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Barrier properties of poly(lactic acid) and its
morphological changes induced by aroma
compound sorption

Gael Colomines,a Violette Ducruet,b Cécile Courgneau,b Alain Guinaulta

and Sandra Domenekb∗

The barrier properties of poly(lactic acid) (PLA) play a key role in food packaging applications. For their optimization, the 
influence of crystallinity on the barrier properties of PLA and the interaction of PLA with the aroma compound ethyl acetate 
were investigated. PLA film samples with various crystallinities were fabricated by flat die extrusion and thermocompression 
and compared to PLA Biophan. The degree of crystallinity had no effect on the oxygen permeability. However, an increase 
of crystallinity caused a decrease in ethyl acetate sorption. The sorption isotherm of ethyl acetate obtained using 
microgravimetry showed a steep increase with increasing aroma activity, a form which is consistent with a plasticization 
effect. This behaviour was verified using differential scanning calorimetry and dynamic mechanical analysis. Sorption caused 
a marked decrease in the glass transition temperature well below room temperature to approximately 0 ◦C. Furthermore, PLA 
underwent a solvent-induced crystallization when equilibrated in ethyl acetate atmosphere at an activity of 0.5. The results 
obtained show the importance of considering possible interactions between polymer and foodstuff during the optimization 
step of polymeric materials for food packaging applications.

Keywords: poly(lactic acid); barrier properties; thermomechanical properties; glass transition; food packaging

INTRODUCTION
The past few years, marked by the paradigm of sustainable devel-

opment, have brought about a renewed interest in biodegradable

polymers originating from renewable resources. The most impor-

tant market for those novel polymers will be the packaging sector,

within which food packaging represents approximately 65% by

volume. Among bio-source-based polymers emerging on the food

market, the semi-crystalline polyester poly(lactic acid) (PLA) is one

of the most applied because of its relatively low cost and ease of

processing.

Initially used in biomedical applications1 such as self-degrading

suture materials, PLA has promising properties and it is approved

for food contact.2 It is well adapted for the packaging of fresh

products with short shelf-life. In order to increase the use of PLA

packaging volume it is also important to offer functional packaging

for products with longer shelf-life. Important functionalities of

packaging are not only to ensure food safety, but also to guarantee

the organoleptic quality of the packed product during its shelf-

life. Therefore, the barrier properties of the packaging polymer

against the transfer of small molecules, such as O2, CO2 or H2O, are

important. In particular, oxygen is an excellent oxidizing agent of

lipids3 which can cause deterioration of product quality. Moreover,

barrier properties against larger volatile molecules, such as aroma

compounds, need to be assessed since the transfer of these

compounds into the polymer could cause a modification of the

aroma formulation of the packaged food leading to a deterioration

of its quality.4 – 7

Barrier properties of semi-crystalline polymers are affected by

the crystallinity of the polymer, since crystalline zones are excluded

volumes where molecules cannot sorb or diffuse.8 Furthermore

in the amorphous regions, the diffusion mechanism is different

according to whether the polymer is in a rubbery or a glassy state at

the temperature of use. For example, highly augmented mass and

gaseous transfers can occur during the hot-conditioning of food.

The crystallinity of PLA has been widely studied with respect

to the morphology of the crystalline structure9 – 11 and to the

influence of nucleating agents12 and plasticizers.13 The gaseous

transfer of O2, CO2 and H2O through PLA films has already been

investigated by several authors.14 – 20 The CO2 permeability coeffi-

cient of PLA is lower than that of polystyrene (PS), but higher than

that of poly(ethylene terephthalate) (PET).14 A similar performance

of PLA was described for O2.15,17 The barrier properties of PLA

against water vapour, however, are not as good as those of PET

and PS, although a decrease in the water permeability coefficient

of PLA can be achieved by varying the film fabrication conditions.
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For example, an increase of temperature for biaxial oriented films

results in a decrease of the water vapour permeability.15

The barrier properties of PLA against aroma compounds have

been the subject of only a few studies to date.14,16 Auras and

co-workers16 showed that PLA has an excellent performance

against limonene, a hydrophobic aroma compound found in

orange juice. However, more hydrophilic molecules, such as ethyl

acetate, a booster and enhancer for fruit aroma often present in

high quantity, can be sorbed to an approximately twofold greater

extent in the hydrophilic polyester PLA in comparison to PET,

polypropylene (PP) and low-density polyethylene (LDPE). Since

aroma compounds are mainly hydrophobic molecules, PLA seems

to be a promising material with efficient aroma barrier properties

comparable to PET.

However, to date, the link between barrier properties and

crystallinity has been the subject of only a few studies. No data

have been published on the influence of the sorption of volatile

organic molecules, such as aroma compounds, in PLA on its

morphological and thermomechanical properties, particularly the

influence on the glass transition. From an application point of

view, this knowledge will be helpful in the design of PLA with

efficient barrier properties not only in food packaging applications.

Therefore, in the study reported here, PLA samples with various

crystallinities were prepared and studied. An industrial sample of

PLA film (Biophan) was used as reference. For sample fabrication,

the extrusion–thermocompression technique was preferred to

the casting technique often used as a model process, in order to

avoid a plasticizing effect due to the residual solvent which can

affect the gas barrier properties.20 Ethyl acetate was used as a

model volatile molecule, because it is used in high concentrations

in many fruity aroma formulations where it plays an important

role in the top note. It is the most hydrophilic molecule in the

homologous series of ethyl esters used in aroma formulations.

Oxygen barrier properties and ethyl acetate sorption were

investigated as functions of the crystallinity of the PLA film. The

thermomechanical consequences of ethyl acetate sorption were

characterized using DSC and dynamic mechanical analysis (DMA).

EXPERIMENTAL
Materials

PLA Biophan 121 film (Treofan, France) was provided as a film of

30 µm in thickness being composed of three layers: a core layer

of white PLA and two external layers of sealable PLA. It contained

lactide monomers in D- and L-conformation, although the exact

proportion was not specified in the manufacturer’s datasheet. Its

oxygen transmission rate was equal to 675 cm3 m−2 day−1 bar−1

at 23 ◦C and 50% relative humidity (RH) according to the Treofan

datasheet (oxygen permeability PO2 = 2.344 × 10−18 m3 m m−2

s−1 Pa−1). PLA Biomer L9000 (Biomer, Germany), being mainly

in the L-conformation and containing approximately 1% D-lactic

acid, was purchased as pellets. An analysis of the molecular weight

by size exclusion chromatography (SEC) resulted in the following

characteristics: number-average molecular weight (Mn) of 90 000

and weight-average molecular weight (Mw) of 170 000. The pellets

were dried at 80 ◦C under vacuum for 8 h before use. Ethyl acetate

and hexadecane (p.a. quality) were purchased from Sigma Aldrich

(France).

Extrusion and thermocompression of PLA films

The extruded PLA film was prepared from dried Biomer pellets

(vacuum pressure of 104 Pa, 8 h at 80 ◦C) using a single-screw

extruder of 30 mm in diameter with a barrel of length-to-diameter

ratio of 33 and a three-section screw without mixing elements

and turning at 40 rpm. The temperature profile of the six zones of

the screw was 180–185–190–195–205–205 ◦C. The temperature

profile of the mixer device (4 Sulzer SMX) and the die was defined

at 210 ◦C, in order to avoid non-melted particles and degradation.

A flat die of 100 mm in width and chill roll equipment were

used to manufacture a film of 80 mm in width and approximately

190 µm in thickness. The roll temperature and roll speed were

fixed, respectively, at 25 ◦C and 10 m min−1.

In order to obtain a PLA film sample with defined crystallinity

and without residual stress, the extruded film was subsequently

reheated and moulded using a thermal press (Specac Press, UK).

Extruded films were sandwiched between a Teflon film and a

stainless steel plate. The sandwich was held at 200 ◦C for 1 min

without pressure to ensure temperature equilibrium and complete

melting of PLA. Then, a pressure of 3.4 bar (340 kPa) was applied

for 4 min. The film was subsequently quenched in water at room

temperature (23 ◦C) yielding amorphous, quenched PLA. In the

following this sample will be referred to as quenched PLA. The

quenched samples where reheated at various temperatures and

durations under compression (0.5 bar (50 kPa)) to obtain PLA

samples with various degrees of crystallinity. The recrystallized

samples were quenched in water at room temperature. These

samples will be referred to as recrystallized PLA. Sample thickness

was measured with a handheld micrometer to be 190 ± 30 µm.

Conditioning of PLA films in ethyl acetate atmosphere

The PLA samples were equilibrated in an ethyl acetate atmosphere

at an activity of 0.5 for 3 days in a hermetic cell at 25 ◦C. The activity

was calculated as p/p0, with p being the partial pressure and p0

the vapour pressure of ethyl acetate at saturation. The duration

of 3 days was a minimum time span to ensure the equilibration

of the ethyl acetate concentration gradient within the samples.

The activity of ethyl acetate in the atmosphere of the equilibration

cell was generated with a solution in hexadecane containing

3.3 × 10−2 mol L−1 ethyl acetate. An amount of 10 mL of this

solution was put into a hermetic cell (volume of 0.8 L) equipped

with a Mininert valve. The concentration of ethyl acetate in the

atmosphere was measured after equilibration for 6 h at 25 ◦C.

For that, 0.5 mL of the atmosphere was withdrawn using a gas

syringe through the Mininert valve and analysed using a Fisons

GC 8000 gas chromatograph (Fisons, France) equipped with a

DB-Wax capillary column (J&W Science; 30 m length × 0.32 mm

inner diameter × 0.50 µm film thickness). The temperature of the

splitless/split injector was 220 ◦C with a purge time of 1.5 min.

The temperature of the flame ionization detector was 250 ◦C. The

carrier gas was hydrogen with a linear velocity of 37 cm s−1. The

oven temperature was programmed to increase from 40 to130 ◦C

at 5 ◦C min−1.

The concentration of ethyl acetate was calculated by external

calibration. The calibration curve of ethyl acetate was set up by

injection of 2 µL of the calibration solutions which were ethyl

acetate in pentane (Sigma, France, p.a. quality; 0.216, 0.433, 0.649

and 0.866 mol L−1). Ethyl acetate activity was determined using

the perfect gas law.

Analysis methods

Size exclusion chromatography

The molecular weight of the polymer samples was determined

using SEC with a Shimadzu liquid chromatograph equipped
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with an LC-10AD isocratic pump, a DGU-14A degasser, an SIL-

10AD automated injector and a CTO-10A thermostat oven. The

fractionation was performed on a series of two PL-Gel mixed

C (5 µm, 300 mm) columns and a PL-100A (300 mm) column

(Polymer Laboratories) preceded by a pre-column PL-Gel 5 µm

Guard (50 mm, Polymer Laboratories) using chloroform (Merck,

HPLC grade) as elution solvent. The flow rate was 0.8 mL min−1,

temperature was 25 ◦C and injection volume was 100 µL. The

fractions were detected using a Shimadzu RID-10A refractive

index detector. Sample concentration was 4–5 mg mL−1. The

system was calibrated with a polystyrene calibration kit of low

polydispersity (580–1 650 000).

Differential scanning calorimetry

The crystallinity of the PLA samples was measured using a Pyris

1 (Perkin Elmer, France) DSC instrument. Tests were performed at

10 ◦C min−1 from 0 to 200 ◦C in hermetic aluminium pans. The

degree of crystallinity (χ c) of the PLA samples was calculated using

χ c =
�Hm − �Hc

�H0
m

(1)

where �Hm is the enthalpy of melting considering the small

exothermal event at the beginning of the melting peak, �Hc

is the enthalpy of crystallization and �Hm
0 is the enthalpy of

fusion per mole of repeating unit of perfect crystal of infinite size

(totally crystalline polymer), being 93 J g−1.18 The glass transition

temperature was measured using temperature-modulated DSC

(TMDSC) with a QSC 100 instrument (TA Instruments, France).

The heating scan was performed under sinusoidal temperature

modulation with a heating rate of 1 ◦C min−1, a period of 80 s

and a modulation of ±1.5 ◦C between −30 and 90 ◦C. Hermetic

aluminium pans (Tzero, TA Instruments) were used, which are able

to withstand an internal pressure of 3 bar (300 kPa). The absence

of weight loss was verified for each experiment by weighing.

All measurements were made in triplicate. Each apparatus was

equipped with an intracooler in order to reach low temperatures.

All tests were performed under nitrogen atmosphere.

Dynamic mechanical analysis

Tension measurements were carried out with a Tritec 2000 DMA

instrument (Triton Technology, France) at a frequency of 1 Hz and

0.1% strain. Polymer samples (10.25 mm long, 5 mm wide and ca

0.2 mm thick) were heated from −50 to 200 ◦C at 2 ◦C min−1. The

temperature of the glass transition was taken at the peak of the

damping factor (tan δ). Measurements were done in triplicate.

Oxygen permeability

The oxygen transmission rate was measured at 23 ◦C and 0%

RH using a Systech 8001 (France) apparatus. Measurements were

done in duplicate.

Sorption isotherm

The sorption isotherm of ethyl acetate was measured at 25 ◦C and

0% RH with a static method, using an electronic microbalance

(Intelligent Gravimetric Analyzer 002, Hiden Isochema Ltd,

Warrington, UK) with a sensitivity of 0.2 µg. Film samples

(30–40 mg) were suspended from the microbalance by a stainless

steel spiral which was contained in a thermoregulated cell at

25 ◦C. The microbalance itself was maintained at 50 ◦C to ensure

stability during the weight measurement by prevention of solvent

condensation. Before measurements, the samples were purged

for 24 h at 10−5 mbar (10−3 Pa) to remove all volatile compounds

sorbed in the film and present in the chamber. Then, in order to set

the aroma activity, the ethyl acetate partial pressure was set using

a pressure transducer (Baratron, MKS Instruments, Wilmington,

MA, USA) linked to a tank with a vapour phase saturated in ethyl

acetate. The mass uptake of samples was recorded automatically

with the time. The sorption equilibrium was defined as less than

1% change in the film mass or after 20 h, even if the macroscopic

equilibrium was not reached. The apparent ethyl acetate solubility

S (kg m−3 Pa−1) was calculated according to

S = M∞ ×
d

p
(2)

where M∞ is the equilibrium sorption obtained theoretically after

infinite time (kg kg−1), d is the film density (kg m−3) and p is the

compound vapour partial pressure (Pa). Each measurement was

done in triplicate.

The microbalance was calibrated regularly during maintenance

periods for pressure, mass and temperature by the following

methods.

• The microbalance weight measurement was calibrated using

three Class F1 calibrated weights of 20, 50 and 100 mg. Nine

measurements were made with different combinations of the

three weights to check the balance linearity as well as the

microbalance measurement span by use of a least squares fit.

• The loading of a single F1 calibrated weight of 100 mg, with

tolerance of 50 µg, was used to check the balance conformance.

Typically the determined weight was within ±20 µg of the

nominal value.

• The 100 mbar Baratron capacitance manometer was factory

calibrated, with a specified accuracy of 0.15% of reading.

• The sample temperature is measured using a platinum

resistance thermometer (PT100 1/10 Class B) adjacent to the

sample position. The measurement electronics span and offset

were determined using high-precision resistances, individually

calibrated using a traceable ohmmeter. The platinum resistance

thermometer sensor conformance was verified to within 0.2 ◦C

by immersion in a distilled water/ice mix and by comparison

with a calibrated glass thermometer at ambient temperature.

• The drift of the microbalance was estimated using a blank

experiment to be 0.07 mbar min−1.

Statistical analysis

Statistical analysis was done with a one-way analysis of variance

(ANOVA). When the differences were significant (p < 0.05),

Duncan’s test was used to check the differences between pairs

of groups and was carried out using XLSTAT-Pro 7.0 software

(Addinsoft, Paris, France).

RESULTS AND DISCUSSION
Sample preparation

In order to test the influence of the crystallinity of PLA samples

on barrier properties, PLA films with various crystallinities were

fabricated by thermocompression of extruded films. Because

PLA exhibits low crystallization kinetics, it is easy to prepare

film samples with various degrees of crystallinity. The high

glass transition temperature at approximately 60 ◦C allows the
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Table 1. Influence of recrystallization conditions on the thermal properties of PLA films and oxygen permeability

Sample Tc �Hc (J g−1) Tm �Hm (J g−1) χc (%) Mn Mw

PO2 (×1018

m3 m m−2 s−1 Pa−1)

Extruded film 100.5 (±0.2) 33.4 (±0.4) 164.3 (±2.8) 35.5 (±0.2) 2 (±1) 97 000 170 000 1.94 (±0.03)a

Quenched PLA 97.9 (±0.6) 31.9 (±0.7) 166.5 (±0.4) 37.7 (±0.8) 6% (±2) 92 000 175 000 2.50 (±0.18)b

80 ◦C, 15 min recrystallized PLA 91.6 (±0.8) 30.0 (±1.3) 166.9 (±1.7) 37.2 (±0.5) 8% (±3) n.d. n.d. n.d.

85 ◦C, 15 min recrystallized PLA 82.3 (±0.6) 8.6 (±2.5) 168.3 (±0.5) 36.0 (±0.1) 29% (±4) n.d. n.d. n.d.

90 ◦C, 15 min recrystallized PLA – 0 165.7 (±1.4) 36.0 (±0.2) 39% (±1) n.d. n.d. n.d.

92 ◦C, 25 min recrystallized PLA – 0 167.9 (±0.3) 36.7 (±0.6) 39% (±1) 80 000 167 000 2.86 (±0.08)c

PLA Biophan – 0 138.9 (±0.7) 17.9 (±0.1) 19% (±1) 90 000 172 000 2.11 (±0.08)a

Tc , crystallization temperature; �Hc , crystallization enthalpy; Tm , melting temperature; �Hm , melting enthalpy; χ c, degree of crystallinity; PO2 , oxygen
permeability; n.d., not determined.
a,b,c Significant differences at p < 0.05 (Duncan’s test).
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Figure 1. Heat flow curves of PLA samples in the first heating cycle:
(a) extruded PLA; (b) quenched PLA; (c) recrystallized PLA (92 ◦C, 25 min).

quenching of the PLA samples from the melt at room temperature.

Samples were subsequently annealed at various temperatures

and times. The operation conditions used in this work are

given in Table 1. The annealing temperatures were low in order

to obtain small spherulites giving generally better mechanical

properties. The annealing time was limited in order to limit sample

degradation. Table 1 shows the molecular weight characteristics

of the different samples. The extrusion and thermocompression

treatment results in a decrease of molecular weight.

Figure 1 shows heating scans of three samples: extruded PLA

(curve a), quenched PLA (curve b) and PLA crystallized in the

heating press (curve c). The heating scan of the extruded PLA

shows an endothermic relaxation event that is superposed on the

glass transition temperature (Tg), preventing the determination of

the Tg value. Annealing the samples at temperatures higher than

Tg nearly eliminated the endothermic relaxation (curves b and c),

which is a result of a secondary molecular reordering occurring in

the amorphous phase of semi-crystalline polymers.15 The extruded

and quenched PLA (curves a and b) show a cold crystallization at

ca 100 ◦C and a double melting endotherm at ca 170 ◦C. The

double melting peak of PLA has been studied using modulated

DSC.10,22 The current interpretation is a melting–recrystallization

phenomenon where the lower endotherm corresponds to the

melting of initially present crystals. The partially molten material

is thought to be able to recrystallize forming more perfect crystals

melting at higher temperature in the second endotherm.1,10,11,23

Melting of all PLA samples is accompanied by a small exothermal

event. This exothermal signal overlapping is well observed in

TMDSC and has been previously reported by Zuza et al.24 and

Ohtani et al.25 It has been suggested that the cause is the

recrystallization of already existing α crystals into an α polymorph

of higher perfection.25

The thermal properties of our PLA samples are given in Table 1.

The degree of crystallinity is calculated according to Eqn (1).

We notice that the crystallization temperature (Tc) and melting

temperature (Tm) do not change with annealing temperature.

Values of �Hm are similar for all PLA Biomer samples which

illustrates the absence of degradation of polymer during sample

preparation because there is no change in the ability of PLA to

crystallize. Similar conclusions have been drawn for the polyester

PET.26 Values of �Hc decrease with the heating temperature which

permits one to follow the crystallization process and to calculate

the increase of the degree of crystallinity. On the one hand, as

expected, �Hc decreases with the annealing temperature which

permits one to follow the crystallization process with an increase

of the degree of crystallinity. On the other hand, �Hm values are

similar which illustrates the absence of degradation for all samples

based on PLA Biomer during sample preparation. These results

show that there is no change in the ability of PLA to crystallize

which is in accordance with previous work on PET.26 The maximum

degree of crystallinity realizable with our experimental set-up is

approximately 40% which is in accordance with the results of Ling

and Spruiell11 and MacDonald et al.27 No difference between the

sample annealed at 90 ◦C for 15 min and that annealed at 92 ◦C

for 25 min is observed in the DSC analysis.

The impact of crystallization on the viscoelastic properties of

the PLA samples was further investigated using thermomechanical

analysis. Figure 2 plots curves of uniaxial tensile storage modulus

(E′) as a function of temperature. The sample recrystallized at 92 ◦C

shows the highest E′ in the glassy plateau. The loss of E′ during the

glass transition at approximately 60 ◦C depends on the quantity

of amorphous phase in the sample. We see that it is largest for the

quenched PLA film. Incompletely recrystallized samples show an

increase in E′ after Tg, which has been shown to be caused by the

cold crystallization phenomenon.28 The recrystallization induces a

stiffening of the macromolecular chains being responsible for the

increase in the storage modulus. The final decrease of the storage

modulus at high temperature corresponds to crystal melting in the

film. DMA being a more sensitive technique than DSC to observe

physical transition phenomena in polymers allows us to distinguish
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Figure 2. Evolution of the storage modulus with temperature of PLA
samples having various crystallinities. Extruded PLA (◦), quenched PLA (�)
and annealed PLA: 15 min at 80 ◦C (△), 15 min at 85 ◦C (▽), 15 min at 90 ◦C
(♦) and 25 min at 92 ◦C (+).

between the samples recrystallized at higher temperature. The

sample compressed for 15 min at 90 ◦C is still able to recrystallize

as we can see from the peak of the storage modulus in the rubbery

plateau, a phenomenon not observed in the curve of the sample

treated at 92 ◦C.

To investigate of the effect of crystallinity on the barrier

properties of the PLA films we worked on the extruded blank,

the quenched sample and the film thermocompressed for 25 min

at 92 ◦C. The latter will be referred to as recrystallized film.

Gas barrier properties

The oxygen permeability of the various samples is given in Table 1.

Literature data give oxygen permeabilities between 2.3 × 10−18

and 4.6 × 10−18 m3 m m−2 s−1 Pa−1 for various experimental set-

ups.15,29,30 Our results are consistent with those data. The oxygen

permeability of the PLA Biophan film is in accordance with the

values given by the manufacturer. Compared to conventional

packaging polymers, PLA shows behaviour intermediate between

that of PET and PS, being, respectively, good oxygen barrier

packaging with an oxygen permeability of ca 0.4 × 10−18 m3

m m−2 s−1 Pa−1 and a low oxygen barrier material with oxygen

permeability of 19 × 10−18 m3 m m−2 s−1 Pa−1.31 The statistical

analysis of the data, given in Table 1, shows that the films behave

significantly different. The recrystallized sample has the highest

oxygen permeability, which is not the expected result. For example,

crystallization, in particular cold crystallization from the glassy

state, is a common way to improve gas barrier properties of

PET.32 Furthermore, a decrease of the water vapour transfer

rate with increasing crystallinity has already been shown for

PLA.33 The decrease of the gas permeability with crystallinity is

generally explained in terms of two factors. First, the inclusion of

impermeable crystallites decreases the amount of the amorphous

phase through which gas molecules can permeate. Second,

impermeable crystals increase the tortuosity of the transport

path. The former effect affects the total solubility of the permeant

in the material, the later affects the diffusion coefficient. However,

in many cases the decrease of solubility with crystallinity is smaller

than expected from the increase of crystallinity. This behaviour is

explained by the decrease of the average amorphous phase density

or de-densification with increasing crystallinity resulting from

conformational restrictions imposed by the crystallinity on the

polymer chain in the amorphous phase. The less dense amorphous

phase includes higher free volume and shows therefore higher

gas solubility.34

In our case, an increase of oxygen permeability is observed.

Although significant after three measurements, the increase is very

small, because, from a technological point of view, a relevant effect

includes the change of an order of magnitude in permeability. We

propose two hypotheses for our findings. First, although the DSC

and DMA results clearly show the crystallinity of the recrystallized

PLA, no apparent spherulites are observed with a microscope

under cross-polarized light, which is in contrast to the observations

of Solarski et al.21 or Tsuji and Ikada.35 The morphology can be

explained by the low recrystallization temperature used in this

work to obtain small spherulites. Therefore, we suggest that the

spherulites in our film samples might be too small to create a more

tortuous path for the oxygen molecules and thus to decrease the

gas permeability. It has been described for PET that an increase

in the size of the superstructure in the crystalline phase decreases

the gas permeability due to an increase of the tortuosity.32

A second hypothesis might be the de-densification of the

amorphous phase which counteracts the decrease of the quantity

of permeable amorphous phase due to crystallization. De-

densification of the amorphous phase in PET has been shown

by Liu et al.36 to be responsible for the higher oxygen permeability

of bottle walls processed under conditions of higher thermal

exposure, although the treatment led to an increase in the volume

fraction of impermeable crystals. A decrease in the permeable

amorphous phase density causing an increase of gas permeability

through heat-set PET was also shown by Qureshi et al.37 It has

been shown for poly(L-lactic acid) (PLLA), in comparison to PET,

that there is an important decoupling between crystalline and

surrounding amorphous phase.24,38,39 This behaviour is attributed

to the high flexibility of the macromolecular chain, which is able

to fold easily on the crystal surface. The result would be less tied

molecules between amorphous and crystalline phase,38 a factor

limiting the possibility of de-densification of the amorphous phase.

Further research and careful measuring of the phase densities of

PLA should be carried out in order to get more insight into the

transport mechanisms.

Aroma compound sorption

The mass uptake of ethyl acetate in the PLA samples is plotted in

Fig. 3. The plots show an upwards trend and are convex in relation

to the ethyl acetate activity axis. In the case of semi-crystalline

polymers in their glassy state, the sorption isotherm at low partial

pressures of penetrant is concave to the pressure axis and convex

only at high activities.40 This behaviour is generally described

by the dual-mode sorption model (combination of Henry’s and

Langmuir’s sorption modes). At high penetrant activities, the

convex form is usually described for semi-crystalline polymers in

their rubbery state, such as hydrophobic polymers in contact with

organic compounds. Examples for this type of sorption isotherm

are the sorption of ethyl acetate and ethyl hexanoate into LDPE41

or benzaldehyde into PP.42 The behaviour is generally described

with the Flory–Huggins or the engaged species induced clustering

(ENSIC) model.43 Fig. 3 shows that the comparative data obtained
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Figure 3. Apparent sorption isotherm of ethyl acetate in PLA samples
with various crystallinities. In order to display the differences for small
values, the ordinate is discontinuous between 0.2 and 0.3% mass uptake
(kg ethyl acetate per kg polymer). Extruded PLA (◦), quenched PLA (�),
recrystallized PLA (♦), PLA Biophan (�).

after 20 h of sorption seem to be consistent with an ENSIC or

Flory–Huggins sorption isotherm.

At an activity of 0.5, the recrystallized PLA film shows an ethyl

acetate mass uptake significantly lower than that of the other

PLA films. The mass uptake of the recrystallized sample remains

small compared to the other samples up to an activity of 0.7.

Between activities of 0.7 and 0.9 the sorption of ethyl acetate

increases strongly. We suggest that this is caused by a change

in the sorption mechanism due to the formation of ethyl acetate

clusters in the polymer, which is consistent with the ENSIC model.

At an activity of 0.9, there is a difference between the sorption of

all samples, with the recrystallized film sorbing the smallest and

the PLA Biophan film the highest quantity. The reason why the

Biophan film sorbs more than the amorphous samples could not

be determined. Various hypotheses can be suggested. The exact

formulation of the Biophan film is not known; technical adjuvant

contained in the polymer may enhance ethyl acetate sorption.

Furthermore, the film has two sealable faces which are amorphous,

probably accounting for a major part of the sorption. A second

hypothesis is the comparatively small thickness of the sample.

The thermocompressed PLA Biomer samples are fivefold thicker,

which may induce an error in the apparent solubility coefficient

because the macroscopic equilibrium value is not reached.

The kinetics of the sorption allow us to calculate the apparent

solubility coefficients (S) of ethyl acetate in the PLA samples at

various activities (p/p0) according to Eqn (2). However, the PLA

samples reach the stationary state of the sorption curve only at

an activity of 0.2. In order to compare the behaviour of the PLA

samples, the apparent solubility coefficients were calculated from

the near-equilibrium value of the mass uptake after 20 h of contact.

The results are shown in Fig. 4.

The recrystallized sample sorbs the smallest quantity of ethyl

acetate whatever the activity, because the sorption occurs only in

the amorphous phase of the polymer. The results at an activity

of 0.5 are of the same order of magnitude as the results of Auras
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Figure 4. Apparent solubility coefficient (S) of ethyl acetate in PLA samples
with varying crystallinity at three activities (p/p0) at 25 ◦C. In order to
display the small values, the ordinate is discontinuous as indicated.

et al.16 who measured, using a different experimental set-up, a

solubility coefficient of 6.17 × 10−3 kg m−3 Pa−1 at 30 ◦C and an

activity of 0.3 for PLA 98% L-isomers. In comparison, the solubility

coefficients of ethyl acetate in the PLA samples are higher than

those obtained in LDPE and PP. The solubility coefficient of the

rather hydrophilic molecule ethyl acetate in those hydrophobic

polymers ranges from 1.52 × 10−3 kg m−3 Pa−1 at an activity of

0.5 to 1.92 × 10−3 kg m−3 Pa−1 at an activity of 0.9.41 Nielsen

and Giacin44 measured the solubility coefficient of ethyl acetate

in PP using a gravimetric procedure at an activity of 0.5 and 22 ◦C

as equal to 3.2 × 10−3 kg m−3 Pa−1. These comparisons show

that the ethyl acetate solubility is roughly two times higher in

PLA compared to the polyolefins PP and PE. The reason is most

probably the more hydrophilic character of the PLA chains which

facilitates the sorption of the comparatively hydrophilic molecule

ethyl acetate. Actually, ethyl acetate is the most hydrophilic aroma

compound in the homologous series of ethyl esters, and it was

chosen here in order to test the performance of PLA in a rather

unfavourable case. Since aroma compounds are in the main more

hydrophobic than ethyl acetate, good performance of the barrier

properties of PLA can be expected. Auras et al.16 showed, for

example, that the sorption of hydrophobic limonene in PLA was

apparently smaller than that in LDPE and PP.

Influence of aroma compound sorption on the thermal
properties of PLA

The form of the sorption isotherm consistent with the ENSIC model

suggests the plasticizing of the polymer matrix. In order to test

the effect of sorption on the thermomechanical properties of the

PLA samples, they were analysed after 3 days equilibration in ethyl

acetate atmosphere at an activity of 0.5. The results are given

in Table 2. The glass transition temperature was measured using

TMDSC which allows the determination in the first heating scan

although the enthalpic relaxation peak is superposed on the Tg

signal as shown in Fig. 1. Figure 5 shows the heat flow curve of the

various samples before (Fig. 5(a)) and after (Fig. 5(b)) equilibration

in ethyl acetate atmosphere. One observes the broadening of the
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Table 2. Glass transition temperature (Tg) and degree of crystallinity of PLA films determined using DSC and DMA before and after sorption of ethyl
acetate (EA) during the conditioning in EA atmosphere at an activity of 0.5 and 25 ◦C for 3 days

Crystallinity (%) DSC DMA

Sample
Before EA
sorption

After EA
sorption

Tg (◦C) before
EA sorption

Tg (◦C) after
EA sorption

Tg (◦C) before
EA sorption

Tg (◦C) after
EA sorption

Extruded PLA 2 (±1) 46 (±5)a 56.7 (±0.6) −0.3(±8.8)a 62.3 (±0.2) 52.1 (±1.1)b

Quenched PLA 6 (±2) 46 (±2)a 56.8 (±1.3) 1.9 (±5.9)a,b 62.8 (±0.3) 49.8 (±0.4)c

Recrystallized PLA 39 (±1) 52 (±3)a 63.3 (±1.2) −5.7(±0.3)a 71.2 (±2.2) 52.0 (±0.1)b,c

PLA Biophan 19 (±1) 22 (±4)b 50.9 (±0.1) 16.9 (±1.9)b 67.9 (±0.1) 55.2 (±0.1)a

a,b,c Significant differences at p < 0.05 (Duncan’s test).

Figure 5. Heat flow curves of PLA samples (a) before and (b) after equilibration in ethyl acetate atmosphere at an activity of 0.5 and 25 ◦C for 3 days.

glass transition region to more than 20 ◦C. This flat transition is

easier to determine in the modulated heating scan.

We note an increase of Tg with increasing crystallinity for

the PLA Biomer samples before conditioning in ethyl acetate

atmosphere. This increase is consistent with the results of Delpouve

et al.45 Those authors showed that there was a complex polymer

relaxation phenomenon indicating two distinct glass transition

dynamics. The low-temperature process is assigned to segmental

motions in the interspherulitic amorphous phase and the high-

temperature process can be assigned to the presence of an

intraspherulitic amorphous phase being more constrained. Zuza

et al.24 found a similar increase of Tg for semi-crystalline PLA. They

showed furthermore a shift of 15 ◦C to higher temperatures of Tg

of semi-crystalline PLLA compared to amorphous poly(D,L-lactic

acid), which may explain the observed difference between the

recrystallized sample and PLA Biophan. If we turn our attention

now to the Tg results after conditioning of the PLA samples in

ethyl acetate atmosphere, no significant difference in Tg as a

function of crystallinity is observed, except PLA Biophan, as

is evident from the statistical analysis in Table 2. However, the

broadening of the glass transition leads to a higher uncertainty

of the value of Tg taken at the midpoint of the transition. What

is important here, especially for packaging applications of PLA,

is the large shift of the value of Tg far below room temperature.

Even if the shift of Tg of PLA Biophan is smaller, the value

is still below room temperature. A very negative effect of the

sorption of aroma compounds such as ethyl acetate on the barrier

properties of packaging materials during the storage of food

products can be expected. Actually, the transfer phenomena are

known to accelerate at temperatures higher than Tg. Table 2 also

gives the Tg values recorded using DMA and obtained at the

peak of the damping factor. The decrease of Tg after conditioning

of the samples in ethyl acetate atmosphere is still important,

but recorded values are much higher than those from DSC.

A significant difference between PLA Biophan and the other

samples is observed. Furthermore, there seems to be a difference

between the quenched sample and the extruded and recrystallized

ones. However, this difference is not confirmed by the DSC values,

where problems of ethyl acetate evaporation are avoided. On

the one hand, the results of the mechanical testing are generally

higher than those from DSC; on the other hand, we suppose that

samples dry during the DMA measurements. One reason is the

large surface of the samples exposed to the surrounding air; a

second is the smaller heating rate used and thus the longer time of

exposure. Moreover, hermetic capsules were used for DSC analysis

to avoid aroma evaporation, which is confirmed by the unchanged

sample weight after the measurements.

Figure 6 plots the evolution of E′ with temperature. We observe

a broadening of the glass transition, a result also seen in the DSC

analysis. The conditioning in ethyl acetate atmosphere has no

impact on the value of E′ in the glassy plateau, except for the

recrystallized sample. E′ after conditioning is even higher than
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Figure 6. Thermomechanical properties of PLA films before (open sym-
bols) and after (closed symbols) conditioning in ethyl acetate atmosphere
at an activity of 0.5 and 25 ◦C for 3 days. Extruded PLA (O), quenched
PLA (�), recrystallized PLA (+, no symbol for conditioned sample), PLA
Biophan (△).

the initial one for the extruded sample. What is interesting is the

evolution of E′ in the rubbery plateau. As already explained in

the discussion of Fig. 2, we observe a peak in the modulus curve

due to the cold crystallization of the sample before conditioning.

Comparing to the equilibrated films, we find an increase in E′

in the case of the quenched and the extruded samples and

no cold crystallization peak. On the contrary, the moduli of the

PLA Biophan and the recrystallized samples are lower after

conditioning, which is expected due to the plasticizing of the

polymer.

Our interpretation is that ethyl acetate induces crystallization

of the PLA samples, which can explain the increase of the storage

modulus in the rubbery plateau and the absence of the cold

crystallization peak. Another result pointing to solvent-induced

crystallization during the conditioning in ethyl acetate atmosphere

is the whitening of the film samples.

The degree of crystallinity of the PLA samples before and af-

ter conditioning in ethyl acetate atmosphere calculated using

Eqn (1) is given in Table 2. A clear increase of the degree of crys-

tallinity up to the value of the recrystallized film is observed, and all

PLA samples, except PLA Biophan, are classified in the same sta-

tistical group. PLA Biophan shows no induced crystallization. We

suggest that this behaviour might be caused by the different chiral-

ity of the Biophan sample, because the crystallization kinetics are

strongly dependent on the D- and L-content of the copolymer.29

Solvent-induced crystallization has already been described for

the semi-crystalline polyester PET,40,46 – 48 in particular by Serad

et al.40 and by Ouyang et al.48 who showed the crystallization of PET

in contact with acetaldehyde and acetone, respectively. Ouyang

and Shore49,50 showed for the solvent-induced phenomenon that

the sample dimensions increased after the sorption of the solvent

due to swelling of the polymer. This caused the release of internal

stress bringing about more mobility of the polymer chain and

enabling crystallization at low temperature. In our case, in the

same manner, the transport of ethyl acetate in amorphous PLA

seems to be accompanied by the induced crystallization of the

polymer.

CONCLUSIONS
PLA film samples (L-conformation) with various crystallinities

were prepared by flat die extrusion and thermocompression and

compared to PLA Biophan having D,L-conformation. Crystallinity

does not seem to be the key factor for the improvement of the

barrier properties of PLA against oxygen. The oxygen transfer

rate of PLA Biophan was significantly different from that of the

PLLA samples. However, the sorption of the aroma compound

ethyl acetate decreased with increasing crystallinity. In this case,

PLA Biophan behaved like the amorphous PLLA samples. There

are differences in the sorption mechanism of gaseous molecules,

such as oxygen, and volatile organic compounds, because in

the latter case the solubility coefficient has a dominating effect

on the permeability. The sorption isotherm was compatible with

the ENSIC model, which predicts the plasticizing of the polymer

matrix. This was confirmed by DSC and DMA measurements,

which showed moreover a solvent-induced crystallization of PLLA,

evidencing a strong plasticizing effect. For the application of

polyesters and more specifically PLA in food packaging, good

barrier properties are required. Consequently the extent of the

change of the thermomechanical properties of polymer matrix

when brought into contact with organic compounds, such

as aroma compounds, is an important finding. The important

decrease of the glass transition of PLA upon the sorption of

an aroma compounds well below ambient temperature has an

impact on its barrier properties and thus the stability of food

products at room temperature. This clearly shows the need to

carefully optimize packaging material by taking into account the

interaction of polymer matrix and packed foodstuff over the whole

of the shelf-life.
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