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1 | INTRODUCTION

Abdellah Ajji

Abstract

In this study, the impact of incorporating a plasticizer on the compatibility between
organo-montmorillonite (OMMTt) and polylactic acid (PLA) is investigated, and the
resulting barrier and mechanical properties are reported. Four polymers were cho-
sen as plasticizers to prepare the PLA nanocomposite blown films: poly(ethylene
glycol), poly(ethylene oxide), polycaprolactone (PCL), and random ethylene-
methyl acrylate-glycidyl methacrylate terpolymer. Firstly, 5 wt% of each plasticizer
and 3 wt% of OMMt (Dellite® D43B) were mixed simultaneously with PLA in a
twin-screw extruder and then introduced into the hopper of a single screw extruder
to produce D43B-PLA/plasticizer nanocomposite films. The compatibilization
effect was examined based on microstructure observations and thermodynamic
predictions. Crystallinity was evaluated using DSC and XRD measurements. The
results obtained for permeability and mechanical testing showed that the improve-
ment of barrier and mechanical properties depends directly on the degree of com-
patibility between plasticizer, OMMt, and PLA. Indeed, the interfacial properties,
XRD diffraction, and TEM images showed that a synergistic effect can result from

high interfacial interactions between different compounds.

KEYWORDS

barrier properties, compatibility, mechanical properties, organo-montmorillonites, PLA,
plasticizer

aliphatic polyester exhibits good heat sealability, excel-
lent barrier to flavor, high clarity, etc. Nevertheless, its

Biopolymers are considered as an alternative raw mate-
rial for the development of compostable packaging with
high performances.’ Poly(lactic acid) is one of the bio-
polymers with the highest potential to produce compost-
able packaging generally intended to be used for short
time applications such as food packaging.>* This linear

high stiffness makes it brittle and its poor barrier proper-
ties to gas limited its use in packaging field,* particu-
larly in food sector. To broaden the application of PLA as
efficient packaging, particularly in food industry, an
improvement in terms of flexibility and barrier properties
is necessarily.
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To enhance the flexibility and elongation at break of
polylactic acid (PLA), a biodegradable polymer, various
strategies have been explored while preserving its com-
postable nature.*”” One approach involves copolymeriza-
tion and blending with flexible polymers like poly
(butylene succinate) (PBS). Alternatively, incorporating
lower concentrations of other biodegradable polymers
such as poly(butylene adipate-co-terephthalate) (PBAT)
and polycaprolactone (PCL) has proven effective.*”® Fur-
thermore, non-biodegradable but water-soluble polymers
like poly(ethylene glycol) (PEG) and poly(ethylene oxide)
(PEO) have been used to improve PLA's mechanical
properties.®® Additionally, materials such as acetyl tri-
n-butyl citrate (ATBC) and ethylene-methyl acrylate-
glycidyl methacrylate terpolymer have been employed as
plasticizers to mitigate PLA's inherent brittleness, thus
increasing its elongation at break.”"’

The incorporation of nanoparticles represents another
effective method for enhancing both the mechanical and
barrier properties of PLA."*"* Specifically, the addition of
nanoparticles, with a particular focus on organo-
montmorillonites (OMMt), has been shown to improve
the tensile modulus while reducing the elongation at
break, especially at higher OMMt concentrations.'? The
impact of OMMt on PLA's permeability to gases and water
varies depending on the specific type of OMMt used and
its compatibility with the PLA matrix. Favorable interac-
tions between OMMt and the PLA matrix can enhance the
barrier properties of PLA by increasing its crystallinity or
creating a tortuous path for diffusing molecules, facilitated
by uniform dispersion within the matrix.'>*¢

Recent research has been focused on enhancing the
mechanical strength, flexibility, and gas resistance of
materials by leveraging the synergy between poly(lactic
acid) (PLA), plasticizers, and nanofillers. Mohapatra et al.
(2013) work demonstrated that incorporating PEG
improved ductility but reduced tensile strength and modu-
lus. Conversely, the addition of nanoclays, particularly
C30B nanoclay at 3 wt%, improved both the tensile and
impact properties.'” In another study, a bio-based material
consisting of PLA and PHB blends, plasticized with tribu-
tyrin (TB) and incorporating chitin nanoparticles (ChNPs),
exhibited enhanced gas barrier properties, but suffered
reduced ductility due to poor interfacial adhesion.'® Addi-
tionally, nanocomposite films combining PBS and PLA
with lamellar nanosilicate (Cloisite 30B) demonstrated
superior oxygen barrier properties (+33%) and mechanical
performance (+29% strain at break, +21% stress at break)
when nanoparticles were selectively placed at the
PBS/PLA interface." It was also reported that blending
PLA and PBAT with various clays and a polymeric epoxy-
based chain extender plasticizer, results a bio-blend films
with a significantly improved mechanical strength and
barrier properties compared to PE films. The most

promising formulation consisted of 25% PLA, 75% PBAT,
1% plasticizer, and 3% high-purity sepiolite clay.*

In a previous study, the choice of OMMt significantly
influenced the oxygen permeability of PLA nanocomposite
films, highlighting the importance of dispersion and com-
patibility. Specifically, the D43B-PLA system exhibited a
strong interaction, resulting in increased crystallinity and
an impressive 60% reduction in oxygen permeability, under-
scoring the pivotal role of OMMt properties in achieving
effective gas barrier properties for food packaging.*'

Building on these insights, our current study aims to
delve deeper into our understanding by examining the
influence of various plasticizers on the interplay between
Dellite® 43B (D43B) and PLA. Additionally, we investi-
gate how these chosen plasticizers impact the barrier and
mechanical properties of PLA nanocomposite blown
films. Our careful selection of plasticizers, including
PEG, PEO, PCL, and a random ethylene-methyl acrylate-
glycidyl methacrylate terpolymer (AX89), plays a pivotal
role in sculpting the film's distinct characteristics. To
maintain the films' compostable nature, we uphold a con-
sistent composition of 5 wt% plasticizer and 3 wt% D43B,
forming a sturdy basis for assessing the compatibility and
overall performance of these nanocomposite films.

2 | EXPERIMENTAL SECTION

2.1 | Materials
Poly(lactic acid) Ingeo 4043D (density 1.24 g-cm™>) was sup-
plied by NatureWorks (Blair, NE, USA). It is an amorphous
grade, specific for film applications, with a molecular weight
around 110.000 gmol~'. PEG with a molecular weight
35,000 g.mol !, and PEO with M, = 9,00,000 g - mol " were
purchased from sigma Aldrich Inc., Canada. PCL
(Capa™ 6800), linear polyester derived from caprolac-
tone monomer, was supplied from perstorp (California,
USA), with a molecular weight around 80,000 g-mol .
Lotader AX 8900 (AX89) as a random ethylene-methyl
acrylate-glycidyl methacrylate terpolymer was provided
by Arkema Investment Co., Ltd (Pennsylvania, USA).
The Dellites® 43B (D43B) is an OMMt which was pur-
chased from Laviosa Chimica Mineraria SpA (Italy).
According to the supplier, natural bentonite was modi-
fied with Dimethyl benzylhydrogenated tallow ammo-
nium to obtain D43B.

2.2 | Preparation of the samples

Before processing, different resins and D43B were dried
to remove remaining moisture. PLA and D43B were dried
at 80°C under vacuum for 8 and 12 h, respectively. For
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TABLE 1 The composition and the PLA (Wt%) D43B (Wt%) Plasticizer (wt%)
nomenclature of D43B-PLA/plasticizer
nanocomposites films. PLA 100 _ -
PLA/PEO 95 = 5
PLA/PEG
PLA/PCL
PLA/AX89
D43B-PLA 97 3 —
D43B-PLA/PEO 92 3 5
D43B-PLA/PEG
D43B-PLA/PCL
D43B-PLA/AX89
the plasticizers, the drying lasted overnight under vac-  2.3.2 | Surface energy measurements and

uum at 40C for PCL, and at 50 C for PEO, PEG
and AX89.

Different D43-PLA/plasticizer nanocomposite films
were prepared in two steps. Firstly, PLA was mixed
simultaneous with 3 wt% of D43B and 5 wt% of each
plasticizer (Table 1) inside a twin-screw extruder
(Lerstritz ZSE-18HP-40D, Germany), using a constant
speed of 82 rpm and a decreasing temperature profile:
190-190-185-180-175-170-165. Then, the pellets of
D43B-PLA/plasticizer nanocomposites were dried under
vacuum at 80°C for 6 h and introduced inside a single
screw extruder (Labtech Engineering Extrusion Line) to
produce the D43-PLA/plasticizer nanocomposites blown
films. This extruder has a single screw with a diameter of
20 mm, L/D = 30, and a spiral flow die with a diameter
of 50 mm and an opening of 1 mm. A constant screw
rotation speed of 70 rpm and a decreasing temperature
profile that started from 180°C in the feeding zone to
175°C in the compression zone were used. The tempera-
ture of the die was fixed at 170°C. The winding speed and
amount of air in the bubble were adjusted to obtain films
with thicknesses around 55 pm and a double width
of 13 cm.

2.3 | Characterization

2.3.1 | Atomic force microscopy (AFM)

An AFM (model: ICON FASTSCAN, BRUKER, Santa Bar-
bara, CA, USA) in a tapping mode with RTESPA probe
k = 42 N/m was used to investigate the morphology of the
PLA/plasticizer blown films with and without 3 wt%
D43B. The samples were molded in epoxy and the cross-
sectional area was microtomed at room temperature using
an ultramicrotome Leica (model EMFC7, USA).

interfacial energies

Surface energy for the different polymers and D43B were
determined from static contact angle measurements
using a goniometer telescope, model 100 from the Ramé-
Hart, Inc. company. The measurements were taken at
room temperature (23 C), using three solvents, purified
water, formamide, and diiodomethane. The conditions
and the method used to prepare the samples were defined
in a previous study released on the PLA/PBAT/Cloisite
nanocomposites.® When the drop settles on the surface of
the polymer, the contact angle is formed at triple point
(Image in Figure 1) and the Youngs equation
(Equation 1) relates this angle to the surface energies of
the three interfaces, solid-gas (y,), liquid—gas (y;), and
solid-liquid (y,). However, the surface energy for the
solid-liquid (y4) interface is not known in general and
different interaction models have been developed to
estimate it.

In this study, the Owens-Wendt geometric mean
equation in its linear form (Equation 1) was used to
obtain surfaces energies of solids. In this model, the sur-
face energies of liquids and solids were separated into
two components, dispersive y;i and polar y? with:

=yP+y? and y;=y" +{. A linear form of Equation 1
(y=ax+b) leads directly to the solid components,

a=+/yandb=/yd (Figure 1).

1+ cosf) \/' \/; \/Z (1)

The values of y,,y andy? obtained for each system
were extrapolated to processing temperature 180°C, using
the temperature coefficients for each component
(Equations 2 and 3).*
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12 FIGURE 1 Owens-Wendt model:
y=1.6416x + 5.3271 determination of the two components:
10 R?=0.9998 dispersive y? and polar y? of polymers.
Q [Color figure can be viewed at
wileyonlinelibrary.com
g 8 R poninellrrycom
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—dy/dT = (11/9)(y,/T:.)(1 T/ Tc)z/ % (2) of an organic modifier (surfactant) at OMMt surface that
can interact with polymer chains.>® In order to evaluate
the exact contribution of the surfactant on the localiza-

y=ro(1=T/Tc)""", 3)

where y, is the surface energy at 0 K, T¢ is the critical
temperature, and T is the temperature of the material in
Kelvin. —dy/dT =0.05mN/m.°C for the polymer and
—dy/dT =0.1mN/m.°C for nanoclay.>* Then the interfa-
cial energies were calculated using the geometric mean
equation (Equation 4).

ra=n +72—2[ s+ 7?75} (4)

2.3.3 | The location thermodynamic
prediction of D43B in the blends

In the thermodynamic equilibrium state, it is possible to
predict the localization of D43B in the PLA/Plasticizer
blends by determining the wetting parameter (w,)
(Equation 5).** It depends on interfacial energies between
PLA and plasticizers (Yppa_plasticizer)» @0d between that of
OMMLt and each of the tWo (Yp4sp_pr.a}¥Da3B-Plasticizer)-

Y D43B—PLA — Y D43B—Plasticizer
Wa = : (5)

YPLA—Plasticizer

Hence, if w, > 1, D43B will be located in the Plasti-
cizer, while D43B will be inside PLA phase if w, < —1. It
is also possible to locate the D43B at the interface
between PLA and Plasticizer, if —1 < w, < 1.

In the literature, the localization of an OMMt in a
polymer blends is generally associated with the presence

tion of D43B in the PLA/plasticizers, another parameter
was determined. The spreading coefficient, defined in the
Equation 6, was used to estimate the localization of sur-
factant in the PLA/plasticizer blends.

Aabe = Yac — (}/ab +7bc)’ (6)

where y,.,74, and y,. are the interfacial interactions
between a and ¢, a and b, and between b and c; respec-
tively. However, the values of the interfacial tensions
between Surfactant (S43B) and each polymer were calcu-
lated using the Girifalco-Good equation (Equation 7).>'°

Yao=Ya 75— 20(ars)"? (7)

where y,,, 7, and y, are the interfacial energy, surface
energy of material a, and surface energy of material b,
respectively. ¢ is a constant depending on the free ener-
gies of a and b materials. ¢ =1 can be used for making
rough predictions of interfacial tensions for such blends
with a fair degree of confidence.”"'

2.3.4 | Transmission electron
microscopy (TEM)
Transmission electron microscopy model 2100F

FEG-TEM (FEG: Field Emission Gun, USA) with an
accelerator voltage of 200 kV was used to evaluate the
microstructure of different nanocomposites in terms of
dispersion and localization of D43B in the
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PLA/plasticizer blends. The samples were molded in
epoxy and cryo-microtomed at room temperature using
an ultramicrotome Leica (model EMFC7, USA). The cut
slices were 70 nm thick. The reported micrographs repre-
sent typical morphologies at least at four different
locations.

2.3.5 | X-ray diffraction (XRD)

X- ray diffraction patterns for Dellite 43B and D43B-PLA/
plasticizer systems were obtained using an X-ray diffrac-
tometer (type Bruker D8 Advance, USA) with a copper
source (Cu), operated at 40 kV and 40 mA. The measure-
ments were carried out in the range 1-40° of 26, and the
distance between the clay mineral layer was calculated
using the Bragg law.

2.3.6 | Differential scanning
calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to deter-
mine the thermal parameters of PLA, PLA/Plasticizer
blends and D43-PLA/plasticizer nanocomposites. The mea-
surements were carried out in a Q2000 (TA Instruments,
USA) under a nitrogen atmosphere. First, the samples were
heated from 20 to 200°C at a heating rate 10°C/min, fol-
lowed by cooling to 20°C at a heating rate 20°C/min, and
after by a second heating to 200°C at 10°C/min. Finally, a
second cooling to bring the temperature within the appara-
tus to room temperature was performed.

2.3.7 | Oxygen and water vapor permeability
Oxygen transmission was measured using a MOCON Ox-
Tran 2/20 (Minneapolis, USA) with an oxygen flow rate
of 20 sccm, at 0% relative humidity, room temperature,
and under atmospheric conditions. Minimum two tests
were performed for each sample with a surface of
100 cm? and a thickness around 55 pm.

The water vapor transmission rate (WVTR) was also
evaluated using Mocon PERMATRAN-W® Model 3/33,
MG Plus master, standard water vapor permeation test-
ing. Each film was analyzed in duplicate, according to
standard ASTM F-1249-06 (T = 38, RH = 100%).

2.3.8 | Traction tests

Tensile tests were performed to determine the mechani-
cal behavior of D43B-PLA/plasticizer nanocomposites

Applied Polymer_wiLEY-L s

blown films. Testing was carried out on an Instron Elec-
troPlus E3000 testing machine with a 250 N load cell.
The tensile modulus and elongation at break were mea-
sured at room temperature. The measurements were per-
formed using a crosshead speed of 5 mm/min. The tested
films samples had dimension of 20 x 25.4 x 0.06 mm.

3 | RESULTS AND DISCUSSION

3.1 | Morphology

To investigate the phase morphology of PLA/plasticizer
blends and of D43B-PLA/plasticizer nanocomposites,
AFM observations on the fractured surfaces were
performed (Figures 2 and 3). As shown in Figure 2, the
addition of 5 wt% of plasticizers to the PLA induced two-
phase systems with the plasticizer as dispersed phase. For
PLA/PEO and PLA/PEG blends, PEO and PEG were dis-
persed in the form of uniform droplets in PLA matrix
(Figure 2a,b). The spherical shape of the dispersed phase
is more visible in the case of PLA/PEO (Figure 2b) than
in the case of PLA/PEG (Figure 2b), thus suggesting that
the nodules size in PEG are smaller than those in PEO.
This difference can be related to the difference in
molecular weight, where the PEG molecules have lower
molecular weight than PEO and thus a much lower vis-
cosity.?® Similar structure was obtained for PLA/PCL
blends. However, PCL particles showed an irregular
shape corresponding to the typical structure of immisci-
ble blends (Figure 2c).?” Concerning PLA/AX89 system,
as shown in Figure 2d, the interfacial phase separation
between AX89 and PLA was very clear. The plasticizer
AX89 was dispersed in continuous PLA phase in a sea-
island type of structure.”® This result confirmed the low
interfacial adhesion between AX89 with PLA compared
to PEO and PEG. Similar result was reported by Marouf-
khani et al. (2018) in their study on the C10A-PLA/NBR
nanocomposites.*

The addition of 3 wt% of D43B to PLA/plasticizer sys-
tems affected the morphology of the blends, except for
the D43B-PLA/AX89 nanocomposite (Figure 3). In con-
trast to AX89, it proved challenging to distinguish the dis-
persed phase (PEO, PEG, and PCL) from the PLA phase
in the other systems. This phenomenon can be attributed
to the generation of a synergistic effect among D43B,
PLA, and the plasticizers. This synergy resulted in an
increased level of compatibility between PLA and the
plasticizers. Indeed, the aromatic groups present in
the D43B modifier had the potential to interact with the
hydroxyl groups found in both these plasticizers and PLA
chains, thereby promoting improved compatibility within
the blend.'®*"*%3!
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FIGURE 2 Atomic force
microscopy (AFM) images of
PLA/plasticizer films: (a) PLA/PEG;
(b) PLA/PEO; (c) PLA/PCL, and

(d) PLA/AX89. [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 3 Atomic force
microscopy (AFM) and transmission
electron microscopy (TEM) images of
D43B-PLA/plasticizer nanocomposites
films: (a) D43B-PLA/PEG; (b) D43B-
PLA/PEO; (c) D43B-PLA/PCL, and
(d) D43B-PLA/AX89. [Color figure can
be viewed at wileyonlinelibrary.com]

200.0 nm

(d)

3.2 | Localization of OMMT PLA/ 180°C are listed in Tables 2 and 3, respectively. PLA pre-
plasticizer nanocomposite films sented a surface energy at 31.69 + 2.20 mN/m for a tem-

perature of 23°C. Similar result was reported in the
The estimated surface energies of the materials and the literature.”>** Concerning the plasticizers, PEO and
interfacial energies between the components at 23 and at ~ AX89 shown surfaces energies lower than PLA. Unlike to
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TABLE 2

Surface tension (mN/m)

Applied Polymer_wiLgy-L 70

Surface energies of PLA, plasticizers, and D43B at 23 and 180°C.

23°C 180°C
re rs rs rs rs rs
PLA 2.48 + 0.30 29.20 + 1.90 31.69 + 2.20 1.88 + 0.32 22.14 + 2.04 24.03 + 1.67
PEG 17.59 + 0.42 41.87 + 0.40 59.46 + 0.82 15.30 + 0.52 36.41 + 0.49 51.71 +£ 0.71
PEO 02.74 + 0.18 2591 +0.26 28.65 + 0.43 2.01 +0.19 19.00 + 0.27 21.01 +£0.32
PCL 08.17 + 0.15 29.92 + 0.43 38.10 + 0.58 6.52 + 0.17 23.88 + 0.49 30.40 + 0.46
AX89 04.23 + 0.27 23.85+ 043 28.08 + 0.70 3.40 + 0.31 19.19 + 0.49 31.73 £ 0.79
D43B 8.49 + 0.28 30.94 + 0.70 39.43 + 0.98 5.24 + 0.24 19.11 + 0.61 24.35 + 0.61
S43B — — 34.12a — — 21.08
3Surface tension of the organic modifier of D43B (S43B).*
TABLE 3 Interfacial energies between the components at 180°C.
Interfacial energies (mN/m) at 180°C
Owens-Wendt model Girifalco-Good equation
PLA D43B S43B
PLA — 0.98 + 0.02 0.12 + 0.15
PEG 8.26 + 0.73 5.39 + 0.06 6.76 + 0.36
PEO 0.22 +0.01 0.76 + 0.03 0.00 + 0.00
PCL 1.47 + 0.26 0.34 + 0.03 0.85 + 0.11
AX89 9.48 + 0.39 9.33 +0.29 1.09 + 0.21

PEO and AX89, higher values compared to the PLA were
recorded by PCL and PEG. These findings can be attrib-
uted to the differences in the polarity of these com-
pounds.™ Essentially, a matrix with a greater number of
polar groups in its chemical structure will exhibit higher
surface energy, leading to the observed results."®?° At a
temperature, the surface energy of various compounds
decreased. This phenomenon can be attributed to the
reduction of intermolecular cohesions due to increased
thermal agitation at higher temperatures.® Regarding
interfacial energies, Table 3 displays lower values for
D43B-PLA, D43B-PCL and D43B-PEO when compared
to D43B-PEG and D43B-AX89. This suggests a strong
compatibility between D43B and PLA, and between
D43B and PEO (PCL). However, D43B-PEG exhibited a
lower interfacial energy compared to PEG-PLA, indicat-
ing better compatibility between PEG and D43B than
between PLA and PEG. AS for AXS89, the results
obtained using the Girifalo-Good equation demon-
strated a low interfacial energy between AX89 and the
organic modifier of D43B. These results suggest the
presence of compatibility between the organic modifier
of D43B and AX89.

Obtained values for the spreading coefficient and the
wetting parameter of D43B-PLA/plasticizer nanocompo-
sites predicted that D43B should be located at the inter-
face of PLA and plasticizers (Table 4). The value of
wetting parameter for D43B-PLA/PEO nanocomposite is
very close to 1, translating a better compatibility of this
OMMt with PEO than with PLA. Unlike PEO, the system
with AX89 as plasticizer showed a negative value close to
—1, suggesting the high compatibility of D43B with PLA
than with AX89.

To confirm the predictions obtained by the calcula-
tions of the spreading coefficient and wetting parameter,
TEM observations were performed. As shown in
Figure 4, the lighter sections represent the PLA matrix,
whereas the small dark sections can be associated with
the plasticizer as the dispersed phase, except in the case
of D43B-PLA/PEG nanocomposite film where it is diffi-
cult to distinguish the dispersed phase from matrix phase.
D43B is identified by fine black lines located in majority
at the interface. The results obtained by TEM observa-
tions confirmed the previous results recorded by determi-
nation of the spreading coefficient and the wetting
parameter, particularly for the case of D43B-PLA/PEO
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q q . TABLE 4 Th di fficient
Spreading coefficient Wetting parameter . € spreacing coetucien
and wetting parameter of the D43B-
Mas2 As12 Jazs @q PLA/plasticizer nanocomposites.
D43B-PLA/PEG 137 +£022 —1.62+0.51 —14.89+094 —0.54+0.043
D43B-PLA/PEO 0.02 +£0.04 —0.27 +£0.26 —1.49 + 0.36 0.99 + 0.005
D43B-PLA/PCL 049 +£0.00 —0.74 +0.29 —9.11 + 0.84 0.44 + 0.085
D43B-PLA/AX89  8.27 + 0.03 —8.51 + 0.32 —8.49 +0.82  —0.88 + 0.003

Interface

D43B (Interface)

FIGURE 4 Transmission electron microscopy (TEM) images of D43B-PLA/plasticizer nanocomposites films: (a) D43B-PLA/PEG;
(b) D43B-PLA/PEO; (c) D43B-PLA/PCL and (d) D43B-PLA/AX89 at 200-500 nm.
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nanocomposite film (Figure 4(b)) where the OMMt was
detected in the PEO phase. In the case of the D43B-PLA/
AX89 nanocomposites, Figure 4(d) clearly depicts the
presence of OMMLt layers at the interface. However,
the observation of some D43B layers within the AX89
phase suggests that D43B has not completely reached its
thermodynamic equilibrium. This phenomenon can be
explained by slow migration of OMMt toward its thermo-
dynamically stable state, and the processing time applied
during production is insufficient for its full migration to
the interface. As result, OMMt become encapsulated
within dispersed phase, which has a considerably lower
melt temperature compared to the PLA matrix. This
encapsulation occurs during the initial stages of the pro-
cess when PLA, AX89 and D43B are mixed simulta-
neously. AX89, with its lower melt temperature
encapsulates the D43B before PLA. A similar result was
reported by Maroufkani et al. (2018) in their study on
PLA/NBR nanocomposites using OMMt with the same
surfactant as D43B.>” However, the melting temperature
of NBR (108°C) is higher than the T, of AX89 (65°C),
thus suggesting that OMMt will achieved it thermody-
namic equilibrium faster with NBR than that with
AX89.%"

3.3 | OMMLt dispersion in PLA/
plasticizer nanocomposite films

To determine the dispersion status of D43B in PLA
matrix with and without presence of 5 wt % of plasticizer,
XRD measurements and TEM observations were per-
formed. Figure 5 shows XRD patterns of D43B and D43B-
PLA/plasticizer nanocomposite films, in the range 1-10°.
D43B presents a characteristic diffraction peak at 4.8°
corresponding to a basal distance (do;) of 1.84 nm. Simi-
lar results were reported in literature.”” The addition of
3 wt% of this OMMt into the PLA matrix resulted in a sig-
nificant shift of its characteristic peak at a low angle,
indicating the formation of an intercalated structure. Spe-
cifically, a peak at 2.66° corresponding to basal distance
of 3.31 was observed. However, a small peak was also
detected at 20 =5.2°, corresponding to a basal distance of
1.7 nm. This smaller peak could be attributed to a frac-
tion characterized by a different arrangement of alkylam-
monium chains within the interlayer space.*® In the case
of D43B-PLA/plasticizer nanocomposite films, no signifi-
cant changes were observed compared to D43B-PLA
nanocomposite film. This suggests that the presence of
5wt% of plasticizer in D43B-PLA nanocomposite film pri-
marily affects the localization of D43B rather than its dis-
persion. These findings are further confirmed by TEM
images presented in Figures 4 and 6. Moreover, in

T T T T T
\ ——— D43B-PLA/AX89 1
17400 h

— — D43B ]
' - - - -D43B-PLA
11600 |- Lo -
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> ' N
=
2
[ 0 1 . 1 . L et
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£ N —— D43B-PLA/PCL |
18900 I'\ — — D43B-PLA/PEG
I\ - - - -D43B-PLA/PEO
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6300
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FIGURE 5 X-ray diffraction (XRD) patterns of D43B and
D43B-PLA/plasticizer nanocomposites films, in the range 1-10°.

Figure 6, some black spots were observed, whish are
believed to be agglomerations of the non-modified frac-
tion of D43B.

3.4 | Thermal parameters of OMMt-
PLA/plasticizer nanocomposites films

The thermal properties of the final films produced have a
direct impact on their mechanical and barrier properties.
It is important to note that crystallinity can undergo
change during the extrusion-blowing process of film pro-
duction. This phenomenon is significant because it has
been reported in the literature that the effects of biaxial
stretching, induced by the extrusion-blowing process, can
influence the morphology and properties of clay/polymer
nanocomposites. Indeed, the first heating cycle provides
insight into the actual crystallinity of the film nanocom-
posites. During this initial heating phase, any crystals
that formed during the film preparation process will
undergo a melting transition. This melting of crystals is a
significant event as it reveals the true assessment of its
thermal and structural properties.””*° Figure 7 presents
DSC thermograms of PLA and plasticizers at first
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D43B aggregate

FIGURE 6 Transmission electron microscopy (TEM) images of D43B-PLA/plasticizer nanocomposites films: (a) D43B-PLA/PEO;
(b) D43B-PLA/PEG; (c) D43B-PLA/PCL; and (d) D43B-PLA/AX89 at 0.5-1 pm.

heating. PEG, PEO, PCL and AX89 showed melt temper-
atures at 66, 65, 63 and 51-64°C, respectively, which
coincide with the glass transition of PLA domains. PLA
present a melt temperature (Ty,) at 148°C and a glass
transition temperature (T,) at 64°C, which corroborate
with the values found in literature.*!

The thermal parameters of PLA/plasticizer blends
and OMMLt-PLA/plasticizer nanocomposite films are
listed in Table 5. It is noteworthy that the glass transition
temperature (T,) of PLA exhibited a decrease following

the addition of 5wt% of plasticizer. This result can be
attributed to the heightened chain mobility of PLA
brought about by the insertion of plasticizer chains
between the PLA chains. This insertion leads to the
replacement of the original PLA-PLA homogeneous
physical interactions with PLA-plasticizer hetero-phase
interactions.'>** A reduction of 13°C of T, was obtained
with the PLA/PEG films, compared to the others
PLA/plasticizer films. This can be associated to the lower
molecular weight of PEG that facilitates its
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FIGURE 7 Differential
calorimetric (DSC) thermograms
of: PLA, PEG, PEO, PCL, and
AX89 at first heating.

Heat Flow (W/g)

Exo Up

10 60 110 160

Temperature (°C) Universal V4.5A TA Instruments

TABLE 5 Thermal parameters of PLA, PLA/plasticizer blends and OMMt-PLA/plasticizer nanocomposite films.
Frist heating
T¢(PLA) (°C) T (°C) Te. (°C) AH,, (J/g) AH. (J/g) X (J18)
PLA 64 148 123 05.73 04.60 1.22
PLA/PEO 59 145 104 21.30 14.03 8.22
149
PLA/PEG 51 144 101 19.68 11.74 8.90
149
PLA/PCL 59 148 120 08.89 06.25 2.98
PLA/AX89 58 147 117 16.65 14.06 2.93
D43B-PLA 60 148 122 18.02 12.18 6.47
D43B-PLA/PEO 56 145 106 26.58 18.63 9.29
149
D43B-PLA/PEG 50 144 101 20.77 14.29 7.60
151
D43B-PLA/PCL 61 148 115 17.60 13.46 4.68
D43B-PLA/AX89 58 149 122 10.87 09.55 1.54

accommodation between the chains segment obstructing
the tortuous path.?® For D43B-PLA/plasticizer nanocom-
posite films, no significant change in T, was observed
compared to the PLA/plasticizer films. Similar results
were reported in literature.”*** Similar to Ty, the cold
crystallization peak temperature (T.) was also decreased
after addition of 5wt% of plasticizer.

The crystallinity rate X of different films produced,
is calculated using the Equation 8, where the
AH® =93,07/g*" and Wp, are respectively the enthalpy

for PLA 100% crystallin and its weight percentage in the
PLA mixtures.

AH,, — AH
Xc(%) =——"——x100. (8)
(Wera)AH,,

In the case of PLA/PEG and PLA/PEO films, a
marked enhancement in the crystallinity rate was
observed compared to films containing PCL and AX89.
These findings support the notion of increased chains
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FIGURE 8 X-ray diffraction (XRD) patterns of PLA, D43B-

PLA, and D43B-PLA/plasticizer nanocomposites films, in the range
10-40°.

mobility within PLA, which is responsible for the appear-
ance of a second melting temperature around 144°C.*
These results corroborate those reported by XRD
(Figure 8). In Figure 8, it is evident that the D43B-PLA
nanocomposite film exhibited distinct peaks at
20=16°(110),18°(0010) and 22°(0010), which corre-
spond to the characteristic diffraction peaks of the crys-
talline a-phase. Additionally, a characteristic peak of
crystalline f-phase was observed at 20=34°* These
results provide further confirmation of the effectiveness
of D43B as nucleating agent. It appears that D43B
induces a partial transformation of crystalline «’-phase to
crystalline a-phase, while also promoting the formation
of a fraction of crystalline f-phase. This nucleating effi-
cacity can be associated to the high compatibility of D43B
with the PLA matrix.

The simultaneous mixing of D43B, plasticizer and
PLA matrix, showed an increase of crystallinity with PCL
and with PEO nanocomposites. However, for the D43B-
PLA/PEG nanocomposite film, a slight decrease in crys-
tallinity was observed compared to the PLA/PEG film.
This observation ca be related to the high interfacial

energy between D43B and PEG, indicating lower compat-
ibility compared to the interaction between PEO and
D43B. This confirmed the results obtained by calculations
of wetting parameter, spreading coefficient and TEM
images. Unlike to these plasticizers, the presence of AX89
in the D43B-PLA nanocomposite reduced the crystallin-
ity. The encapsulation of D43B in the dispersed phase
AX89 reduced its interactions with PLA matrix, with
which it is more compatible. The results presented in
Figure 8, confirm those shown by DSC analysis. Indeed,
the peaks observed in the case of D43B-PLA nanocompo-
sites that translated a change in the crystalline phases of
PLA, were also recorded for all D43B-PLA/plasticizer
nanocomposites films, except with AX89.

3.5 | Barrier properties of OMMt-PLA/
plasticizer nanocomposite films

The permeability of water vapor (WVP) and oxygen in
food packaging can drastically affect the quality of food
and its shelf life.*® Most biodegradable polyesters, partic-
ularly PLA, present poor barrier properties, particularly
to oxygen.** To improve these properties, some additives
such as plasticizers or OMMt are used to increase the
crystallinity*' or create a tortuosity effect,'® respectively.
Table 6 presents the WVP and oxygen permeability of
PLA, PLA/plasticizer films and D43B-PLA/plasticizer
nanocomposite films. A reduction of more than 20% of
oxygen permeability in PLA film was obtained after the
introduction of 5wt% of plasticizers, particularly with
PEG. The good oxygen barrier effect obtained in the case
of PLA/PEO and PLA/PEG films can be related to the
important increase in the crystallinity of PLA following
to the addition of these plasticizers. While, the decrease
of oxygen permeability recorded by for PLA/PCL and
PLA/AX89 can be associated to the little increase of crys-
tallinity and also to the polarity. Indeed, a high polarity
translate a high cohesive energy density.*’ It was
reported in literature that the oxygen permeability of a
polymer decreased when the cohesive energy density
increase.” The polarity (x,) of PLA, PCL and AX89 are
0.078, 0.15 and 0.21, respectively. It was determined using
the results obtained by the determination of surface ten-
sion, where x, = /y[50]. The presence of PCL and AX89
in the PLA matrix affected it polarity which induced an
increased cohesive energy density of PLA, thus decreas-
ing its oxygen permeability. Similar to the plasticizers, a
reduction in the oxygen permeability of PLA was
obtained after the incorporation of 3wt% of D43B. How-
ever, the high compatibility of this OMMt with PLA
matrix resulted in a better improvement of oxygen barrier
compared to the plasticizers. The presence of D43B in
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Oxygen permeability (cc-mil-m2-day '-atm ")
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Oxygen and the water permeability of PLA, PLA/plasticizer films, D43-PLA/plasticizer nanocomposites films.

Water vapor permeability (g-m >day '-atm ')

S =100 cm? RH = 0%, and T = 23°C

PLA 1102 + 61
PLA/PEO 734 + 27
PLA/PEG 621 + 21
PLA/PCL 809 + 01
PLA/AX89 854 + 31
D43B-PLA 478 + 60
D43B-PLA/PEO 632 + 48
D43B-PLA/PEG 598 + 31
D43B-PLA/PCL 560 + 20
D43B-PLA/AX89 995 + 20

PLA/plasticizer films improved its oxygen barrier, except
for AX89. The encapsulation of D43B in AX89 phase
reduced the polarity effect of this plasticizer and the com-
patibility between PLA and D43B. Unlike oxygen perme-
ability, WVP was increased except for PCL where no
change was observed. PEO and PEG presented high
hydrophilicity (they are water soluble) compared to PLA,
which favored the diffusivity and solubility of water mol-
ecules inside PLA/PEO (PEG) films.*® For PLA/AX89 sys-
tem, the increase of WVP can be related to the high
interfacial energy between PLA and AX89, translating a
poor compatibility. Unlike PLA/plasticizer films, D43B-
PLA nanocomposites presented a reduction in WVP and
oxygen permeability. This can be related to the high com-
patibility of D43B with PLA, which induced an increase
in crystallinity and created the tortuosity effect. The pres-
ence of this OMMt on the PLA/plasticizer films induced
to a decrease in the WVP. The reduction can be associ-
ated to the tortuosity effect induced by D43B.

3.6 | Mechanical properties of OMMt-
PLA/plasticizer nanocomposite films

Tensile tests were performed on PLA, PLA/plasticizer,
and D43B-PLA/plasticizer films, in the machine direction
(Figures 9 and 10). PLA is a brittle polyester that has a
high tensile modulus and low elongation at break.'"'”*
The addition of 5 wt% of plasticizer to the PLA was
induced to a decrease in tensile modulus and an increase
in the elongation at break. In the case of PLA/PEO film a
significant improvement of elongation at break was
obtained compared to PLA/PEG. The difference can be
attributed to the difference in the molecular weight of
these plasticizers. PEO with high molecular weight is

S =5 cm? RH = 100% and T = 38°C
164 + 11
223 + 01
278 + 16
164 + 02
207 + 17
141 + 39
174 + 02
258 + 05
110 + 01
177 + 12

Tensile modulus (MPa)
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FIGURE 9 Tensile modulus of: PLA, D43B-PLA,
PLA/plasticizer and D43B-PLA/plasticizer films.

more effective at increasing the elongation at break of
PLA compared to lower molecular weight of PEG. Fur-
thermore, the reduction of over 20% in oxygen permeabil-
ity in PLA/PEG films, despite the low impact on the
elongation at break, can be attributed to the dual nature
of PEG. PEG, a hydrophilic polymer, enhance barrier
properties by obstructing the diffusion of oxygen mole-
cules through the film. However, the lack of a significant
effect on the elongation at break suggests that the plasti-
cizing effect of PEG may have been counteracted by
others factors, such as the high interfacial energy
between PEG and PLA and/or the effect from the proces-
sing conditions that were used in this study (process in
two 2 steps). The exposure of PEG to high temperature
for prolongate period, can induce to PEG molecules
migration to the film's surface, inducing a reduction in
the concentration of PEG within the bulk of the film,
thus a decrease on its plasticizing impact. Similar to the
PEO, a great improvement of the elongation at break was
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Elongation at break (%)

FIGURE 10 Elongation at the
break of: PLA, D43B-PLA,

1207 PLA/plasticizer and D43B-PLA/
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obtained by PLA/AX89 film. This increase can be related
to the structure of the AX89 plasticizer. In fact, the ran-
dom arrangement of the three monomers (ethylene,
methyl acrylate, and glycidyl methacrylate) along the
polymer chain results in a less crystalline, more amor-
phous structure. This reduced crystallinity enhances duc-
tility by allowing the chains to move freely and stretch.*’
The lower effect of PCL on the elongation at the break of
PLA can be related to lower concentrations. Indeed, in
literature, it was reported that a marked improvement
can be observed from a concentration >20 wt% with
PCL.>*® Unlike plasticizers, the incorporation of D43B
into PLA results in an increased tensile modulus and
decreased elongation at break. These effects were attrib-
uted to clay reinforcement, improved dispersion, reduced
polymer chain mobility due to the high compatibility of
D43B with PLA matrix.

Regarding the D43-PLA/plasticizer nanocomposites, a
notable change in elongation at break was observed
when compared to PLA/plasticizer system. Specifically, a
significant increase was achieved in the case of the
D43-PLA/PEO nanocomposite, indicating improved
stretchability, while a decrease was noted in the case of
D43B-PLA/PCL(AX89) nanocomposites, possibly due to
the differing interaction and compatibility between the
components in these nanocomposite  systems.
The remarkable compatibility observed between D43B,
PLA matrix, and PEO, as evidenced by the wetting
parameters, the spreading coefficients and TEM analysis,
highlight the synergistic potential of these materials in
nanocomposite formulations. This compatibility is a criti-
cal factor in the significant increase in elongation at
break observed in the D43B-PLA/PEO nanocomposite.

The enhanced stretchability achieved in this system can
be attributed to the harmonious interaction between
D43B, PLA, and PEO, which facilitates the material's
ability to deform before breaking. In contrast, the
absence of this synergistic effect in the case of D43B-
PLA/PEG resulted in no significant change in the elonga-
tion at break when compared to the PLA/PEG film. This
discrepancy underscores the importance of specific mate-
rial interactions in nanocomposite design. While D43B
exhibited compatibility with PLA and PEO, this compati-
bility did not extend to PEG, leading to different mechan-
ical properties. In the case of D43B-PLA/PCL
nanocomposites, the concentration of PCL was found to
be insufficient to exert a substantial impact on the elon-
gation at break of PLA. For D43-PLA/AX89 nanocompo-
site, the encapsulation led to a decrease in compatibility
between D43B and the PLA matrix. Consequently, the
plasticizing effect of AX89 on the PLA matrix was signifi-
cantly reduced, resulting in a decreased elongation at
break.

4 | CONCLUSION

In conclusion, AFM observations showed distinct phase
morphologies in PLA/plasticizer blends, with PEO and
PEG forming uniform droplets, PCL displaying irregular
shapes, and AX89 showing interfacial separation. The
introduction of D43B improved compatibility in most
cases, except in D43B-PLA/AX89.

Interfacial energy calculations and wetting parameter
analysis confirmed strong compatibility between D43B
and PLA, and PEO(PCL). D43B-PEG exhibited superior
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compatibility to PEG-PLA. TEM observations supported
these findings. X-ray analysis revealed intercalation in
PLA with 3 wt% D43B, while 5 wt% plasticizer affected
D43B's localization.

Plasticizers reduced the PLA's T, and influenced crys-
tallinity rates differently. D43B acted as a nucleating
agent, except when combined with AX89. Plasticizers
and OMMt enhanced barrier properties through compati-
bility, crystallinity, and polarity effects. D43B-PLA/
plasticizer nanocomposites reduced oxygen permeability,
except in case of D43B-PLA/AX89 due to encapsulation
effect.

Regarding mechanical properties, PEG and PEO
increased ductility and reduced oxygen permeability,
with PEO performing better, due to its higher molecular
weight. PLA/AX89 films improved elongation at break.
D43B increased tensile modulus but reduced elongation
at break. D43B-PLA/PEO exhibited remarkable elonga-
tion. Limited compatibility in D43B-PLA/PEG and
reduced plasticizing effects in D43B-PLA/AX89 led to
varied mechanical properties, emphasizing material
interactions’ role.

These findings have potential for food packaging
materials but emphasize the balance between plasticizer
effects, compatibility, and material interactions. Careful
consideration of material combinations is essential for
optimizing PLA-based nanocomposites in food
packaging.

In conclusion, this research offers insights into PLA-
based nanocomposite films for food packaging but under-
scores the need for thoughtful material selection to
achieve the desired barrier and mechanical properties.
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