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Analysis of the Structure-Properties Relationships of Different
Multiphase Systems Based on Plasticized Poly(Lactic Acid)

Cécile Courgneau - Sandra Domenek -
Alain Guinault - Luc Avérous - Violette Ducruet

Abstract Poly(lactic acid) is one of the most promising
biobased and biodegradable polymers for food packaging, an
application which requires good mechanical and barrier
properties. In order to improve the mechanical properties, in
particular the flexibility, PLA plasticization is required.
However, plasticization induces generally a decrease in the
barrier properties. Acetyl tributyl citrate (ATBC) and
poly(ethylene glycol) 300 (PEG), highly recommended as
plasticizers for PLA, were added up to 17 wt% in P(D,L)LA.
In the case of PEG, a phase separation was observed for
plasticizer contents higher than 5 wt%. Contrary to PEG, the
T, decrease due to ATBC addition, modelled with Fox’s law,
and the absence of phase separation, up to 17 wt% of plas-
ticizer, confirm the miscibility of PLA and ATBC. Contents
equal or higher than 13 wt% of ATBC yielded a substantial
improvement of the elongation at break, becoming higher
than 300%. The effect of PLA plasticization on the barrier
properties was assessed by different molecules, with
increasing interaction with the formulated material, such as
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helium, an inert gas, and oxygen and water vapour. In
comparison to the neat sample, barrier properties against
helium were maintained when PLA was plasticized with up
to 17 wt% of ATBC. The oxygen permeability coefficient
and the water vapour transmission rate doubled for mixtures
with 17 wt% ATBC in PLA, but increased five-fold in the
PEG plasticized samples. This result is most likely caused by
increased solubility of oxygen and water in the PEG phase
due to their mutual miscibility. To conclude, ATBC
increases efficiently the elongation at break of PLA while
maintaining the permeability coefficient of helium and
keeping the barrier properties against oxygen and water
vapour in the same order of magnitude.

Keywords Poly(lactic acid) - Barrier properties -
Permeability - Thermo-mechanical properties -
Plasticization

Introduction

During the last decades, the consumption of petroleum
based polymers have dramatically increased and particu-
larly in the packaging field. Indeed, the plastic consump-
tion of the world grew from 50 millions of tons in 1980 to
260 millions of tons in 2007 [1]. However, due to the
negative ecological impact and the expected rise of the cost
of fossil-based polymers, materials based on renewable
resources are widely studied and appear on the market.
Bio-based polymers covered approximately 0.2% of the
European plastic market in 2007, i.e. 75,000-100,000 tons
[2]. Poly(lactic acid) (PLA) is one of the most promising
commercial polymers for a large range of diverse appli-
cation such as biomedical or packaging, having already
important production volumes.



Poly(lactic acid) is a good competitor for food packag-
ing with a good clarity and a glass transition temperature
higher than room temperature. However, for this kind of
application, PLA shows moderate mechanical and barrier
properties [3, 4], properties which are nonetheless crucial
for preserving organoleptic and hygienic food quality
during shelf-life [5]. Besides, in this context the high
brittleness of PLA limits its process ability and its appli-
cations. One way to modulate the material properties in the
aim of improving the mechanical behaviour is the formu-
lation approach by addition of plasticizers. Various plas-
ticizer have been tested with PLA such as, e.g., glycerol
and PLA oligomers [6], triacetine [7], diethyl bishydr-
oxymethyl malonate [8], poly(1,2-butanediol), dibutyl se-
bacate acetyl glycerol monolaurate [9], and polyadipates
[10]. However, only a few substances brought about sub-
stantial improvements of mechanical properties. Good
candidates were, for example, poly(ethylene glycol) (PEG)
and citrate derivates. Indeed, Baiardo et al. [11] showed
that the addition of PEG and acetyl tributyl citrate (ATBC)
increased the elongation at break. This effect has been
confirmed by Labrecque et al. [12] who demonstrated that
among the four tested citrates, ATBC was the most effi-
cient at a concentration of 20 wt%. PEG and citrate deri-
vates induce a large decrease in the glass transition
temperature (T,) and the crystallization temperature (7).
To give one example, a decrease of 20-25 °C of T, and T,
has been shown by Ljungberg et al. [13] for a PLLA
plasticized with 15 wt% of citrate, although for contents
higher than 20 wt% of plasticizer, a phase separation was
observed. Moreover PEG and ATBC are approved for food
contact materials by the European legislation [14]. So these
plasticizers appear to be good candidates for the formula-
tion of PLA in the aim of an application as food packaging.

However, the use of plasticizers is generally linked to a
loss in barrier properties, because of the increase in free
volume in the materials and/or increased solubility of
permeating molecules due to the presence of the
plasticizer.

The gas barrier properties are a key point for food
preservation, though. Of particular importance are oxygen
and water vapour transmission. The presence of oxygen
leads to the oxidization of lipids and to the creation of off-
flavours, whereas water vapour could lead to the disequi-
librium moisture content which causes the food rotting or
drying. The oxygen barrier properties of the amorphous
PLA are similar to the ones of high density poly(ethylene)
(HDPE) and intermediate between poly(ethylene tere-
phthalate) (PET) and poly(styrene) (PS) [15, 16]. The water
vapour permeability of PLA is higher by one order of
magnitude than the one of PS and PET and by 2 orders than
the one of HDPE [16, 17]. High water vapour permeability
can be a positive feature for the conservation of fruits and

vegetables, but the conservation of foodstuff with high
water content is not possible in this case. Therefore, gen-
erally low water vapour permeability of the packaging
material is targeted.

The present work is focused on the study of the effect of
the plasticizers tributyl citrate (ATBC) and poly(ethylene
glycol) (PEG) on the mechanical and barrier properties of
amorphous PLA. The plasticization was evaluated by
analyzing the thermal and mechanical properties of amor-
phous PLA. Although effects of those agents on mechan-
ical properties are already described, no systematic study
has been conducted taking into account the effect of the
formulation on the mechanical and barrier properties of the
resulting material. For that, three molecules have been
studied in this work according to their possible interaction
with PLA and its plasticizers: (1) helium, a non condens-
able gas, (2) oxygen, a non condensable gas with higher
molecular volume and (3) water vapour, water being a
condensable molecule.

Experimental Part
Materials

The poly(lactic acid) pellets were provided by Nature-
Works. The content of L-lactide was about 92 wt%. The
average molecular weight was 9.0 x 10* g mol™" with a
polydispersity index of 2.75.

Acetyl tributyl citrate (ATBC) and Poly(ethylene gly-
col) (PEG), used as plasticizers, were purchased from
Sigma—Aldrich (France). The properties of these plasti-
cizers are listed in Table 1. Calcium chloride was provided
by Sigma—Aldrich (France) and ethanol was supplied by
Carlo Erba (France).

Sample Preparation

Poly(lactic acid) pellets and plasticizers were dried at
80 °C overnight in a vacuum oven. After that, the formu-
lated PLA samples were prepared by direct melt mixing of
additives with PLA in an internal mixer (Haake Rheocord
9000) at 160 °C and 60 rpm for 15 min [18, 19]. Addition

Table 1 Number average molecular mass (M,,), solubility parameters
(0), interaction parameter () between PLA and plasticizers and glass
transition temperature (7T,) of PLA pellets and plasticizers

Substance M, (g mol™ 1) 5 (J em )12 z T, (°C)
PLA pellets 90,500 20.4 - 56.0
PEG 300 300 23.1 1.1 —-759
ATBC 402 19.9 0.38 —82.6




of PEG and ATBC were varied from 2.5 to 20% of PLA
weight.

Once all the mixing materials were collected and dried
during 4 h minimum at 80 °C, the different PLA formu-
lations were thermo-moulded by compression (Telemeca-
nique, 15 tonnes) at 185 °C and 150 bar in a multistep
process. The PLA blends were melted between the hot
plates without pressure for 3 min. Then they were pressed
under 10 bars for 30 s, 50 bars for 30 s and 150 bars for
1 min to remove air bubbles and obtain a film of approx-
imately 100 um thickness. At last the samples were
quenched in water at ambient temperature.

Analysis Methods
Extraction of Plasticizer from the Formulated PLA

Formulated PLA films were cut in small pieces and placed
in a Soxhlet apparatus with 150 mL of ethanol (7 h, 90 °C)
to extract the plasticizer from PLA. After that the film
pieces were placed in an oven (3 days, 60 °C) to dry them
and then weighted to determine the loss of plasticizer.
Analysis was done in duplicate.

Size Exclusion Chromatography (SEC)

The average molecular weight and the polydispersity index
were measured by SEC using a Shimadzu apparatus
equipped with an RID-10A refractive index detector and an
SPD-M10A UV detector. The analyses were carried out at
30 °C and 0.8 mL min~" in chloroform on PL Gel Mixed-
C and PLGel 100A columns. The calibration was per-
formed with PS standards from 580 to 1,650,000 g mol .

Modulated Temperature Differential
Scanning Calorimetry (MDSC)

The thermal analyses were performed with an MDSC Q100
(TA Instruments) under nitrogen atmosphere. The samples
(about 10 mg) were put into hermetic aluminium pans
(TZero, TA Instruments) to avoid the loss of plasticizer
upon heating. The modulated mode was used to study the
glass transition. The heating scans were performed under
sinusoidal temperature modulation with a heating rate of
1 °Cmin~ !, a period of 80 s and a modulation of +1.5 °C
from 10 to 80 °C. The glass transition temperature (7T,) is
taken at the midpoint of the specific heat increment from
the reversing signal. All experiments were carried out in
triplicate.

The standard mode was used to study the crystallinity
degree of the samples (y.). The heating scans were per-
formed with a heating rate of 10 °C/min from —30 to

190 °C. The crystallinity degree is calculated with the
Eq I:
AH,, — AH,

—m e 1
Ze AT (1)
where AH,, is the enthalpy of melting, AH, is the enthalpy
of crystallization and AH?, is the enthalpy of fusion per mol
of repeating unit of the perfect crystal of infinite size, being
93 Jg~ .

All experiments were carried out in triplicate.

Dynamic Mechanical Analysis (DMA)

Measurements were carried out with a DMTA V (TA
Instruments) at a frequency of 1 Hz and 0.05% strain. The
samples were heated from —140 to 130 °C at 2 °C min ™.
The relaxation temperature which can be associated with
the glass transition was taken at the maximum of the peak
of the damping factor (tan ¢). Experiments were carried out

in duplicate.
Tensile Test

The uniaxial tensile testing was carried out at room tem-
perature, at a relative humidity (RH) varying between 40
and 60% and at 5 mm min~' with an Instron tensile testing
machine (Instron Model 4507) equipped with pneumatic
jaws on type I BA dumbbell shaped samples. The thickness
of the samples varies from 100 to 150 pm. Each value is an
average of 10 measurements.

Oxygen, Helium and Water Vapour Permeability

The direct measurement of the oxygen transmission rate
(OTR) was monitored at 23 °C and 0% RH with a Systech
8001 apparatus. The oxygen permeability tests have been
performed at 0% RH to avoid the plasticization effect of
water on polymer sample. The helium transmission rate
(HeTR) was measured at room temperature and at a relative
humidity varying between 40 and 60% RH, by a specific
analyser developed by CNAM (Paris, France), based on the
ISO norm 15105-2:2003. Oxygen and helium permeability
were then obtained by dividing, respectively OTR and
HeTR by the film thickness. Experiments were carried out
in duplicate. The oxygen diffusion coefficient was esti-
mated with the time-lag method according to the following
relationship:
12

0= 6_D7 (2)

where [ is the film thickness and 0 the time-lag. The time-
lag is determined as the intercept of the time axis and the
extrapolated linear steady state part of the curve for a



representation of the amount of permeant passing through
the film in time ¢ versus time.

The water vapour transmission rate (WVTR) of the films
was measured according to the norm NF H 00-030 at
25 °C and 50% RH or 38 °C and 90% RH. The procedure
consists in putting in a cup calcium chloride which was
previously dried at 50 °C in a drying oven. Then the film
sample under investigation is placed on the cup and the
borders are sealed with beeswax in order to obtain a spe-
cific exchange surface. After that, the cup is placed in a
chamber at constant temperature and humidity. Water
vapour has to pass through the film sample and to be sorbed
on the desiccant CaCl,. The weight uptake of CaCl, is
measured regularly for 2 days to obtain the WVTR value.
Given values are averages of two experiments.

Statistical Analysis

The statistical analysis was realized 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

The effects of plasticization on the thermal and mechanical
properties of the PLA samples were investigated. Two
plasticizers PEG and ATBC, the properties of which are
shown in Table 1, were added to PLA. The miscibility of
plasticizers and polymer can be estimated from the solu-
bility parameters, which have been calculated thanks to the
method of Hoy [17]. The values of solubility parameter of
ATBC and PEG are close to the one of PLA. Interaction

parameters, shown in Table 1, have been calculated using
the following equation [9, 17]:

Vi o
X_RT((SI 02)"+B, (3)

where R, T, and V; are the gas constant, the temperature
and the molar volume of the component 1. §; and J, are
the solubility parameter of the blends components. The
term B is the entropic component of the interaction
parameter. B often equals 0.34 for non polar systems.
According to Pillin et al., a blend can be considered as
miscible if ¥ < 0.5 [9, 20]. So it seems that PLA and
ATBC should be miscible whereas PLA and PEG might
be non miscible.

The melt mixing of PLA with additives results often in a
decrease of the molecular weight which can be due to the
high sensitivity of PLA to the thermo-mechanical input, to
the moisture or/and to transesterification reactions with
additives [21]. Therefore, the raw materials were exten-
sively dried and the polymer molecular weights were fol-
lowed by SEC. The SEC data are given in Table 2. A
decrease in the molecular weight of neat PLA is shown
after melt-blending at 160 °C. According to Signori et al.
[22] and Murariu et al. [20], the average molecular weight
of neat PLA decreases slightly after mixing at 50-60 rpm
and at high temperature (150-190 °C). Table 2 shows that
the addition of PEG accentuates the decrease of the
molecular weight, which may be due to the degradation of
PLA chains coupled to main chain scission and trans-
esterification reactions between PLA and PEG [23]. On the
contrary, ATBC does not induce a decrease in M,, at low
content in PLA. Nevertheless, further addition of ATBC in
PLA results in a slight decrease in M,. To summarize, the
addition of plasticizer brings about a notable decrease in
molecular weight in the case of PEG and shows only a
slight drop in the case of ATBC. Therefore, given the

Table 2 Number and weight

Plasticizer content Plasticizer M, (g molfl) M,, (g mol") 1
average molecular mass (M, er polymer weight (%)  content (wt%)
and M,,) and polydispersity per poy £
index (1) of PLA pellets and PLA pellets - - 90,500 248,900 275
formulated PLA
Neat PLA - - 70,200 223,450 32
PLA + PEG 2.5 2.5 74,400 174,000 23
5 55,900 155,900 2.8
10 41,150 90,500 2.2
15 13 36,350 66,850 1.8
20 17 27,500 49,925 1.8
PLA + ATBC 2.5 2.5 92,300 212,950 2.3
5 4 98,900 228,100 2.3
10 9 76,650 182,500 24
15 13 57,550 123,900 2.2
20 17 55,050 133,950 24




nature of these results, it appears that ATBC seems to be
preferable for the formulation of PLA.

Efficiency of PLA Plasticizing with PEG and ATBC

In order to measure the T,, MDSC analysis was performed
to separate the glass transition from the endothermic
relaxation which is the result of ageing caused by a sec-
ondary molecular reordering occurring in the amorphous
phase of the semi-crystalline polymers [24, 25]. The
analysis in MDSC makes it possible to determine more
precisely the T, of the systems, because the signal of the
endothermic relaxation can be separated from the signal of
the glass transition. The MDSC thermogrammes obtained
at 1 °C min~' are shown in Fig. 1. Due to the lower
temperature limit of the MDSC apparatus (—70 °C), it is
not possible to detect the small variation in the heat
capacity which should occur at the T, of the plasticizer in
case of phase separation. So a single T} is detected for the
plasticized PLA in the studied temperature range. In
accordance with the literature [13, 26], the neat PLA
exhibits a T, at 55 °C. A shift to lower temperature of the
T, is shown for the formulated PLA (Figs. 1 and 2). With
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Fig. 1 MDSC thermograms for neat PLA and formulated PLA
heated at 1 °C min~'. a PEG 300/PLA; b ATBC/PLA. The curves
were vertically shifted for legibility

17 wt% of PEG and ATBC, the T, of PLA blends decreases
to 37 and 28 °C, respectively. The action of a plasticizer is
to increase the free volume and to decrease the polymer
chain interactions which induce higher chain mobility at
lower temperature. In the present case, the effect linked to
plasticization is most probably superposed with a decrease
of the glass transition temperature due to chain scission
during the process (Table 2).

Among the equations used to predict the glass transition
temperature for polymer blends as a function of the com-
position, the empirical Fox Equation is the most widely
used:

1 wi wWa

Te  Te ' T @
where T, is the glass transition temperature of the blends,
T,; and T, those of the components 1 and 2, and w; and
w, the weight fraction of 1 and 2 determined after plasti-
cizer extraction from formulated PLA. The extractions of
the plasticizer from the formulated film have shown that
the melt-mixing in the internal mixer induced no significant
loss of the plasticizer content in PLA. The T, values of the
PLA/PEG blends, plotted in Fig. 2a, do not follow the
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Fig. 2 Glass transition temperature of PLA/plasticizers: Experimen-
tal results (filled diamond) and Fox equation (solid line). a PEG
300/PLA; b ATBC/PLA



empirical Fox equation. There is a levelling off of the T, in
the PEG case at about 38 °C despite the increase in plasti-
cizer content. This behaviour was most probably caused by
the phase separation of PEG at concentrations higher than 9
wt%, which may be linked to the low interaction parameter
shown in Table 1. Similar behaviour has been observed by
several authors with PEG and other plasticizers [9, 27].
Indeed Pillin et al. [9] showed that for contents higher than
20 wt% of PEG 1000 (1,000 g mol ") or other plasticizers
in PLA there was a levelling off of the T, values. Moreover
a macroscopic separation phase has been observed for PLA
at 20 and 30 wt% of PEG 200 (200 g mol ") and at 30 wt%
of PEG 400 (400 g mol ') by the same authors. Kulinski
et al. [27] observed also this behaviour for 12.5 wt% content
of poly(propylene glycol). According to Ljungberg et al.,
the plasticizer migration to the film surface induces an
increase in T, and crystallization temperature and a material
weakening [28]. The T, values of PLA/ATBC systems are
plotted in Fig. 2b and, unlike PEG, they are almost con-
sistent with Fox Equation. A slight exudation may be at the
origin of this deviation. Indeed Fox equation predicts a T, at
35.7 and 19.7 °C at 10 and 17 wt% of ATBC whereas the
experimental value equals 41.3 £ 0.3 and 28.6 £ 0.6 °C,
respectively. There is plasticization up to 17 wt% content
plasticizer. At 17 wt% of ATBC, the T, of PLA is in the
range of ambient temperature.

To verify the hypothesis of phase separation which could
explain the deviation from Fox’s equation, the thermo-
mechanical properties were analyzed in a temperature range
from —140 to 130 °C by DMA. The response of the visco-
elastic modulus is generally more sensitive than the small
variation in heat capacity measured by MDSC. The decrease
of the storage modulus (E’) during the glass transition phase
is often of several orders of magnitude. This signal is easier
to be detected, even at small quantities of amorphous phase.
The results are plotted in Figs. 3 and 4. In this work, the
relaxation temperature associated with the T, was taken at
maximum of the peak of the damping factor related to the
a-relaxation of the amorphous polymer and shown in Fig. 3a
and b. A broad peak in the damping factor is observed at
lower temperature (—83 °C) for neat PLA which may be
attributed to a secondary relaxation, the f-relaxation of
PLA. The increase of the damping factor after the a-relax-
ation of PLA, can be related to the cold crystallization of the
samples, which also explains the increase of the storage
modulus after 80 °C, as shown in Fig. 4a and b.

The calculation of the crystallinity degree with the help
of the first heating scan performed with the MDSC
equipment shows that all the samples are totally amorphous
(x < 5%). Therefore upon heating the samples crystallize
at temperature consistent with DMA measurements.

The superposition of the DMA curves shows that the
maximum of tan ¢ decreases with the increase of plasticizer

Tan Delta

T i T S T L T X T ' 1

-150 -100 -50 0 50 100 150
Temperature (°C)

(b) o0,

Tan Delta

Temperature (°C)

Fig. 3 Evolution of the damping factor (tan delta) of neat PLA and
PLA formulations with PEG (a) or ATBC (b). (dashed line) Neat
PLA, (grey solid line) PLA + 9 wt% plasticizer, (dashed dotted line)
PLA + 13 wt% plasticizer, (black solid line) PLA + 17 wt%
plasticizer

content in the PLA. For example, at 17 wt% of PEG and
ATBC, the glass transition of PLA decreases from 67 to 49
and 41 °C, respectively. These values are consistent with
the MDSC data.

Looking into the glassy plateau at low temperatures,
different behaviours are observed in function of the PLA
formulation. In the case of the samples formulated with
PEG, a broad peak at —65 °C is detected in the damping
factor with 13 wt% of plasticizer. At 17 wt% of PEG, the
peak becomes higher at the same temperature with a sig-
nificant loss in the storage modulus value. The temperature
of this change in the glassy plateau was consistent with the
value of the T, of the plasticizer used, which was given in
Table 1. This signal which can be attributed to a PEG
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phase in the sample, evidences a phase separation at PEG
contents higher than 9 wt% [28, 29].

In the case of formulation with ATBC, for 9 wt% of
plasticizer, a broad noisy peak in the damping factor is
detected at —66 °C, which is not attributed. Indeed no
signal in the storage modulus is detected at this temperature
for the PLA formulated with ATBC. An eventual phase
separation, hinted by the deviation of the 7, from the
predicted value of the Fox model could therefore not be
confirmed by DMA data.

Mechanical Properties of Neat and Formulated PLA

Poly(lactic acid) displays a high Young modulus and
brittleness, which in several cases constitutes an obstacle to

successful application. So adding plasticizer goals to
reduce brittleness and enhance the elongation. The results
of the tensile test of the neat PLA and plasticized PLA with
different plasticizer contents are summarized in Table 3.
Young modulus calculated from DMA data are in general 2
times higher than the value obtained from uniaxial tensile
tests.

Plasticized samples show an increase in the elongation
at break of PLA. This rise is associated with a drop of the
Young modulus, the strength at yield and the storage
modulus. At low plasticizer content in PLA, that is to say
below 9 wt%, the elongation at break stays constant
whereas the strength at yield slowly decreases. Moreover in
the case of PEG, the Young modulus decreases slowly
already at small plasticizer contents whereas with ATBC it
stays constant up to 9 wt%. As expected, at higher plasti-
cizer level, a dramatic rise in the elongation at break is
observed, from 8 to about 140 and 500% with 17 wt% of
PEG and ATBC, respectively. This difference in the
behaviour of these two types of blends could be due to the
decrease in the PLA molecular weight plasticized with
PEG (Table 2). It was shown in literature that a drop in
molecular weight induces an increase in the brittleness and
consequently a decrease in the elongation at break [30].
The strength at yield and the Young modulus diminish
dramatically with the plasticizers. Nevertheless the drop is
less important with PEG compared to ATBC due to the
PEG phase separation which decreases the PLA plastici-
zation effect. These data are mainly in agreement with
literature which shows a decline in the Young modulus and
the strength at yield while the elongation at break rises [12,
24, 28].

Gas Barrier Properties of Neat and Formulated PLA

Table 4 and Fig. 5 summarize the data of helium, oxygen
and water vapour permeability in the steady state. The
permeability coefficient (P) of these gases is linked to the
diffusion coefficient, D, and the solubility coefficient, S, by
the well-known relationship [31]:

P=DxS (3)

D depends on the polymer structure and takes into account
the free volume of the matrix and its tortuosity. S is
dependent on the solubility of the gas molecules in material
and consequently to the gas condensability.

The barrier properties of formulated and neat PLA were
compared with amorphous PET (aPET) and PS samples.
Table 4 and Fig. 5 show that helium and oxygen perme-
abilities of PLA were intermediate between those of these
two conventional packaging polymers which were gener-
ally and respectively classified as medium and poor barrier
material. As shown in Fig. 5 and taking into account the



Table 3 Mechanical properties

of et and formulted PLA e i T o e
Neat PLA - 1,730 1,291 + 62 8+ 5 471 £ 6.9
PLA + PEG 25 n.d. 1,335 + 143 541 41.1 + 88
5 n.d. 1,338 + 84 542 38.1+72
1,670 908 + 36 742 29.6 + 2.8
13 924 547 + 34 99 + 43 18.1+15
17 731 323 + 42 137 + 34 158 £ 1.2
PLA + ATBC 25 n.d. 1,300 & 69 441 40.0 + 7.6
5 n.d. 1,306 + 64 8+ 3 41.1 £ 85
9 2,530 1,039 + 55 16 £ 10 29.7 + 4.5
13 2,490 615 + 41 300 &+ 179 21.6 + 4.2
n.d. not determined 17 1,250 69 & 18 303 & 45 B
Table 4 Oxygen and water vapour barrier properties of neat and formulated PLA with PEG or ATBC
O, Permeability O, Diffusion WVTR WVTR
Coefficient x10'® Coefficient x10'? 25 °C, 50% RH 38 °C, 90% RH
(m3 mm 2s! Pa_l) (m2 s_l) (g m~2 day_l) (g m2 day_l)
PS 19 n.d. n.d. n.d.
aPET 0.4 n.d. n.d. n.d.
LDPE n.d. n.d. 22403 98 + 24
PLA 23 +0.1° 1.6 + 0.3 121 £5.7° 61.9 + 6.7%
PLA + 9% PEG 43 +£05° 52+29° 36.5 + 2.6° 191.9 + 21.4%¢
PLA + 13% PEG - - 40.4 + 12.5%° 202.1 £ 59.5%¢
PLA + 17% PEG - 68.6 +17.2° 300.5 + 60.8¢
PLA + 9% ATBC 2.6+ 0.1° 24 +0.1%° 16.0 + 0.3 91.0 + 5.1*°
PLA + 13% ATBC 32 +04° 2.8 £+ 0.9%° 20.3 + 0.3* 129.9 + 10.1*P¢
PLA + 17% ATBC 5.0 £+ 0.3¢ 3.7 £ 0.7%° 21.7 £ 1.0° 136.4 + 7.8%b¢

WVTR water vapour transmission rate, n.d. not determined
abed gionificant differences at P < 0.05 (Duncan)

standard deviations, most of the PLA formulations show
equivalent helium permeabilities. The addition of plasti-
cizers induces different effects according to the nature of
the plasticizer. Formulation with ATBC, from 2.5 to 17
wt%, does not change the helium permeability whereas a
increase of the helium permeability is noticed for up to
9 wt% of PEG. Moreover the standard deviations of the
helium permeability values are largely higher for formu-
lations with plasticizer contents higher than 9 wt% of PEG
compared to ATBC. This behaviour could be explained by
the brittleness of the samples after PEG phase separation,
which causes microscopic cracks in the sample during
measurement and consequently an increase in permeability.
The stochastic occurrence of this problem increases the
standard deviation of the repeat measurements.

Oxygen permeability was not determined at plasticizer
contents lower than 9 wt%, because in this range no sub-
stantial change in mechanical properties was observed and
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Fig. 5 Helium permeability coefficient (Py,) of neat and formulated
PLA with PEG and ATBC



the helium permeabilities were constant. Literature data
give oxygen permeabilities of neat PLA between 1.2 to
43 x 107" m*m m™?s~' Pa~' for different experimental
set-ups [16, 32, 33]. As shown in Table 4, the oxygen
permeability coefficient of neat PLA is 2.5 x 10~ '® m?
mm 2 s~ ' Pa~! which is in accordance with published
data. The oxygen permeability data shows an increase with
PEG content, which is shown by the value of 9 wt%. The
samples with higher PEG content could not be measured,
because they cracked in the measurement cell. Due to the
phase separation of PEG, films are very fragile and they do
not withstand the several hours of measurement in the
apparatus. Contrary to helium permeability, oxygen per-
meability of PLA formulated with ATBC increases with
plasticizer content, in particularly at 17 wt% of ATBC, the
value has been doubled.

According to literature, the diffusion of the gas mole-
cules is mainly due to the free volume in the polymer
matrix [34-36]. The addition of plasticizer provokes an
increase in the mobility of the polymer chains and by that
in the free volume. Consequently an increase in the per-
meability coefficient is generally noticed [37]. This rise in
the free volume is accentuated by the decrease in the
molecular weight observed in SEC (Table 2). Indeed the
decrease in the size of the chain induces the formation of
free volumes. Table 4 gives furthermore the diffusion
coefficient of oxygen in the formulated samples calculated
with the help of the time-lag method. The oxygen diffusion
coefficient of PLA is intermediate between PET amounting
to3 x 107"° m? s~! and PEHD being 1.7 x 107" m?s™!
[38]. As mentioned earlier, the diffusion coefficient is a
kinetic parameter which responds to tortuosity and free
volume. In the present case, all samples were amorphous.
We suppose that the small increase in D with the increase
of the plasticizer content is mainly due to the decrease in
molecular weight in the sample, which has an action on the
free volume. Permeability increases more than the diffu-
sion coefficient, which points to increased solubility coef-
ficient of oxygen in the plasticized sample. This hypothesis
is supported by the observation that permeability of helium
does not change with the increase of ATBC content;
helium being a gas which is less interacting and supposedly
less soluble in the polymer/plasticizer phase.

The analyses of water vapour permeability show that, at
25 °C and 50% RH, the water vapour transmission rate
(WVTR) of neat PLA is 12.1 gm™ > day ' which is in
accordance with Petersen et al. [39] Contrary to ATBC
which does not influence the WVTR, the addition of PEG at
9 wt% increases it threefold. This result is consistent with
literature data which showed an increase in WVTR with the
plasticization of PLA [40, 41]. However, we find an
advantage for the ATBC formulated samples, where WVTR
at the highest plasticizer content is almost three times

lower than in PEG formulations. As expected, at 38 °C and
90% RH, the WVTR of neat PLA increases 5-fold com-
pared to the WVTR at 25 °C and 50% RH. Moreover the
increase in the WVTR with the plasticizer amount is lower
with ATBC than with PEG, up to three times higher and
five times higher, respectively. As WVTR increases with
the relative humidity and as water vapour is condensable,
the evolution of the permeability is most probably due to
the solubility of water vapour in the plasticizer.

Conclusions

Formulation of PLA with plasticizers was investigated in
this study as a strategy for improving the material prop-
erties. While PEG displays a limit of miscibility with PLA
and a phase separation, it clearly appears that ATBC is a
more efficient plasticizer. The addition of ATBC in PLA
results in a decrease in 7T, and a strong increase in the
elongation at break at contents higher or equal to 13 wt%,
which is associated to a drop of the Young modulus.
However, unlike to PEG-based systems, the materials with
ATBC maintain their gas barrier properties up to 13 wt% of
plasticizer. Beyond this content of ATBC, the oxygen
permeability coefficient and water vapour transmission rate
rise. Nevertheless this rise is clearly less important than for
PEG formulations which show a decrease in their barrier
properties already at 9 wt% of PEG content. Taking into
account these different results, ATBC is a more adapted
plasticizer than PEG. Nevertheless a trade off has to be
found between improvement of mechanical properties and
loss of barrier properties, probably between 9 and 17 wt%
of ATBC present in PLA.

Furthermore the differences in gas and water vapour
permeabilities could be attributed rather to their solubility
in the plasticizer than to changes in diffusivity as all
samples were amorphous. These findings lead us to pursue
this work with the aim to modify the morphology of the
plasticized material, in particular crystallization of PLA
with appropriated annealing treatments in order to improve
the gas barrier properties by working on the tortuosity of
polymer sample. So further work is currently in progress to
investigate the relationship between microstructure of
crystallized samples and the barrier properties of neat and
formulated PLA with ATBC.
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