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Polyester multilayer membranes with more than 2000 alternating layers of poly(lactic acid) (PLA) and poly
(butylene succinate) (PBS) were successfully prepared via a nanolayer coextrusion process equipped with a
multiplying-element device. This process allows to make films consisting of very thin layers of polymers and in
which a confinement effect of the semicrystalline polymer can be induced at point to significantly improve its
physical properties. In this work, a homogeneous multinanolayer film of PLA/PBS was obtained without defaults
or delamination, while the two polymers are immiscible. Continuous and homogeneous ultrathin layers of PBS
(~45 nm) were obtained and the resulting confined structure of PBS led to an improvement of its barrier per-
formances until 30% for oxygen, 40% for water and 70% for carbon dioxide. This improvement was explained by
a decrease of the solubility coefficient and surprisingly not by the diffusion coefficient. This result was attributed
to a slight orientation of the crystals in the extrusion direction and to the probable presence of an interphase

between the layers of PLA and PBS.

1. Introduction

Thanks to their tunable properties, their lightness and their relatively
low cost, polymer membranes are widely used in many applications such
as packaging, transport, separation processes, building, energy or
biomedical devices. However, due to the decrease in fossil resources,
bio-based polymers have gained considerable attention, as well as in a
sustainable development approach, the use of biodegradable, recycled
and eco-friendly materials is of growing interest. Therefore, more and
more bio-based and/or biodegradable polymers emerge as an alterna-
tive to petroleum-based polymers, for the packaging market, among
which poly(lactid acid) (PLA) seems to be the most promising polymer
for commercial use [1-3]. However, PLA presents some drawbacks and
limitations, such as poor gas barrier properties, inherent brittleness or
low heat resistance that strongly impede its industrial use [4,5]. Many
various strategies have been proposed in the literature in order to
enhance properties of PLA namely, for amelioration of its gas barrier
properties: surface treatment (by plasma for instance Refs. [6-9]),
incorporation of fillers to increase the tortuosity inside the polymer film
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[10-12], or combination with other polymers [13]. One classical way to
combine two polymers in packaging field is the coextrusion process. In
the last few years, Baer’s group from the Case Western Reserve Uni-
versity, has updated an innovative co-extrusion process which was
developed in the 60s [14,15] and which permits to elaborate a multi-
layer film, composed of hundreds or thousands layers of two alternating
polymers. The obtained nanostratified structure has been shown to
exhibit significant enhanced properties (like gas barrier properties
[16-19], mechanical properties [20-23] or even optical properties [24,
25]), due to confinement and/or interfacial effect. In particular, for
some semi-crystalline polymers, the confinement generated by the
nanostratified structure leads to specific orientation of the crystals,
inducing an increase of the tortuosity for the diffusing molecules [26,
271.

In a previous work [28], we used this nanolayer coextrusion process
to elaborate a multi-nanolayer film composed of two biodegradable
polymers, PLA and poly(butylene succinate-co-butylene adipate) PBSA.
Despite a slight crystal orientation, the significant improvement of
barrier properties was attributed to an increase of the rigid amorphous


mailto:stephane.marais@univ-rouen.fr
www.sciencedirect.com/science/journal/03767388
https://http://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2019.117777
https://doi.org/10.1016/j.memsci.2019.117777
https://doi.org/10.1016/j.memsci.2019.117777
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2019.117777&domain=pdf

Extruder

PLA ] [ \ Feedback

= Extruder
_v PBS

&m DT RSTTET
Al 1"_\, LME LME
Layer multiplying ] N ﬁ
elements (LME) ; : f
Sheeting die - PLA/PBS/PLA
3 layers
Chill roll
Multilayer number of layers in the multilayer film=2 "1+ 1

n = number of LME

Fig. 1. Schematics of the multilayer coextrusion process.

fraction, presumably densified and thus less permeable. In this work, we
report the elaboration of a biodegradable film composed of PLA and Poly
(butylene succinate) PBS. This biodegradable aliphatic polyester is more
crystalline than PBSA and has lower gas/water permeability compared
to PLA. Previous studies on PLA/PBS blends [29-31] have pointed out
the complementary mechanical properties of the two components, and
have shown that, although immiscible, this blend does not require the
use of a compatibilizer to offer good mechanical properties. Xie et al.
have reported the interest of creating PBS nanofibrils [32] or nanosheets
[33] in PLA matrix to obtain enhanced gas barrier and mechanical
properties. In this study, we focus on the impact of a nanolayer struc-
turation on gas/water barrier properties of PLA/PBS membrane.

2. Experimental section
2.1. Materials

Amorphous poly(lactic acid), referenced as 4060D, was supplied by
Resinex (France) (L/D isomer ratio of 88:12, Tg = 55 °C, M, = 113,6 kg/
mol), and semi-crystalline poly(butylene succinate) (PBS), reference
PBE003, was obtained from Natureplast (France) (Tg = - 33 °C, My, =
126 kg/mol). At a processing temperature of 180 °C, the viscosities ratio
between the two polymers was equal to 5.5. The materials were dried at
60 °C during 12 h before the experiments in dried air SOMOS dryer.

2.2. Films preparation

The multilayer film PLA/PBS (80/20 wt%) was elaborated with the
multilayer coextrusion process, schematized in Fig. 1, by using 10 layer-
multiplying-elements (LMEs) to obtain in theory 2049 layers. Each
polymer was melt in an extruder at 190 °C and then spread through the
multilayer bloc at 180 °C, the flat die at 170 °C and the chill roll at 40 °C.
The final thickness of the film was 225 pm, which in theory corresponds
to layers of PBS of around 45 nm. Monolayer films of PLA and PBS were
also elaborated by classical extrusion at the same processing tempera-
tures to serve as references for this work.

2.3. Structural characterization

The structure of the film was investigated by Atomic Force Micro-
scopy (AFM) using a Veeco Nanoscope V in tapping mode. To facilitate
the acquisition, a very smooth surface of the cross-section of the film was
obtained using an ultramicrotome (LKB BROMMA 2088 Ultratome)

equipped with a diamond knife.

Wide Angle X-ray Scattering (WAXS) experiments were performed at
50 kV and 1 mA using a Genix microsource X-ray generator. The Cu-K,
radiation (A = 1.54 f\) was collimated with a FOX2D mirror and two
pairs of Scatterless slits from Xenocs. Radial intensity profiles I(20) were
obtained by azimuthal integration of the 2D-patterns using FIT2D soft-
ware. To characterize the crystalline phase, the average WAXS dif-
fractogram is calculated from normalized radial intensity profiles 1(26)
recorded in the three principal directions of film. Crystal index was
determined using the PeakFit software, and assuming Pearson profiles
for all scattering peaks and amorphous halo. In the case of multilayer
film PLA/PBS 80/20, the contribution of the PBS part was calculated by
deducing the one of the PLA part from the raw diffractogramm.

DSC analyses were performed with a DSC Q2000 from TA In-
struments on around 6-7 mg of sample, at a heating/cooling rate of 10
°C/min from —60 to 200 °C in aluminum pan, under a nitrogen flow of
50 mL/min. Calibration in temperature and energy was carried out using
standard values of indium. The first heating step was used to determine
the degree of crystallinity because the permeation measurements were
realized with this crystallinity degree.

The degree of crystallinity, X,, was determined by the following
equation:

AH, — AH

X. (%)= 0 £ %100 (€)]

where AH,, is the melting enthalpy, AH, is the enthalpy of crystallization
and AH? is the melting enthalpy of a 100% theoretical crystalline
polymer. For the PBS, AH?, is equal to 110.3 J/g [34].

Modulated differential scanning calorimetry (MT-DSC) in-
vestigations were performed in DSC Q2000. The specific heat capacity
measurement was calibrated using sapphire. Experimental conditions
were as follows: heating rate of 2K/min, amplitude +0.32K, and mod-
ulation period of 60 s.

Fast scanning calorimetry (FSC) measurements were realized by
using a Mettler Toledo Flash DSC 1. Samples positioned on a chip sensor
were flushed by gaseous nitrogen at 20 mL/min. Before any experiment,
the chip was conditioned. Sample mass was determined by doing the
comparison between the heat capacity step ACp obtained from the glass
transition in MT-DSC and FSC on a sample at the amorphous state. More
details regarding the recommended protocol for FSC analysis of multi-
layer samples were given in the work of Monnier et al. [35].

Dynamic mechanical thermal analyses (DMTA) were carried out



Fig. 2. (a) Photography of the PLA/PBS multilayer film showing the homogeneous and translucent appearance of the film and (b) AFM images showing the con-

tinuity of the thin layers of PBS into the PLA/PBS (80/20 wt%) multilayer film.

using a DMA Q800 from TA Instruments. The temperature was increased
from —80 to 100 °C with a heating speed of 2 °C/min. The analyze was
performed using dynamic tensile mode with a frequency of 1Hz and an
oscillation strain of 0.2% on small bar samples (5 mm width).

2.4. Transport properties

Gas permeation measurements were performed at 25 °C according to
the barometric method with a homemade apparatus [36]. After a purge
of 15h of the permeation cell containing the sample by vacuum, a
pressure sensor monitored the increase of pressure in the downstream
compartment when the gas (O, or CO3 at a pressure of 4 bars) was sent to
the upstream compartment and then passed through the sample thick-
ness (L). The permeability coefficient P, was determined from the steady
state of permeation process:

JstxL

pP= ip (2)

where Jst is the stationary flux, L is the film thickness and Ap is the
difference of pressure between the upstream and the downstream parts
of the permeation cell.

The stationary flux Jst, was determined at long time from the slope a
of the kinetic curve according to:

axV

Jst= ———
s AxRxT

3
where V is the volume of the downstream compartment, A is the film
surface in contact with gas, R is the ideal gas constant and T is the
experimental temperature.

By taking into account that there was no plasticization effect caused
by the gas molecules during the measurement, the diffusion coefficient D
can be assumed constant and determined as follows:

L2
D=—o 4

o1 @
where t; is the well-known time called “time-lag” which was determined
from the intercept of the asymptotic straight line of the stationary flux
with the time axis; and L is the thickness of the sample.

On the basis that the permeability coefficient is the product of the
diffusivity and the solubility coefficients, the solubility coefficient S can
be deduced from:

P

s=7 ©)

Water permeation measurements were achieved at 25 °C with a lab-
built device [36]. First, in order to purge the permeation cell containing
the film, the permeation cell was swept by dry nitrogen until reaching a
low constant dew point (<—70 °C and that corresponds to very low
water content <2.5 ppmV) which was monitored by a chilled mirror
hygrometer (Elcowa®, France, General Eastern Instruments). Then the
upstream compartment was filled with liquid water (milli Q) and the
water permeation flux was measured at downstream by following the
increase of the dew point temperature as function of time. At the sta-
tionary state, the permeability coefficient P, expressed in Barrer (1
Barrer = 10°1° Cmg(STp) cmem?s? cmHg'l) was calculated according to:

_Jst*L
T Aa

P (6)

with Jst is the stationary flux, L is the thickness of the film and Aa is the
difference of water activity between the two compartments of the
permeation cell (in our case Aa = 1).

From the well-known series model usually applied for multilayer
structure, it is possible to predict the permeability coefficient for our
PLA/PBS multilayer films [19,37-39], using the following equation:

U _ doa i Ppss
Prim  Ppa Pras

@)

where ¢i is the volume fraction and Pi is the permeability coefficient, the
index i corresponding to polymers (PLA or PBS). The volume fraction
was determined thanks to the weight fraction and the density of each
polymer (dppp = 1.24; dpgs = 1.26).

3. Results and discussion
3.1. Structure and morphology

First of all, a good film quality, relevant for the packaging market,
was achieved, as can be observed in Fig. 2 a. Indeed, the obtained
multilayer film was homogeneous, translucent without any delamina-
tion phenomenon. AFM observations were undertaken on the cross
section of the film to visualize the microstructure and investigate the
multilayer structure. As clearly shown in Fig. 2 b, a homogeneous
multilayer structure was obtained with continuous and reasonably
regular PBS layers, with a thickness between 40 and 50 nm (measured
following the method proposed by Bironeau et al. [40]) as expected,
suggesting that the 80/20 wt ratio between PLA and PBSA was
respected.
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Fig. 4. (a) First heat and (b) cooling DSC curves of the PLA and PBS monolayer films and of the PLA/PBS multilayer film.

3.2. Structural characterization

3.2.1. Crystallinity

XRD analyses were carried out in order to see the impact of the
multilayer structure on the crystalline phase of the PBS and on the
orientation of the crystals. The contribution of PBS within the PLA/PBS
multilayer film was extracted (Fig. 3 b) to be compared with the
different crystalline planes of those obtained for a monolayer film of PBS
(Fig. 3 a). The assignment of the peaks was made from the work of
Nikolic and Djonlagic [41]. Whether the PBS is in monolayer or multi-
layer form, it has the same diffraction planes, which means that its
crystalline phase is similar in both cases. Note that the intensity of the
diffraction related to the (1 lT) and (002) planes for the PLA/PBS
multilayer film is slightly more pronounced than for the PBS monolayer.
This observation suggests that the confinement of the PBS in nanolayers
tends to favor the formation of the (111) and (002) planes.

XRD curves were also used to determine the crystal index of the PBS
in the neat and the multilayer film and it was found equal to around 37
and 40% respectively. These values are slightly lower in comparison

with the work of Phua et al. [42], in which X. = 49% was determined
from WAXS.

The degree of crystallinity was also investigated from DSC. The
curves are plotted in Fig. 4 and the characteristic temperatures (transi-
tion temperature Tg, cold crystallization temperature Tc., and melting
temperature Tp,) are noted on the graph. It was chosen to determine
these temperatures on the first heat curve (Fig. 4a), because it corre-
sponds to the same structure state of the material as when it was
analyzed by permeation measurements. The T value obtained for PLA
and the melting and cold-crystallization behavior of PBS are in good
agreement with the literature [42,43]. The glass transition of PBS is
hardly visible in monolayer film and almost indiscernible in multilayer
film because PBS is highly crystalline. Indeed, as presented in Fig. 4b,
PBS crystallizes quickly during cooling from the melt. According to
calculation from DSC measurements, X. = 60% for pure PBS. This value
is consistent with the results reported in the literature from DSC in-
vestigations [11,34,42] but differs from the results obtained from
WAXS.

Surprisingly, for the PLA/PBS film an important increase of the PBS
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Table 1
Melting enthalpy and crystallinity of PBS in monolayer and multilayer films
obtained from FSC.

PBS monolayer film PBS into PLA/PBS multilayer film

Time AH, (J/8) X, (%) AH, (J/8) X, (%)

15 min 46.9 43 Non measurable Non measurable
30 min 75.5 62 5.4 5

45 min 77.1 70 15.8 14

180 min 79.1 72 / /

24 h / / 84.1 76

crystallinity degree from 60% to 90% was calculated from DSC, leading
to a huge difference in comparison to results obtained from XRD.
Discrepancy between results obtained from XRD and DSC is not com-
mon; however it has been previously reported for quenched poly-
ethylene terephthalate (PET) [44]. In the case of PET, this discrepancy
resulted from crystalline reorganization that could be tracked by
modulated calorimetric measurements, but not by classical DSC. In most
of the studied multilayer systems the degree of crystallinity remains
constant even with the confinement effect induced by the forced as-
sembly. Therefore, it is assumed that crystalline reorganization occurs in
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PBS during DSC analysis, and in higher proportions for multilayer films.

3.2.2. Evidence of reorganization from FSC

In FSC, the high heating/cooling rates (1000 °C/s) that are used,
allow obtaining thermal signatures characteristics of the sample initial
microstructure by preventing reorganization [45], and eventually
amorphizing the polymer. The first analyze (Fig. 5) was made on the PBS
monolayer film and the film was heated from ambient temperature to
150 °C. Two endotherms were observed: the first was immediately fol-
lowed by an exotherm, evidencing a process of melt-recrystallization of
imperfect crystals. The second corresponds to the melting of a more
organized crystalline phase. A second scan performed at 1000 °C/s was
superimposed to show the behavior of pure amorphous PBS. Due to the
perfect alignment of the liquid lines between amorphous and
semi-crystalline PBS, the calculation of the degree of crystallinity was
possible. A value of X. = 40% was obtained, which is consistent with
XRD results. Therefore, it is evidenced that the X. values obtained from
classical DSC are higher because of crystalline reorganization.

3.2.3. Degree of crystallinity

After this first point, it became interesting to compare the degree of
crystallinity of PBS under monolayer and multilayer form by FSC. For
both films, the melting enthalpy was measured at different times of
crystallization t., and the results are gathered in Table 1 and on Fig. 6.
For t. = 15 min, PBS is still amorphous in the multilayer film, whereas
X. = 43% in monolayer film. For t. = 45 min, X, = 14% in multilayer
film while PBS reaches its maximum extent of crystallinity in monolayer
film. This shows that the crystallization kinetics is slowed down in
multilayer film. When crystallization is complete, both systems exhibit
close values: X, = 72% in monolayer film (t. = 180 min), and X. = 76%
in multilayer film (t. = 24 h).

3.2.4. Orientation

While XRD measurements performed in the three directions reveal
an isotropic structure for the PLA and PBS monolayer films, an orien-
tation effect is evidenced in the case of the PLA/PBS multilayer film as
illustrated in Fig. 7. In particular, the slightly more pronounced
diffraction of the (1 lT) and (002) planes in meridional positions for both
transverse and extrusion directions patterns suggests a weak orientation
of the chain axis of PBS into the film plane.

A similar slight chain orientation was observed for poly(butylene
succinate-co-adipate) (PBSA) in a PLA/PBSA multilayer structure [28].
Like for PBSA, we assume that PBS layer thickness of 50 nm is probably
not sufficiently thin to force a strong crystal alignment. As a comparison,
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Fig. 6. FSC curves for PBS monolayer film and the PLA/PBS multilayer film at different times of crystallization.



Face

Extrusion

Direction

™~ RX

Transverse Direction

Extrusion Direction

Multilayer film
PLA/PBS
(80/20)

Fig. 7. WAXS patterns for the multilayer film of PLA/PBS (80/20) performed in the three directions.

1E+10 -
S 1E+09
2
"
S 1E+08 -
=]
©
[S)
2 1E+07 -
&
g ——PLA
2 1E+06 PBS

——PLA/PBS
1E+05 ‘ ‘ ‘ ‘
80 -60 -40 -20 O 20 40 60 80 100
Temperature (°C)

10 -
——PLA
——PBS
——PLA/PBS
1 4
©
=
[}
o
s
= 0,1 -
0,01 . . . . ; . . .
80 -60 -40 -20 0 20 40 60 80 100
Temperature (°C)

Fig. 8. Evolution of the storage modulus and loss factor as a function of temperature for the PLA and the PBS monolayer films and the PLA/PBS multilayer film.

Baer et al. [16] have clearly shown in the case of EAA/PEO multilayer
films, that an orientation started to appear for PEO layer thicknesses
around 100 nm, and became very pronounced when the size of the layers
reached 20 nm. In our case, a slight orientation begins to appear at 50
nm and could probably be more marked for thinner layers. However, the
reduction of the layer thickness could lead to a layer breakup phe-
nomenon [46] and induce a deterioration of the desired barrier effect
[471.

Besides, by analyzing the cooling DSC curves of the studied polymers
(Fig. 4b), a high difference between the crystallization temperature of
PBS (90 °C) and the glass transition temperature of PLA (55 °C) can be
noted. This means that during the cooling, after the extrusion, PBS can
begin to crystallize without any strong constrain from PLA, this one
being in rubbery state for temperature superior to 55 °C. The slight
orientation of the PBS crystals can also be explained by this “soft
confinement” provided by PLA, while in rubbery state.

3.2.5. Interphase

The storage modulus and the loss factor (tan delta) obtained from
DMTA for the PLA and the PBS monolayer films and for the PLA/PBS
multilayer film are gathered in Fig. 8. The glass transition of PBS in
multilayer film is not discernible in the storage modulus signal (Fig. 8a),
but is detected in the Tan Delta signal (Fig. 8b), occurring in the same
temperature domain as in monolayer film. As shown in Fig. 8a, the glass
transition of PBS in multilayer film does not cause a drop of storage
modulus which remains close to 3 GPa. This is probably linked to the low
content of material that relaxes in this temperature range. Indeed 80% of
the material is glassy rigid PLA; moreover PBS contains 40% of crystals.

When the glass transition of PLA is reached, the modulus in the multi-
layer film decreases down to 0.1 GPa, but the crystalline phase of PBS
still provides some rigidity in comparison with bulk PLA. As a result, the
multilayer film exhibits decent mechanical properties in the investigated
temperature range.

Furthermore, it can be observed that the glass transition of PLA,
obtained from the Tan Delta curve, decreases from 64 °C in monolayer
film to 58 °C in multilayer form. This phenomenon could be attributed to
the presence of an interphase between the layers of PLA and PBS in the
multilayer films. The creation of such an interphase is possible due to the
compatibility between both polyesters and via the transesterification
reaction between a polyester group and an alcohol of end-chain. Also,
one can suppose that in this interphase covalent bonds can be created
leading to copolymer chains of PLA-co-PBS. This good compatibility was
also observed for PLA/PBSA multilayer films [28], for which the absence
of delamination during tensile tests and after breaking revealed the high
quality of adhesion between PLA and PBSA layers.

3.3. Barrier properties

Permeation measurements of water and gases (N3, Oz and CO3) were
performed to evaluate the transport properties of the prepared multi-
layer film and the gain in barrier performances due to the nano-
stratification. The values of the permeability coefficients P calculated for
the PLA and PBS monolayer films are given in Table 2 and are in
accordance with those already obtained in previous works for PLA [48,
49] and PBS [11]. For this latter, very few data on gases and water
permeation are available in literature.



Table 2
Gas and liquid water permeability coefficients for PLA and PBS monolayer films
and PLA/PBS multilayer film.

Permeability coefficients P (Barrer”)

Nay Oy CO, H,0
PLA monolayer 0.069 + 0.320 + 0.80 + 2510 +
0.003 0.001 0.03 124
PBS monolayer 0.109 + 0.196 + 1.725 + 2215 +
0.007 0.003 0.006 142
PLA/PBS multilayer 0.085 + 0.253 + 0.722 + 2150 +
0.001 0.006 0.007 63
Calculated Permeability series 0.074 0.285 0.896 2446
model, Eq. (7)
Calculated Ppgg in PLA/PBS - 0.137 0.513 1357
Barrier Improvement Factor (%) - 30 70 39

of the confined PBS layers

2 1 Barrer = 10"1° cm3(STP).cm.cm'2.s'1.cmHg'l.

3.3.1. Gas barrier properties

The gas permeability, diffusion and solubility coefficients for the PLA
and PBS monolayer films and the PLA/PBS multilayer film are presented
in Fig. 9. As expected, the values of the gas permeability coefficients are
ranked as follows: Pcoz > Poa > Pno. In most cases, the values of the
permeability coefficients of the multilayer film were found inferior to
those of the neat PLA or/and the neat PBS films. To highlight the impact
of the multilayer structure on barrier properties and to understand why
the multilayer film has better barrier properties compared to the two
neat polymers, permeabilities should be analyzed on the basis of the
diffusion and solubility coefficients, considering that these both pa-
rameters govern the gas transfer.

Firstly, concerning the gas diffusivity in the PLA film, the following
trend has been obtained: Doz < Dn2 < Dog. This trend agrees well with
the steric hindrance according to the van der Waals diameters of the
different permeant molecules which are 42.67, 39.13 and 31.83 cm®.
mol! for carbon dioxide, nitrogen and dioxygen, respectively. On the
other hand, in the case of PBS, another trend was obtained for the gas
diffusivity: Dn2 < Dcoz < Dog. This order would be more consistent by
considering the molecular size deduced from the kinetic diameter of Ny
(3.64 ;\) and CO; (3.30 10\). To date, the choice of the molecular size is
not well defined to explain the molecular diffusivity in polymers. If the
diffusivity follows the van der Waals volume in most cases for glassy and
rubbery polymers [50], in some cases it follows the kinetic diameter like
for PBSA [28] or PHBV [51]. Anyway, it is interesting to notice that
same tendencies in gas diffusivity have been obtained for PBS in pre-
vious work [11] or for PBSA (poly(butylene succinate-co-adipate)), a
copolymer of PBS [28].

Concerning the multilayer film, the fact that the values of the gas
diffusivity follow the same trend as for PLA is not surprising, since PLA is
the major component of the multilayer film (80%). Thus in the multi-
layer film of PLA/PBS, the diffusion of gases should be rather dependent
on the van der Waals diameters, so that the molecular size of CO, would
be higher than that of O3 and Nj. The values of the diffusion coefficients
are not lowered in the multilayer film in comparison with monolayer
films, except in the case of the carbon dioxide for which the diffusion
coefficient is reduced compared to PBS (it is similar for dioxygen and
even superior for nitrogen). This result would indicate that the multi-
layer structure has not induced additional tortuosity, which is not really
surprising since the degree of crystallinity of PBS has not changed, the
PBS crystals in the nanolayers have not been strongly oriented, (as
evidenced by XRD measurements).

Comparing the solubility coefficients of the three films, we observe
that they are lowered in the case of the multilayer film compared to
monolayer films of PLA and PBS, which is certainly at the origin of the
improvement of the barrier properties (similar evolution of the solubi-
lity and permeability coefficients).

This trend has already been observed for a similar multilayer system
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Fig. 9. Comparison of the gas permeability, diffusion and solubility coefficients
for the monolayer films of PLA and PBS and the PLA/PBS multilayer film.

made with PLA and PBSA [28], and for which the highest barrier
improvement was observed for the carbon dioxide. Similarly, the gas
barrier effect obtained in the multinanolayer PLA/PBS would rather be
due to a reduction of the solubility as the gas diffusivity has not
decreased (has even increased for nitrogen, as revealed by the diffusion
coefficient values) (Fig. 9). It seems therefore that the reduction of the
gas concentration in the PLA/PBS multilayer would be responsible for
the gas barrier effect.

One explanation of this result could be that the confinement of the
PBS layers by the PLA layers may lead to a denser structure with reduced
free volumes, limiting thus the space for gas molecules to be absorbed. In
addition, it is possible that some constrained amorphous chains in
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Fig. 10. (a) Reduced water permeation curves for the monolayer films of PLA and PBS and the PLA/PBS multilayer films, and (b) permeation curves in the

dimensionless scale of flux and time for the PLA/PBS multilayer film.

Table 3

Water permeation parameters for the monolayer films of PLA and PBS and the multilayer film of PLA/PBS.

P (Barrer) Do (108 cm2s™h) Dy (108 em?s™) vCm b (em®.mmol ™) Cy (mmol.cm™)
PLA film 2510 + 124 0.87 + 0.07 11.6 + 0.7 2.6 +0.2 4.0 +0.1 0.67 + 0.03
PBS film 2215 + 142 0.64 + 0.07 10.1 £ 0.1 2.8+0.2 4.0 £ 0.5 0.69 + 0.04
PLA/PBS multilayer film 2150 + 63 1.03 £ 0.05 11.5+ 0.3 2.5+0.8 4.6 £ 0.8 0.54 £ 0.01

confined spaces can hinder the access of gas in some free reduced vol-
umes. However, we believe that this local increase in stiffness leading to
more rigid spaces is not enough to affect diffusivity. If this had been the
case, we would have had a noticeable reduction in the diffusion coeffi-
cient values, which is not the case.

Moreover, the existence of a PLA/PBS interphase could have an
impact on the transport of gas molecules. Even if this interphase is very
thin, the high number of interfaces of this nanostratified structure may
amplify its effect. From the one hand, it can be supposed that the
interphase, because of the presence of some entangled chains of PLA and
PBS but also some longer chains due to the formation of covalent bonds
between them, can hinder the passage of the gas molecules. From the
other hand, the proportion of PBS crystallinity chains in this thin
interphase is lowered, reducing the obstacles in the diffusion pathways
through this interphase.

3.3.2. Water barrier properties

To complete the observations made with the gas permeation results,
water permeation kinetic measurements were carried out on the three
studied films (Fig. 10 a) and the obtained data are gathered in Table 3.
As for the various gases, the PLA/PBS multilayer film has a lower
permeability to water than monolayer films of PLA and PBS.

From the kinetic point of view, the analysis of the water permeation
curves has shown that the diffusion is not constant but depends on the
water concentration. This water concentration-dependence of the
diffusion coefficient is typical of a water plasticization effect. Therefore,
due to an increase of the chain segment mobility by plasticization, the
water diffusivity increases during the extent of water permeation and an
exponential law (Eq. (8)) is usually convenient to describe this mecha-
nism of diffusivity which originates from the free volume theory [52,
53]:

D = Dyexp(yC) (8)

The experimental flux curves have been fitted using this
concentration-dependent diffusion coefficient, from which it was

possible to determine the different coefficients of this law such as Dy and
Dy the diffusion coefficients taken at the boundary conditions from C =
0 and C=Cy (stationary state), yCy the plasticization coefficient, and y
the plasticization factor. Fig. 10 b displays permeation curves in the
dimensionless scale of flux and time (J/Jg as a function of T = D.t/13). A
strong deviation can be observed between the experimental curves for
the multilayer PLA/PBS film and the theoretical curve when D is taken
constant (calculated from Fick’s laws), while a perfect fit is obtained
using Eq. (8) for the diffusivity, which validates the water plasticization
occurring in the multilayer film. This plasticization phenomenon has
also been observed for the PLA and the PBS monolayer films, as well as
in other studies [7,54-57].

It is clear that the water permeation depends both on this increase of
D and on the solubility. The solubility could be also influenced by this
plasticization effect, as it may locally increase the free volume, but in a
lesser extent compared to the increase of chain segment mobility that
favours water diffusivity. The fact that the water solubility coefficient is
decreased when PLA and PBS are confined in the multinanolayer does
not prevent the plasticization phenomenon to occur as revealed by the
plasticization coefficient yCy which, however, is slightly reduced
compared to those of PLA and PBS (Table 3). It is known that the water
plasticization phenomenon exists in dense material without highly
increasing the solubility while increasing highly the diffusivity such as
for glassy and semi-crystalline polymer, MXD6 for example [58-60]. In
this latter case, the water diffusivity is increased to such a point that
rearrangement of amorphous chains induces crystallization while the
water solubility remains low. In literature the plasticization phenome-
non is usually able to influence diffusivity but not so much solubility,
except in the case of a very high plasticization effect which can induce
relaxation and then increase highly the sorption capacity (such as
organic vapor in polyamide PA6). For PLA/PBS the plasticization effect
is not so important, so the solubility would be more influenced by the
confinement effect than by the swelling effect.

The comparison of the values of the coefficients Dy and Dy allows us
to confirm that the structure of the film in multilayer form has not
modified the water diffusion mechanism (no increase of tortuosity) and
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Fig. 11. (a) Comparison between the experimental and the calculated permeability coefficient for the PLA/PBS multilayer film and (b) Graphical representation of

the improvement of PBS barrier properties.

that the improvement of the barrier properties would result rather from
a decrease in the solubility coefficient. This hypothesis is also consistent
with the fact that the value of the water concentration in the multilayer
film, measured at the stationary state, Cy, is lower than that of the two
monolayer films. The reduction of water concentration Cy (Table 3) in
the PLA/PBS assembly compared to PLA and PBS films clearly indicates
a reduction of water sorption capacity of the PLA/PBS multilayer due to
the denser structure induced by the confinement. In other words, despite
the plasticization effect which can create fluctuating free volumes, the
permanent free spaces reduced by the confinement effect is much more
important. It is remarkable to see that the water barrier effect due to the
reduction of solubility is consistent with gas permeation results for
which the barrier effect was also explained by the solubility decrease.
Moreover, our results are quite different from most of the results ob-
tained with multinanolayer films since they demonstrate that the
confinement impacts the transport properties through the decrease of
solubility.

As previously mentioned, the multilayer PLA/PBS film could have
more barrier properties than those of these two polymers separately,
especially to carbon dioxide. However, in the case of nitrogen, the
experimental value is greater than the value obtained with the series
model, meaning that the multilayer structure did not lead to an
improvement of the barrier effect for this gaz. To determine the gain of
barrier improvement but also to estimate the magnitude of the
confinement effect, we compared the values of the experimental
permeability coefficients obtained for the PLA/PBS multilayer film to
the predicted values by applying the series model equation (Eq. (7)).
This comparison of the permeability coefficients is presented Fig. 11 a.
The experimental values of gases and water permeabilities, lower than
the theoretical values, clearly highlight the confinement effect in the
PLA/PBS multilayer film.

Considering that PLA, the major polymer (80%), is in an amorphous
state, it is supposed not to be affected by the multilayer structure. It is
besides assumed that the decrease in the glass transition temperature of
the PLA, obtained from the DMTA analysis, was not enough to influence
the structure and the molecular mobility of the PLA chains. It is therefore
possible to calculate the permeability of the PBS when it was under
multilayer form using Equation (9).

DpB:
Ppps = ——F5.~ iB;,,,A ©

Pfitm Ppra

This calculated value was then compared to the value of the PBS
monolayer film (Fig. 11 b). It is remarkable that a high barrier
improvement to carbon dioxide was obtained. In a quantitative

approach, a Barrier Improvement Factor, named BIF, was determined
and divided by the permeability of the PBS in the monolayer form. Thus,
the confinement effect induced in the multinanolayer structure PLA/PBS
via the force assembly coextrusion allows to improve significantly the
barrier performance of the PBS layers, with a BIF reaching 30% for
oxygen, 39% for water and 70% for carbon dioxide. This difference can
be explained by the fact that for dioxygen and water molecules, only the
solubility is impacted by the multilayer structure while the carbon di-
oxide has an impact on the solubility and also on the diffusivity, prob-
ably due to its higher steric hindrance. The case of water is more
complex in terms of diffusivity due to its ability to plasticize both PLA
and PBS.

4. Conclusion

In this work, we successfully developed a new translucent biode-
gradable film with two polyesters, one amorphous (PLA) and the second
semi-crystalline (PBS). The designed multilayer PLA/PBS film presents
no delamination while these two polymers are immiscible, and
improved gas and water barrier properties, compared to neat PLA and
PBS. The forced assembly of 80% PLA and 20% PBS into a film made of
alternating nanolayers led to an improvement of the PBS barrier prop-
erties of 30% to oxygen, 39% to water and 70% to carbon dioxide. To
explain this, a reduction in solubility probably due to a decrease in free
volume induced by the confinement of PBS layers, has been demon-
strated. Such a biodegradable film with improved barrier properties
appears as a promising and competitive material for packaging, pre-
senting good mechanical and thermal properties while maintaining a
certain transparency.
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