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a b s t r a c t

Polylactide (PLA) is one of the most promising bio-based polyester for wide applications and in particular
for food packaging. However aroma compounds can interact with packaging in contact leading to
modification of its thermal properties during storage. Up to date, no study has focused on aroma sorption
in PLA at realistic food packaging conditions implying low vapor activities, and thus using dedicated
methodology ranging over concentrations below 200 mg of aroma compound per gram of polymer. In the
present study the sorption of four ethyl esters (C4, C6, C7 and C8), benzaldehyde and 2-nonanone in
three different types of poly(D,L-lactide) (PDLLA) at 25 �C was investigated in order to determine their
solubility coefficients and their impacts on the thermal properties of the tested PDLLA. The sorption of
aroma compounds at low vapor activities was studied using two methods of headspace extraction (MHE
and MHS-SPME) after 20 days of conditioning in a hermetic flask. The results showed that PLA films
studied have a very high affinity for benzaldehyde. Ethyl acetate solubility coefficient in PLA was
comparatively similar to poly(ethylene terephthalate), polypropylene (PP) and low-density polyethylene
(LDPE). Differential Scanning Calorimetry results showed a decrease in glass transition temperature (Tg)
of PDLLA films and an increase in the crystallinity degree that depend on the concentration of the sorbed
aroma compounds. It could be clearly demonstrated that plasticization of PDLLA by aroma compounds
occurred at very low vapor activities (0.01) and that the importance of the effect depended on the
chemical nature of the molecule.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polylactide (PLA) is one of the most promising bio-based poly-
ester for food packaging [1,2] because of its good mechanical and
barrier properties and ease of processing. However, polymeric
packagingmaterials are not inert andmass transfer occurs between
packaging polymer and foodstuff [3] leading to quality issues.

Indeed, plastic packaging materials can absorb a significant
quantity of aroma compounds from food which can involve
modifications of the flavour composition, decrease of intensity, or
unbalance flavour [4e7].

Furthermore, a number of studies showed that the sorption of
flavour molecules can lead to modifications of the properties of the
packaging material induced by swelling and/or plasticization. Such
þ33 169935044.
(V. Ducruet).

All rights reserved.
phenomena can favour for example oxygen permeation which in
turn can reduce the shelf-life of the product [8e10].

Most of the literature concerned with interactions between
flavour molecules and polymers deals with polyolefins, poly-
propylene and polyethylene [11] and very few studies show results
on glassy polymers such as polyesters [5,12e14] and polystyrene
[15].

One of the principal difficulties in dealing with sorption studies
in glassy polymers is the low mass transfer rate which challenges
analytical methods. Analysis of sorbed quantities is eased when
excessive aroma concentrations are employed. The drawback of
this strategy is that at aroma activities sorption isotherms usually
do not follow the Henry model because of modification of the
polymer morphology (plasticizing, swelling.). In order to avoid
this phenomenon, experiments should be conducted with low
concentration of aroma compounds, ideally at infinite dilution.

Tedious methods need often to be employed to quantify the
amount of flavour absorbed by the plastic materials, such like
solvent extraction or supercritical solvent extraction [12,16]
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Table 1
Physicochemical properties of the aroma compounds.

Aroma compounds MW (g/mol) BP (�C) Pvs at 25 �C (kPa) log P

Ethyl acetate 88.11 77.91 12.43 0.86
Benzaldehyde 106.12 16.90 0.12 1.71
Ethyl butanoate 116.16 121.79 2.07 1.85
Ethyl 2-methylbutanoate 130.18 133.00 1.10 2.12
Ethyl hexanoate 144.21 170.05 1.71 2.83
2-Nonanone 142.24 192.00 0.86 3.03

MW: molecular weight; BP: boiling point; Pvs: saturated vapour pressure at 25 �C;
log P: octanol-water partition coefficient.
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followed by a careful solvent concentration [17]. Presence of olig-
omers and additives coming from polymer is a limiting factor in
using this extraction procedure as sorbed aroma compounds can be
co-extracted with these molecules leading to a complex gas chro-
matography profile [18,19].

For these reasons, headspace techniques such as Multiple
Headspace Extraction (MHE) and Multiple HeadSpace e Solid
Phase Micro Extraction (MHS-SPME) coupled to gas chromatog-
raphy (GC) are promising tools for analysing flavour compound
sorption in low quantity in polymeric structures without inter-
ference of non-volatile compounds. Multiple Headspace Extrac-
tion Gas Chromatography (MHE-GC) technique and Multiple
headspace-solid phase micro extraction (MHS-SPME) were
usually used to quantify the concentration of volatile organic
compounds [17,20,21] into solid matrix. They allow avoiding
matrix effect, use of solvent and concentration. The multiple
headspace extraction (MHE) is an absolute quantitative method
by dynamic gas extraction carried out stepwise. At each step,
equilibrium conditions are established in the vial between the
sample and its headspace (gas phase of the vial). Several extrac-
tions are made on one sample by automatic headspace injector.
Quantities of sorbed analytes exponentially decay with the
number of extractions and total quantity corresponds to the total
peak area, calculated as the sum of peak areas for each extraction
until the complete desorption of the volatiles. By a suitable cali-
bration procedure, the peak area versus amount relationship can
be established [22]. MHS-SPME provides more sensitivity and
selectivity than MHE-GC due to the concentration step of the
volatile molecules on the solid phase of a properly chosen fibre,
where low concentrations can be detected and thus it is useful to
extract volatile organic compounds sorbed into packaging mate-
rials [23]. It is, however, more challenging with respect to cali-
bration issues, in particular when mixtures of volatile compounds
are to be analyzed. The amount of analyte extracted by the fibre is
proportional to the initial amount but also subjected to a partition
coefficient [23,24].

To date, only a few studies were conducted on the sorption of
aroma compounds in PLA, which is glassy at room temperature,
and those mainly for ethyl acetate and D-limonene [25e27]. In the
case of ethyl acetate, which is part of many fruity aroma formu-
lations, it was shown than it had a plasticizing effect and induced
crystallization in PLA, changing its properties during storage
[26,27]. Auras et al. [25] studied the sorption of different volatile
compounds, and showed that PLA had more affinity to more
hydrophilic molecules, such as ethyl acetate, compared to hydro-
phobic one such as limonene. They concluded that PLA had
therefore promising properties for the conservation of aroma
profiles, as most of the aroma compounds are hydrophobic. The
main drawback of those studies was however the high aroma
compound activity. No study has focused on aroma sorption in PLA
at realistic food packaging conditions where vapour activities are
very low, and where the use of specific analytical methodology
capable to detect concentrations even below 200 mg of aroma
compound per gram of polymer is required. Under such condi-
tions, one can assume that the aroma compounds are present in
an infinite dilution. Therefore Henry’s law should apply and the
solubility coefficients should be independent of the partial
pressure.

The present work aims to study the sorption of common aroma
compounds in PLA, alone and in mixture at activities usually
encountered in the headspace of food products. For that, four
commercial types of poly (D,L-lactide) were put in vapor contact
with six aroma compounds. Their solubility coefficients at low
activities were determined and the impact of aroma sorption on the
thermal properties of materials was investigated.
2. Materials and methods

2.1. Materials and processing

2.1.1. Aroma compounds
Ethyl acetate (Sigma Aldrich, >99.5%), ethyl butanoate (Aldrich,

99%), ethyl 2-methylbutanoate (Aldrich, 99%), benzaldehyde (Fluka,
>99%), ethyl hexanoate (Aldrich, >99%) and 2-nonanone (Aldrich,
>99%) were used. The physicochemical properties are given in
Table 1. Hexadecane (Sigma Aldrich, 99%) and pentane (Aldrich,
98%) were used as solvents for the aroma solution and for the
preparation of standards.

2.1.2. Poly(D,L-lactide) films samples
Extruded P(D,L-L)A Biomer L9000 (Biomer, Germany),

PLA4032D (NatureWorks LLC), PLA2002D (NatureWorks LLC) and
PLA Biophan 121 film (Treophan, Germany) with thickness of
120 mm, 235 mm, 65 mm and 40 mm, respectively, were studied. The
content of D-lactic acid present in materials was about 1% for P(D,L-
L)A Biomer L9000 [26], approximately 2% for PLA4032D [28], and
between 4% and 4.5% for PLA2002D [29,30]. In the case of PLA
Biophan 121, the exact proportion of D, L monomer was not speci-
fied in the manufacturer’s datasheet.

Extrusion conditions of PLA Biomer L9000 were already re-
ported by Colomines et al. [26]. In the case of PLA2002D, the films
were prepared using a MAPRE single-screw extruder of 30 mm in
diameter with a 33 L/D (Length on Diameter) barrel and a three
section screw without mixing elements and turning at 35 rpm. The
temperature profile of the six zones of the screw was
180e185e190e195e200e200 �C and the temperature of the die
was 200 �C. A flat die of 200 mm in width and chill roll equipment
were used to manufacture a film of 100 mm in width and
approximately 65 mm in thickness. The roll temperature and roll
speed were set at 25 �C and 10 m/min, respectively. The PLA4032D
granulates were converted into a film using a Collin single-screw
extruder with a 30 mm screw turning at 60 rpm. The tempera-
ture profile of the five zones of the screw was
190e190e190e200e200 �C and the temperature of the die was
200 �C. A flat film die with a width of 200 mmwas used to produce
a film of 100 mm in width and approximately 300 mm in thickness.
The film was cooled by passing 2 rolls at 25 �C and 4.8 m/s.

In order to obtain very thin films three samples (30 � 1 mg each
one) of PLA4032D and PLA2002D with a thickness of 10 mm were
prepared using a microtome (LKB Bromma Historange microtome
2218).

2.2. Conditioning of PLA films in aroma atmosphere

The experimental system used to conditioning of PLA samples is
shown in Fig. 1. It consisted in an airtight flask equipped with
a Mininert� valve which was placed in a climatic chamber for
temperaturecontrol. The conditioningwas carriedout for 14days (at
high activities) or 20 days (at low activities) at 25 � 0.3 �C. Three
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Fig. 1. System used to conditioning of PLA samples.
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samples of each material were conditioned separately. Specific
partial pressure of the aroma compounds in the atmosphere was
generatedbya solutionof amixof aromacompounds inhexadecane.

In order to measure the tightness of the system, preliminary
experiments were conducted to establish the partition coefficient
between headspace and aroma solution. The solutions of a mix of
six aroma compounds to be used in MHE and MHS-SPME methods
were put into a headspace vial of 20 ml and then sealed with
silicon/PTFE septa and an aluminium cap. Three vials were
prepared by each solution and theywere conditioned at 25 �C. After
20 days, 0.5 ml of headspace volume was sampled using a gas
syringe and injected into the gas chromatograph. One headspace
injectionwasmade per vial. The partition coefficient was calculated
and the results are presented in Table 2. The same procedure was
carried with the sorption system (Fig. 1) without PLA films (blank).
The headspace/aroma solution partition coefficients measured
(Table 2) (k) were compared to the preliminary experiments. No
significant differences between the measured partition coefficients
were observed. Therefore it was concluded that experimental
system was tight during the 20 days of experimentation.

The concentration of the different molecules in the hexadecane
solution is given in Table 3. Partial pressure (Pp) was calculated
using ideal gas law. The activity of each compound was calculated
as Pp/Psv, where Psv is the saturated vapour pressure of aroma
compound at 25 �C. Pp and Activities of each aroma compound after
20 days are presented in Table 3.

For experiments at low aroma compound activities
(3.4 � 10�5e9.06 � 10�2), film samples were cut into rectangles
withmass of 0.3 g for PLA4032D, 0.08 g for PLA2002D and 0.04 g for
PLA Biophan. Three samples of each material were conditioned in
a separate flask. At activities between 2.9 � 10�3 and 9.06 � 10�2

analysis of sorbed quantities in PLA was done by MHE and at vapor
activities between 3.4 � 10�5 and 1.5 � 10�3 by MHS-SPME.

For the analysis of aroma compound sorption at high vapor
activity between 0.1, 0.2, 0.5 and 0.9, PLA Biomer L9000 films were
cut in rectangles with total mass of 1 g.
Table 2
Headspace/aroma solution partition coefficient (k) at 25 �C after 20 days of conditionin
solution used in MHE and MHS-SPME methods.

In 20 ml flask

MHE method MHS-SPM

Aroma compound k k

Ethyl acetate 6.63 � 0.62 E�03b 3.42 � 0.8
Ethyl butanoate 1.52 � 0.32 E�03a 1.72 � 0.4
Ethyl 2-methylbutanoate 7.32 � 1.61 E�04a 4.87 � 1.8
Benzaldehyde 2.44 � 0.79 E�04a 3.76 � 1.5
Ethyl hexanoate 1.19 � 0.49 E�04a 1.08 � 0.6
2-nonanone 6.77 � 3.23 E�05a 8.24 � 4.1

k ¼ concentration in headspace (mg/L)/concentration in solution (mg/L) nd ¼ not determ
a, b Different letters indicate significant differences at p < 0.05 (Duncan). Statistical analy
2.3. Determination of the aroma partial pressure by gas
chromatography

The aroma compounds concentration in the atmosphere of the
airtight flask was measured after 20 days using a gas syringe. For
that, 0.5 ml of the headspace of the hermetic flask were collected
through the Mininert� valve installed on the flask and injected into
a gas chromatograph (GC) Agilent Technologies, Model 6890GC/FID
equippedwith a DB5-MS capillary column (30m length� 0.32mm,
0.5 mm film thickness, JW Scientific).

The aroma compound concentration was determined using an
external calibration curve measured on the same gas chromato-
graph. It was carried out by injecting 2 ml of a solution of a mix of
aroma compounds in pentane (10, 25, 50, 100, 500, 1000 and
5000 mg/g). The temperature of the split/splitless injectorwas 250 �C
with a purge timeof 0.5min. Theflame ionisation detectorwas set at
305 �C with hydrogen as carrier gas (45 ml/min). The oven temper-
ature was programmed to increase from 30 to 230 �C at 5 �C/min.

2.4. Sorbed aroma compounds quantification

2.4.1. Quantification by headspace methods
MHE and MHS-SPME techniques are dynamic gas extractions

carried out stepwise on a same sample. At each extraction step, the
overall equilibrium of the analyte in the system must be first
established then analyte present in the headspace volume was
removed and analyzed as GC area. Various extractions of the same
sample are performed in order to reach an exponential decay of the
analyte present in the sample and then to calculate the total area of
the analyte, according to geometric progression showed in Eq (1). It
means that from a restricted number of successive measurements
(ideally N ¼ 5), the sum of GC areas would be calculated if carrying
out the successive measurements ad infinitum [22,23].

AT ¼
XN

i¼1

Ai ¼
A1

1� b
; (1)
g in a flask of 20 ml and in the sorption system without PLA films with the aroma

In sorption system

E method MHE method MHS-SPME method

k k

8 E�03a 8.79 � 0.78 E�03b 6.12 � 2.90 E�03a,b

6 E�03a 1.32 � 0.14 E�03a nd
1 E�04a 6.94 � 0.19 E�04a 4.50 � 2.24 E�04a

9 E�04a 1.90 � 0.32 E�04a 2.90 � 2.18 E�04a

4 E�04a 9.69 � 3.06 E�05a 1.10 � 0.69 E�04a

2 E�05a 8.13 � 4.76 E�05a 9.40 � 5.19 E�05a

inate because it was not included in aroma solution.
sis was carried out separately for each aroma compounds.
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Table 3
Conditioning of the PLA samples for the three methods: Concentrations of aroma compound in solution and in headspace expressed as partial pressure and activity.

Aroma compound Aroma solution in
hexadecane (mol/L)

Concentration of aroma
in headspace (mol/L)

Pp (Pa) Activity Method

Ethyl acetate 2.0E-04 1.6E-06 3.0 2.4E-04 MHS-SPME
2.0E-02 1.7E-04 429.0 3.5E-02 MHE-GC
4.2E-01 5.2E-04 1243.0 1.0E-01 Gravimetry
8.4E-01 1.0E-03 2486.0 2.0E-01 Gravimetry
2.3Eþ00 2.6E-03 6215.0 5.0E-01 Gravimetry
5.2Eþ00 5.2E-03 11187.0 9.0E-01 Gravimetry

Ethyl butanoate 1.5E-02 1.9E-05 47.6 2.3E-02 MHE-GC
1.1E-01 6.8E-05 207.0 1.0E-01 Gravimetry
2.7E-01 1.4E-04 414.0 2.0E-01 Gravimetry
6.6E-01 3.4E-04 1035.0 5.0E-01 Gravimetry
1.2Eþ00 6.1E-04 1863.0 9.0E-01 Gravimetry

Ethyl 2-methylbutanoate 2.0E-04 8.8E-08 0.2 2.0E-04 MHS-SPME
2.0E-02 1.3E-05 33.0 3.0E-02 MHE-GC

Benzaldehyde 3.0E-04 7.0E-08 0.2 1.5E-03 MHS-SPME
3.0E-02 4.5E-06 11.1 9.6E-02 MHE-GC

Ethyl hexanoate 1.8E-04 2.3E-08 0.1 3.4E-05 MHS-SPME
1.8E-02 2.0E-06 5.0 2.9E-03 MHE-GC
8.1E-01 4.5E-05 855.0 5.0E-01 Gravimetry
1.6Eþ00 8.1E-05 1539.0 9.0E-01 Gravimetry

2-nonanone 1.7E-04 1.6E-08 0.0 4.6E-05 MHS-SPME
1.7E-02 1.4E-06 3.4 3.9E-03 MHE-GC
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In previous equation, AT is the theoretical total GC area, Ai is the
GC peak area relative to the i-th extraction, N is the total number of
extractions, A1 is the GC peak area relative to the first extraction,
and b is a constant which describes the exponential decay of peak
areas during the stepwise multiple headspace extraction proce-
dure. The constant b can be obtained from the slope of the plot
resulting from the next equation:

lnAi ¼ ði� 1Þlnbþ lnA1; (2)

So, the accuracy of the measurement depends on the right
linearity (depending of R2) of the N successive extractions and not
on the total extraction of the compound. Therefore, parameters like
temperature and time of equilibration require to be optimized.

Then, the quantity of analyte in the sample can be calculated
from the total peak area AT using a calibration by external standard.

2.4.1.1. Multiple headspace extraction (MHE). After conditioning
time, PLA samples were removed from airtight flasks and sealed in
20 ml headspace glass vials with silicon/PTFE septa and an
aluminium cap. An automatic headspace sampler coupled with GC/
FID (Perkin Elmer HS40 XL) was used to monitor the extraction and
analysis of the released aroma compounds. The specific headspace
sampler operation conditions were: head pressure (Helium)
200 kPa, equilibration temperature 60 �C, equilibration time
55 min, pressurization time 2 min, injection time 0.05 min, hold up
time 0.2 min, needle temperature 110 �C, transfer line temperature
130 �C. The oven temperature was programmed at 35 �C for 2 min,
6 �C/min up to 230 �C. Injector temperature was 250 �C and its split
was 15.6 ml/min. Detector temperature was 250 �C and it was set at
range 1. The column was a SupelcoWax-10 capillary column (30 m
length� 0.32 mm, 0.5 mm film thickness). The carrier gas was He at
1.8 ml/min. Three vials were prepared for each type of PLA and each
vial was sampled five times at equal time intervals (55 min) at
60 �C. Total peak area of each aroma compound sorbed was
calculated using Eq. (1). Calibration of each aroma compound was
performed by external standards. For that, a solution of a mix of
aroma compounds was prepared in hexadecane. Dilutions of
100e10,000 mg/g in hexadecane were used. Ten ml of the diluted
solution was introduced in a 20 ml glass vial sealed with silicon/
PTFE septa and an aluminium cap. Three vials were prepared for
each dilution and then each vial was sampled five times
following the method already described.
2.4.1.2. Multiple headspace solid-phase micro extraction (MHS-
SPME). After conditioning time, samples were removed from
airtight flasks and sealed in 20 ml glass vials with silicon/PTFE
septa. An Agilent Technologies 6890 GC/FID coupled with a mass
spectrometer 5975 INSERT and an Autosampler MPS2 GERSTEL,
which allows automated MHS-SPME injections, were used. The
oven temperature programme beganwith an initial temperature of
30 �C for 5 min, and then temperature increased at a rate of 5 �C/
min up to 230 �C, and then this temperature was maintained for
5 min. Split/splitless injector and detector temperatures were
250 �C. The column was a JW Scientific DB5-MS capillary column
(30 m length � 0.32 mm inner diameter � 0.5 mm film thickness).
The carrier gas was He at 1.4 ml/min. For MHS-SPME injections,
three vials were prepared for each type of PLA and each vial was
sampled four times. The sample vials were incubated at 60 �C for
30 min and agitated at 250 rpm. MHS-SPME was performed for
15 min at 60 �C using a 75 mm carboxenepolydimethylsiloxane
(CAR-PDMS) fibre providing best results in terms of amount of
compound extracted for low molecular mass compounds [31].
Desorption time was 5 min into the injector port. Total peak area of
each aroma compound sorbed was calculated using Eq (1). The
calibration was carried out by external standard in hexadecane. For
that, a solution of a mix of aroma compounds was prepared in
hexadecane. Dilutions of 0.5e25 mg/g in hexadecane were used for
ethyl butanoate, ethyl 2-methylbutanoate, ethyl hexanoate and 2-
nonanone, whereas dilutions of 25e500 mg/g in hexadecane were
used for ethyl acetate and benzaldehyde. Twenty ml of the diluted
solution were introduced in a 20 ml glass vial sealed with silicon/
PTFE septa and a steel cap. Three vials were prepared for each
dilution and each vial was sampled four times as described for
PLA samples.

2.4.2. Gravimetric method
Once the samples were conditioned at high activity (14 days at

25 �C), they were weighed by an analytical balance (Mettler AE160,
10�4 g) to calculate the mass uptake and the solubility coefficients.
2.5. Solubility coefficient

The apparent solubility coefficient (S) of each aroma compound
was calculated according to:
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S ¼ MN

M
� d
P

; (3)

0 p

where MN is the mass sorption after 14 or 20 days of conditioning
(kg), M0 is the initial mass of PLA sample (kg), d is the film density
(kg/m3) and Pp is the partial pressure of each aroma compound.

2.6. Thermal properties: differential scanning calorimetry (DSC)

Before and after conditioning, the thermal properties of film
samples were determined in triplicate using a differential scanning
calorimeter QSC 100 instrument (TA Instruments, France). Films
samples were analyzed at 10 �C/min from �30 �C to 190 �C and the
degree of crystallinity (Xc) of materials was calculated according to:

XC ¼ DHm � DHcc

DH0
m

; (4)

where DHm is the enthalpy of fusion, DHcc is the enthalpy of cold
crystallization and DH0

m is the heat of melting crystalline PLA
(93 J/g) [32].

2.7. Statistical analysis

The statistical analysis of data was performed through one-way
analysis of variance (ANOVA) using XLSTAT-Pro 7.0 software
(Addinsoft, Paris, France). When differences were significant
(p < 0.05), Duncan’s test was used to evaluate the differences
between pairs of groups.

3. Results and discussion

3.1. Optimization of the headspace extraction methods

To apply the MHE technique for the extraction of aroma
compounds the temperature and time of equilibration before
injection have to be optimized. The temperature of equilibriumwas
set at 60 �C, in the region of the glass transition of PDLLA in order to
facilitate the extraction of all sorbed aroma compounds. For each
compound the equilibration time producing stabilized and repro-
ducible chromatographic peak areas was tested using conditioned
samples of Biophan film. Furthermore, the quality of the linear
decrease of peak areas during multiple headspace extraction was
checked. The effect of time on the area of peaks depended on each
compound, for example while the peaks of 2-nonanone still
increased at 55 min, the other compounds achieved a plateau at
30 min. The incubation time of 55 min was retained as a good
compromise for all aroma compounds and produced a very good
linear decrease (R2� 0.99) duringmultiple extraction. Furthermore,
it was in agreement with the duration of chromatographic cycle.

In order to obtain an efficient extraction of aroma compounds, 5
extraction cycles were chosen. Kolb et al., 1991 [22] showed the
possible use of only 2 extraction cycles, but only for very volatile
compounds. Furthermore the behaviour of compounds with a large
difference in their volatilities as it is the case here (Table 1) could
vary during the extraction cycles. To keep low cycle numbers, in
some case authors add solvents or liquid displacers to improve
extraction [33], but this strategy would have included further
analytical difficulty in our case.

In the case of MHS-SPME the incubation time of the CARePDMS
75 mm fibre was optimized. For that, three incubation times were
studied (15, 30 and 45 min) using conditioned samples of Biophan
film which were placed in 20 ml headspace glass sealed vials,
heated at 60 �C. The fibre extraction time was set to 15 min. The
peak areas showed that all compounds started to reach a plateau at
15 min. Therefore 30 min incubation time was selected as a condi-
tion for further experiments. Finally, the linearity of the relation-
ship between the logarithm of peak area and extraction number
was confirmed by finding good correlation coefficients (R2 � 0.99).
When the amount of compound in the vial is too large, exponential
decay of peak area is not observed and low correlation coefficients
are obtained [34]. In our study, the sample mass in the vial was
different for each material due their different thickness. It did not
present any effect on the correlation coefficients when we used
thick PLA films; however, microtomed PLA which sorbed a higher
amount of aroma compounds than thick PLA samples presented
linearity but lower correlation coefficients (R2 � 0.98) in accor-
dance to the effects observed by Carrillo and Tena [34].
3.2. Aroma compounds sorption

The amount (mg/g) of aroma compounds sorbed in PLA samples
after conditioning for 20 days and the solubility coefficients are
shown in Fig. 2A and B by MHE and MHS-SPME determinations
respectively. The sorption profiles are similar between the two
methods, but MHE-SPME allowed for determining concentrations
one hundred times lower.

The sorption of ethyl acetate in PLA is high, as already observed
in literature [25,26]. The main explanation for this affinity can be
sought in the quite similarmolecular structure of ethyl acetate being
the most hydrophilic of a homologous series of ethyl esters. The
more surprising resultwas however the high affinity of the aromatic
structure of benzaldehyde for PLA. However, those results were
done on PLA samples with high thickness, and therefore the sorp-
tion equilibriummight not be reached after 20 days of conditioning.
In this case, the rate of diffusion of the consideredmolecule into the
structuremight importantly change the picture, as largermolecules
are known to diffuse slower. The dependence of the diffusion
coefficient (D) on molecular weight is indeed very steep in the case
of glassy materials as was shown by Pennarun et al. [35] for PET and
probably the same for PLA under our measurement conditions.

The values of D of ethyl acetate in PLA were reported between
10�14 m2/s [36] and 10�17 m2/s [25,27]. In the hypothesis of the
lower D, 20 days of conditioning of the thick PLA samples are not
enough to reach thermodynamic equilibrium. For this reason, we
did an experiment on microtomed samples, where the character-
istic film thickness was reduced to 10 mm and sorption equilibrium
could be reached in 20 days under the hypothesis of a diffusion
coefficient in the order of 10�17 m2/s.

The results of the adsorbed amount are given in Fig. 2C and D.
The microtomed samples sorbed a higher quantity of aroma
compound whatever the method compared with thick PLA films
samples. For example, in the case of ethyl acetate and MHEmethod
(Fig. 2C, activity 10�2), concentration sorbed in microtomed
samples is 10 times and 5 times higher than in thick samples of
PLA2002D and PLA4032D, respectively (Fig. 2A). However, one
observes a similar sorption pattern, still with a high affinity of
benzaldehyde. There seemed to be a difference of the sorption of
the aroma compounds for both PLA grades, but this difference
depended on the activity.

To get a clearer picture on the affinity of the aroma compounds
for both PLA grades, the data were normalized by the calculation of
the solubility coefficient after Eq. (3). The results are given in Fig. 2E
and F for both levels of activity differing by a factor of 100. The first
conclusion is that S is equivalent for both activities, within
a reasonable variation linked to the different experimental deter-
mination methods. Therefore, in the case of such low vapour
activities, one can conclude that the sorption isotherm follows
Henry’s law.
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Fig. 2. Apparent sorption of aroma compounds in PLA films samples determined by (A) MHE and (B) MHS-SPME. Aroma sorption in microtomed PLA samples (thickness ¼ 10 mm)
determined by (C) MHE and (D) MHS-SPME. Solubility coefficients (S) of aroma compounds in microtomed PLA samples (thickness ¼ 10 mm) determined by (E) MHE and (F) MHS-
SPME. The ordinate is discontinuous as indicated to present all small values, n ¼ 3. Partial pressures used for each method were done in Table 2.
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Table 4
Values of Hansen solubility parameters (J/cm3)1/2 for PLA and aroma compounds.

Compound V (cm3/mol) dD dP dH dT
a Dd b Reference

PLA 47.1 18.6 9.9 6.0 21.9 e [39]
Ethyl acetate 98.5 15.8 5.3 7.2 18.2 5.5 [38]
Ethyl butanoate 132.9 15.5 5.6 5.0 17.2 5.4 [38]
Ethyl 2-methylbutanoate n.d. n.d. n.d.
Ethyl hexanoate 149.6 15.5 3.2 5.9 16.9 7.4 [38]
Benzaldehyde 101.5 19.4 7.4 5.3 21.4 2.7 [38]
2-nonanone n.d. n.d. n.d.
PP 49.5 16.1 0.0 0.0 16.1 e [25]
LDPE 32.8 17.9 0.0 0.0 17.9 e [25]

n.d. No data literature available.
a Values were calculating according to Eq (5).
b Values were calculating according to Eq (6) between PLA and aroma

compounds.
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The results of the homologous series of ethyl esters show that
the most hydrophobic component ethyl hexanoate had the highest
solubility coefficient, most likely due to its structure similar to the
PLA chain. In the case of benzaldehydewhich presented the highest
S, the high affinity may be explained by the well-known miscibility
of PLA with aromatic solvents such as toluene and benzene [37].
Ethyl-2-methylbutanoate had comparable S compared to that of
ethyl butyrate, which hints that the additional methyl group does
not change the behaviour of the molecule in the polymer structure.
2-Nonanone had comparatively higher S, which could be compared
to that of ethyl hexanoate.

The calculation of the Hansen solubility parameters is a semi-
quantitative method from which the affinity of a polymer for
a substance can be obtained. This affinity can be estimated from
Hildebrand’s theory by calculating the total solubility parameter,
according Eq. (5):

d2T ¼ d2D þ d2P þ d2H (5)
Fig. 3. Solubility coefficients of aroma compounds in plastic packaging materials. 1 this wo
work between 0.29�9.59 � 10�2 vapor activities (Pp between 3.4 and 429 Pa) a at 25 �C, va
25 �C and 0% RH by Micro-atmosphere-derived method [44] c 0.5 vapor activity(Pp ¼ 855 Pa)
0% RH by gravimetric method [45] e 0.2 vapor activity (Pp ¼ 3030 Pa), 30 �C by gravimetr
gravimetric method [16] g 0.6 vapor activity (Pp ¼ 9435 Pa), 30 �C by gravimetric method
activity (Pp ¼ 6215 Pa), 25 �C, 0% RH by static method e electronic microbalance [26] j 0.2 v
[26] k 0.9 vapor activity (Pp ¼ 11,187 Pa), 25 �C, 0% RH by gravimetric method [45] l 0.5 vapo
0.3 vapor activity (Pp ¼ 34.8 Pa), 25 �C, 0% RH by microgravimetric method, adapted from
were dT (J/cm3)1/2 corresponds to the overall Hildebrand solubility
parameter and dD, dP, and dH are the Hansen solubility parameters
that represent contributions from the nonpolar interaction, polar
interaction and hydrogen bonding, respectively [38].

When the distance Dd ¼ 0 (Eq. (6)), the solvent and polymer
are thermodynamically similar that the polymer will be highly
soluble. As the distance gets greater, the solubility declines [39]. A
good solubility level is assigned when distance Dd is smaller than
5 (J/cm3)1/2 [25].

Dd ¼
h
ðdDP � dDSÞ2þðdPP � dPSÞ2þðdHP � dHSÞ2

i1=2
(6)

dT and Ddwere calculated from literature values of dD, dP, and dH.
Results are given in Table 4.

So, a small distance was found between PLA and benzaldehyde,
which confirmed the experimental results shown in Fig. 2. More-
over, this experimental result is in accordance with theoretical
studies that reported that the obvious place to look for a rational
plasticizer is in the aromatics compounds because PLA presents
a high nonpolar interaction value dD [39].

Few papers in literature reported data on sorption of organic
compounds in PLA. Fig. 3 represents a comparison of the solubility
coefficients of aroma compounds in PLA and other polymers
derived from literature. Obviously physical and chemical properties
of a same kind of polymer like crystallinity, morphology, and
chemical composition were not identical in these papers and could
influence the value of S [40e42].

These data show that for a same couple polymer/solute a large
discrepancy appears for the value of S. The main difference in the
values of S comes from first on the methodology and the activity of
the aroma compound used and secondly if S is measured directly
from the polymer weight uptake or indirectly from the coefficient
of permeability. For example, Colomines et al. [26] studied vapor
phase sorption (% mass uptake) of ethyl acetate in PLA samples at
different activities (0.2, 0.5 and 0.9) using a microbalance by 20 h.
rk between 0.34�14.93 � 10�4 vapor activities (Pp between 0.039 and 3.04 Pa). 2 this
por activity not detailed, by permeation kinetic [43] b 0.5 vapor activity (Pp ¼ 855 Pa),
, 25 �C, 0% RH by microgravimetric method [44] d 0.5 vapor activity(Pp ¼ 855 Pa), 25 �C,
ic method e digital electrobalance [25] f 0.56 vapor activity (Pp ¼ 6088 Pa), 22 �C by
[46] h 0.4 vapor activity (Pp ¼ 4348 Pa), 22 �C by gravimetric method [47] i 0.5 vapor
apor activity (Pp ¼ 2486 Pa), 25 �C, 0% RH by static method e electronic microbalance
r activity (Pp ¼ 58 Pa), 25 �C, 0% RH by microgravimetric method, adapted from [48] m
[48].
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Table 5
Masse uptake, glass transition temperature (Tg) and degree of crystallinity (c) of PLA films using DSC before and after sorption of aroma compound.

Material Conditioning Aroma compound Pp (Pa) Masse uptake (mg/g) Tg (�C) c

PLA Biomer L9000 Before e e e 58.4 � 0.3a 2 � 1a

After Ethyl acetate 1243.0 7000 46.5 � 1.6b 20 � 2b

2486.0 43,000 43.5 � 5.4b 37 � 2c

6215.0 98,500 9.5 � 0.9c 39 � 5c,d

11187.0 178,000 0.9 � 1.6d 42 � 2d

PLA Biomer L9000 Before e e e 58.4 � 0.3a 2 � 1a

After Ethyl butanoate 207 2000 57.3 � 1.1a,b 14 � 3b,c

414 3500 57.3 � 0.3a,b 12 � 1b

1035 4000 56.9 � 0.5b 16 � 2c

1863 7000 28.7 � 0.5c 34 � 1d

PLA Biomer L9000 Before e e e 58.4 � 0.3a 2 � 1a

After Ethyl hexanoate 855 1000 57.3 � 0.3a 10 � 1b

1539 6000 56.6 � 1.7a 12 � 3b

PLA Biophan Before e e e 57.7 � 0.2a 20.9 � 0.1a

After Mixed aroma solution Between 3.4 and 429 883 � 78 54.8 � 0.7b 20.1 � 0.2b

PLA2002D Before e e e 59.9 � 0.1a 1.3 � 0.3a

After Mixed aroma solution Between 3.4 and 429 685 � 67 58.6 � 0.3b 2.6 � 0.4b

PLA4032D Before e e e 64.3 � 0.5a 4.2 � 1.0a

After Mixed aroma solution Between 3.4 and 429 184 � 18 62.6 � 0.1b 2.4 � 1.5a

a, b, c, d Different letters indicate significant differences at p < 0.05 (Duncan). Statistical analysis was carried out separately for each PLA type and its aroma compounds.
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They showed that at an activity of 0.2, Biophan (30 mm in thickness)
sorbed 700 mg of ethyl acetate per g of polymer whereas PLA Bio-
mer L9000 (190 mm in thickness) sorbed only 190 mg of ethyl
acetate per g of polymer. In our study, activities of ethyl acetate
were 0.035 and 0.00024 and we found that PLA Biophan sorbed
91.8 and 16.17 mg per g of polymer, respectively. Our results for
Biophan (between 12.3 and 17.0 � 10�3 kg m�3 Pa�1) are thus one
order of magnitude higher than the results of Colomines et al. [26].
They showed that at 25 �C the apparent solubility coefficient was
0.35 � 10�3 kg m�3 Pa�1 at an activity of 0.2. The values of Colo-
mines et al. [26] were therefore highly underestimated, because the
sorption equilibrium was not reached as also mentioned by the
authors.

Nevertheless, independently of the method, for a same couple
polymer/solute when low activities were used and equilibriumwas
reached, solubility coefficients were close. That can be observed in
the case of ethyl acetate sorbed in PLA, where S founded in this
work is on the same order of magnitude than the results of Auras
et al. [25] who studied PLA 98% L-isomers and presented a solubility
coefficient of 6.17 � 10�3 kg m�3 Pa�1at 30 �C and an activity of 0.2.
These results showed that at low activities, S was independent of
partial pressure following Henry’s law.

Fig. 3 also shows values for a same solute and different poly-
mers, for example, the sorption of ethyl acetate in the PLA types
studied at lowactivity in this work are similar to values reported for
poly(ethylene terephthalate), low-density polyethylene (LDPE) and
polypropylene (PP). In the case of ethyl hexanoate, its solubility
coefficient in PLA is lower than in bi-axially oriented polypropylene
(biOPP), PP and LDPE. Benzaldehyde presented a solubility coeffi-
cient in PLA higher than in PP. From the total solubility parameters
calculated for PP and PE, 16.1 and 17.9, respectively, it could be
predicted that ethyl hexanoate should have a slighter affinity for PP
(Dd ¼ 6.7) and PE (Dd ¼ 7.1) compared with PLA (Dd ¼ 7.4). In the
case of benzaldehyde, its affinity for PLA (Dd ¼ 2.7) is higher than
for PP (Dd¼ 9.7) and PE (Dd¼ 9.2). So, experimental sorption values
showed a good agreement with literature and theoretical affinity
parameters.
Fig. 4. DSC thermograms for PLA Biomer L9000 before conditioning (a) and after
conditioning with ethyl acetate at a vapor activity of 0.2 (b) 0.5 (c) and 0.9 (d).
3.3. Effect of aroma compounds sorption on PLA samples

Colomines et al. [26] and Courgneau et al. [27] showed that the
sorption of ethyl acetate into PLA induced morphological changes
in the polymer structure. Both authors evidenced plasticizing and
induced crystallization. However, the ethyl acetate activities used
were high, 0.5 in Colomines’s paper and 0.2 in Courgneau’s paper.
For example, Colomines et al. [26] found that Tg decreased from
50.9 � 0.1 �C to 16.9 � 1.9 �C, after 3 days of contact at 0.5 activity.
Such high activities are at least one order of magnitude higher than
expected activities upon application of PLA for example as food
packaging film. In order to test the effect of aroma compound
sorption at low activities (10�2) on the thermo-mechanical prop-
erties of PLA samples, they were tested before and after condi-
tioning. The results are given in Table 5 and typical raw DSC data in
Fig. 4 and Fig. 5.

For each PLA type and the aroma compounds sorbed, statistical
analysis showed significant differences (p < 0.05) in Tg and Xc

(Table 5).
From Table 5 and Fig. 4 it becomes clear that ethyl acetate has

a high plasticizing effect on PLA and induces crystallization
although the sorption equilibrium was not reached in the case of
the presented experiment after 14 days of conditioning. The effect
of ethyl acetate was already observed by Colomines et al. [26] and
Courgneau et al. [27]. After contact with the two homologous
molecules of the ethyl esters serie, DSCmeasurements were carried
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Fig. 5. DSC thermograms for PLA Biophan before conditioning (a) and after condi-
tioning (b), for PLA2002D films before conditioning (c) and after conditioning (d) and
PLA4032D films before conditioning (e) and after conditioning (f) in mixed aroma
compound headspace at a partial pressure between 3.4 and 429 Pa.
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out on the thick PLA samples. Comparison of DSC data after contact
with ethyl acetate and with ethyl butanoate shows that the effect
on the PLA microstructure was higher with ethyl butanaoate as the
decrease of Tg is larger. Ethyl hexanoate showed smaller effects, but
the sorbed quantity was also very small. However, it was still able to
induce significant crystallization of the polymer.

Furthermore, Table 5 shows that, when mass uptake increased,
the glass transition temperatures of PLA Biomer L9000 clearly
decreased and its crystallinity increased. However, for ethyl buta-
noate, a sorption of 7000 mg/g was necessary to shift the Tg to 30 �C
and to observe a cristallinity multiplied by 2. For the ethyl esters
series, crystallinity gradually increased with the activity until to
reach an average maximum of 35%.

What is evenmore interesting is that at very low activities of the
six aroma compounds in mixture, such as 3.45 � 10�2 for the ethyl
acetate (Table 3, Fig. 5) a slight decrease in Tg was observed in all
types of PLA (Table 5, Fig. 5). Small plasticization of PLAs by aroma
compounds at very low concentration (<200 mg/g) is thus found.
However, at very low activities, no solvent induced crystallization
of the samples was observed.
4. Conclusions

Sorption of aroma compound was determined by MHE and
MHS-SPME at low vapour activities comparable to conditions
which can be found in the headspace of packed foodstuff. The
analysis of the polymer thermal properties after conditioning
showed a slight decrease in Tg of PLA films, which means that
a plasticization effect of aroma compounds occur already at vapor
activities in the order of 10�2. An effect of solvent induced crys-
tallization was observed from 10�1 vapor activities. The results
showed that PLA films studied have a high affinity for common
aroma compounds and in particular for benzaldehyde, that could
have a plasticizer effect.
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