in direct contact with liquid water, the reaction is slower than for high
RH conditions. In this latter case, the degradation products are solubilized in the liquid medium in contact. In contrast, when PLA is stored
at high RH conditions, these compounds accumulate in PLA film, acting as catalyzers, and thus accelerating the hydrolysis rate (Fig. 8).
Under conditions of use, it is also worth noting that physical and chemical aging of PLA will occur at the same time in most cases.

When PLA is stored at high RH conditions or immersed in liquid water, the shape of the endothermic peak associated with the glass
transition becomes broader, due to the hydrolysis and plasticization effects of water that create water–water interactions (clusters) between
the carbonyl groups, thus also accelerating the kinetics of physical aging. These storage conditions also lead to an increase in crystallinity
(Fig. 8).

The rate of PLA hydrolysis in aqueous media depends on the temperature. For temperatures higher than the Tg, the kinetics obeys
the Arrhenius model and follow a first-order reaction. Moreover, a lower activation energy is required, due to a higher increase in chain
mobility. For temperatures below the Tg, the kinetics of hydrolysis can deviate from Arrhenian behavior and display a higher activation
energy.

The pH does not affect the hydrolysis rate for PLA films (in the range from 3 to 7). This is key information for the application of
PLA films in contact with moist foods whatever their acidity, as a very wide range of moist foods (cooked or fresh fruits and vegetables,

Figure 6 (A) DSC normalized heat flow obtained on PLA with aging times varying from 0 to 1000 h at 45 °C, at increasing time from left to
right. The aging times are 30 min, 1 h, 2 h, 3 h, 5 h, 50 h, 72 h, and 1000 h. The curve corresponding to the zero aging does not exhibit any peak of
recovery. (A) Amorphous PLA (B) Maximum crystallized PLA (Xc = 42%). (C) Semi crystalline PLA (Xc = 22%). Reproduced with permission
from Delpouve et al. (2014). Copyright 2013 John Wiley and Sons.
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cheeses, dairy products, meat and meat-based products, delicatessen, tomato paste, etc.) could be packed in PLA films or trays, provided
that the shelf life of the PLA material would be longer than that of the packed product.

From a practical point of view, this overview of PLA stability indicates that PLA film is a very suitable packaging for semi-dry or dry
foods, which are characterized by aw ≤ 0.5. In these conditions PLA is chemically stable and no hydrolysis occurs. Nevertheless, physical
aging will take place, especially if the storage temperature is close to the Tg. When PLA is used to pack high moisture foods or beverages
having aw ≈ 1, particular attention has to be paid to the stability. In such cases, shelf life testing of the packaging is required, since the
PLA can highly interact with the water molecules coming from the food and therefore be altered. Consequently, the functional properties
of the packaging can be modified, and the protection of the food quality can be quickly lost during time. In the case of biodegradable
polymers like PLA, it thus becomes necessary to estimate the shelf life of the packaging along with the shelf life of the food according to
the application targeted.

Figure 7 (A) Yield strength, (B) tensile modulus, and (C) fracture strain as a function of log (aging time, ta/h) for PLLA samples annealed at 4,
25, and 40 °C. The dotted lines represent the data of the unaged PLLA specimen. Reproduced from Pan et al. (2007) Copyright © 2007 American
Chemical Society with permission.
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Figure 8 Main phenomena that affect PLA stability according to different storage conditions and suitability as a food packaging material.
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