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Abstract. Poly(lactic acid) (PLA) based nanocomposites based on 5 wt.% of an organically modified montmorillonite
(CLO), unmodified sepiolite (SEP) and organically modified zirconium phosphonate (ZrP) were obtained by melt blending.
Wide angle X-ray scattering (WAXS) and scanning electron microscopy (SEM) analysis showed a different dispersion level
depending on the type and functionalisation of nanoparticles. Differenctial scanning calorimetric (DSC) analysis showed
that PLA was able to crystallize on heating, and that the addition of ZrP could promote extent of PLA crystallization,
whereas the presence of CLO and SEP did not significantly affect the crystallization on heating and melting behaviour of
PLA matrix. Dynamic Mechanical Thermoanalysis (DMTA) results showed that addition of all nanoparticles brought considerable improvements in E! of PLA, resulting in a remarkable increase of elastic properties for PLA nanocomposites. The
melt viscosity and dynamic shear moduli (G!,G") of PLA nanocomposites were also enhanced significantly by the presence
of CLO and SEP, and attributed to the formation of a PLA/nanoparticle interconnected structure within the polymer matrix.
The oxygen permeability of PLA did not significantly vary upon addition of SEP and ZrP nanoparticles. Only addition of
CLO led to about 30% decrease compared to PLA permeability, due to the good clay dispersion and clay platelet-like morphology. The characteristic high transparency of PLA in the visible region was kept upon addition of the nanoparticles.
Based on these achievements, a high potential of these PLA nanocomposites in sustainable packaging applications could be
envisaged.
Keywords: nanocomposites, PLA, montmorillonite clay, sepiolite, zirconium phosphonate

1. Introduction

During the past decade, the issue of sustainability
has been high on the European Union (EU) agenda,
encouraging academia and industry to develop sustainable alternatives thus aiming to preserve resources
for future generations. The successful promotion
and use of biological, renewable materials for the
production of packaging materials will satisfy a
number of the EU objectives [1]. To date, packaging materials have been, to a large extent, based on
non-renewable materials. The only widely used
renewable packaging materials are paper and board
which are based on cellulose, the most abundant

renewable polymer world-wide. However, major
efforts are under way to identify alternative nonfood uses of agricultural crops and the production
of packaging materials, based on polymer from
agricultural sources, could become a major use of
such crops [2–4].
Indeed such alternative bio-based packaging materials have attracted considerable research and development interest for long time [1, 4] and in recent
years the materials are reaching the market. Among
all bio-based biodegradable polymers studied, poly
(lactic acid) (PLA) appears to be one of the most
attractive polymers commercially available, because
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of its biodegradability, ease of processing, transparency and price. In general, commercial PLA
grades are copolymers of poly (L-lactic acid) and
poly(D,L-lactic acid), which are produced from Llactides and D,L-lactides respectively. The ratio of
L-enantiomers to D,L-enantiomers is known to
affect the properties of PLA [5, 6], i.e. whether the
materials are semicrystalline or amorphous. There
is increasing interest in using PLA for disposable
degradable plastic articles; however, there are properties such as flexural properties, gas barrier properties, high melt viscosity and melt strengh/’elasticity’
during processing, that are often not good enough
for some end-use applications, such as blow molding [7, 8]. To improve the physical properties of
PLA, especially in terms of thermomechanical stability, addition of different fillers (nanoparticles) in
PLA was explored [2, 9–11]. Most of the literature
regarding nanocomposites is devoted to lamellar
layered silicates, in particular organically modified
montmorillonites due to their ability to significantly
enhance several polymer physical properties as
compared to unmodified layered silicate clays,
including gas barrier, flame retardancy, thermal stability and influence on the polymer biodegradation
rate [2, 12–14]; however, needle like phyllosilicates
(sepiolites) and zirconium phosphate are also
reported in literature [15–21].
Sepiolite is a layered hydrated magnesium silicate
characterized by a needle like morphology based on
alternated blocks of tunnels in the fibre direction
[16] and very high surface area (BET 374±7 m2/g)
[23] as compared to layered phyllosilicates (BET
82±1 m2/g) [23, 24]. The addition of sepiolite has
been reported to lead an improvement of the mechanical properties in various polymers, such as poly
(vinylidene fluoride) and poly(methyl methacrylate) [25, 26], poly(styrene butadiene) block copolymers [27], ethylene-propylene (EPM) compounds
[28] and natural rubber [29]. Based on the few
papers on PLA, Poly (#-caprolactone) (PCL), PP
and Poly (butylene terephthalate) (PBT) [15, 16],
the possibility of an unmodified sepiolite to well
disperse in polymers by melt blending was evidenced and mainly attributed to the large concentration of surface silanols, spaced every 0,5 nm along
the length of sepiolite needle [30–32], that are easily available for coupling reactions with local polarity on polymer chains.

Zirconium bis(monohydrogen orthophosphate)
monohydrate, ($-Zr(HPO4)2(H2O) ($-ZrP)), has a
layered structure with many interesting properties,
such as high density of grafted organic modifiers,
high thermal stability [33], possible achievement of
large aspect ratios, high elastic modulus and the
potential to delaminate and become intercalated
within the polymer [17, 18]. PLA/zirconium phosphate composites has been studied and showed
intumescent flame-retardant properties [34]. However, to the best of our knowledge, no studies on
layered zirconium phosphonate PLA nanocomposites have been reported for possible packaging
applications.
The aim of this work is to improve melt viscosity,
thermo-mechanical and gas barrier properties of
PLA by mixing it with organically modified montmorillonite, unmodified sepiolite and modified zirconium phosphonate, and thus producing final PLA
nanocomposites with properties able to enlarge the
PLA application fields.

2. Experimental section
2.1. Materials

The poly(lactic acid) – PLA, 2002D –, average
molecular weight 121 400 g/mol, ratio 96% L-lactide to 4% D-lactide units, MFR 6.4 g/10 min, was
a commercial grade supplied by NatureWorks, Minneapolis Minnesota, USA. One commercial montmorillonite modified with a ditallow, dimethyl
ammonium salt – CLOISITE 20A – was supplied by
Southern Clay, Cheshire, UK, commercial unmodified sepiolite – PANGEL S9 – supplied by Tolsa,
S.A, Madrid, Spain and $-carboxyl-ethane zirconium phosphonate – ZrP 102 – (ultrapure >%99%)
were supplied by Prolabin & Tefarm, Perugia, Italy.
The characteristics of the nanoparticles used in this
work are listed in Table 1.
Prior to the melt blending, polymer matrix was
dried at 70ºC under vacuum for 4 h to achieve a
residual moisture less than 190 ppm. Nanoparticles
were dried at 100°C under vacuum for 10 h for CLO
and SEP; and 4 h for ZrP to achieve residual moisture less than 250 ppm. Nanocomposites were prepared at 5% filler loading by melt blending using a
Microextruder DSM Micro 15ml Twin Screw Compounder, with a mixing time of 5 min, at 180°C in
nitrogen flow. The mixing was performed at two different rotor speeds: 60 rpm in the loading step and
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Table 1. Characteristics of nanoparticles
Nanoparticle type
Montmorillonitea),b)

Commercial name

Modifier structure

CLO

None

Functional formula of nanoparticle
Mx(Al4–xMgx)Si8O20(OH)4
M: monovalent cation; x: degree of isomorphous substitution (between 0.5 and 1.3)
Si12O30Mg8(OH)4·(H2O)4·8H2O

CH2CH2COOH

Zr(O3P(CH2)2COOH)2

ZrP

CLOISITE 20A

Sepiolitec)
PANGEL S9
$-carboxyl-ethane
ZrP 102
Zirconium phosphonated)

Notation in text

SEP

HT: hydrogenated linear alkyl chains: C8–18
a)
Organic modifier content ca. 38 wt% according to CLOISITE 20A technical data sheet.
b)
Functional formula taken from reference [2].
c)
Functional formula taken from reference [22].
d)
Functional formula taken from reference [35].

100 rpm during mixing. Sheets were obtained by
compression molding in a hot-plate hydraulic press
at 190°C and allowed to cool (ca. –10°C/min) to
room temperature under pressure (60 Kgf/cm2).
Morphological and thermo-mechanical characterizations were made on compression moulded
0.6 mm films, melt rheological measurements were
carried out on compression moulded 1 mm films,
optical transparency analyses were made on compression moulded 40–50 µm films and oxygen gas
barrier analyses were performed on compression
moulded 320 µm films (for PLA/ZrP) and on chill
roll extruded 150–160 µm films (for PLA, PLA/CLO
and PLA/SEP). These last films were moulded at
180°C, passing the specimens by a chill roll with
150 µm opening of several slits and allowed to cool
to room temperature. In the case of PLA and
PLA/CLO chill roll films, previous to the film cooling process to room temperature, these were biaxially stretched above PLA glass transition temperature (above 60°C) to obtain films with 50–70 µm
thick.

2.2. Characterization techniques
Wide Angle X-Ray Spectra (WAXS) were recorded
using a Thermo ARL diffractometer X-tra 48, at
room temperature in the range 1–30º (2&) (step
size = 0.02º, scanning rate = 2 s/step) by using filtered CuK$ radiation (' = 1.54 Å).
Scanning electron microscopy (SEM) was carried
out on surfaces obtained after sectioning with a
microtome diamond knife to avoid large surface
roughness sputtered with gold, using a LEO 1400 VP
Series (Carl Zeiss, Oberkochen, Germany) equipped
with energy dispersive spectroscopy (EDS).
Transmission electron microscopy (TEM) analyses
were performed with a high-resolution equipment.

Ultrathin sections of about 100 nm thick were cut at
room temperature with a microtome equipped with
a diamond knife and placed on a 200-mesh copper
grid. Differential Scanning Calorimetry (DSC) tests
were carried on a DSC Q100 TA Instruments (New
Castle, DE, USA) under nitrogen atmosphere at a
scanning rate of 10°C/min, sample size 3–5 mg in
aluminium pans. Thermal history of samples was
erased by a preliminary heating cycle at 10°C/min
from –20°C to +280°C. The glass transition temperature (Tg), cold crystallization temperature (Tcc),
melting temperature (Tm), cold crystallization
enthalpy ((Hcc) and melting enthalpy ((Hm) were
determined from second heating scan at 10°C/min.
Dynamic-Mechanical Thermal Analysis (DMTA)
was performed on compression moulded 6%) 20%)
0.6 mm3 films, using a DMA Q800 TA Intruments
(New Castle, DE, USA) in tension film clamp. The
temperature range analysed was from +20 to +80ºC,
at a heating rate of 2ºC/min, 1 Hz frequency, in
strain controlled mode, 15 micron of amplitude and
static loading = 125% dynamic loading. At least
two samples of each material were tested and the
average value of these parameters for each material
was calculated and reported. The estimated experimental error based on the Storage Modulus and Tan
Delta deviations between repeated tests was ca.
10%.
Melt rheological measurements were performed on
ARES instrument (New Castle, DE, USA) with a
torque transducer capable of measurements over the
range of 0.02 to 200 g*cm. Dynamic oscillatory
shear measurements were performed by applying a
time dependent strain of +(t) = +0 sin(,t) and the
resultant shear stress is -(t) = +0 [G!*sin(,t) +
G"*cos(,t)], with G! and G" being the storage and
loss modulus, respectively. Measurements were con-
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ducted by using a set of 25 mm diameter parallel
plates with a sample thickness of 1 mm. The strain
amplitude was fixed to 1% for PLA/CLO and 10%
for neat PLA and PLA/SEP systems, in order to
obtain reasonable signal intensities even at low frequency (,) to avoid the non linear response. For
each type of material the limits of linear viscoelasticity were determined by performing strain sweeps
at series of fixed ,s. The dynamic viscoelastic
curves were obtained by using the principle of timetemperature superposition and shifted to a common
reference temperature of 190°C which was chosen
as the most representative of a typical processing
temperature of PLA.
Oxygen gas barrier properties were measured on
compression moulded films of 5 cm2 ) 320 µm for
PLA/ZrP, on chill roll moulded films of 50 cm2 )
150–160 µm for PLA/SEP and on chill roll moulded
films of 50 cm2 ) 50–70 µm for PLA and PLA/CLO,
using a permeabilimeter MOCON OX-TRAN 2/21
(Minneapolis, USA). The experimental conditions
were 23°C, 760 mm Hg pressure, 0% relative humidity and with permeant concentration of 100%. Two
samples were tested for each type of material and
average results of permeability (normalised on the
thickness) are presented.
Optical transparency of PLA and PLA/composites
was obtained using a UV-vis spectrometer CARY
500 (California, USA) on compression moulded
5 cm2 ) 40–50 µm. The analysis was performance
in transmittance mode from 380–780 nm wavelength, UV-vis scan rate of 600 nm/min and Double
Beam Mode. The cumulative transmission over visible spectra was measured to three samples of each
material and the average value of these measure-

ments was reported for each material type. The estimated experimental error was ca. 10%.

3. Results and discussion
3.1. Morphology

3.1.1. Wide Angle X-ray analysis (WAXS)
The WAXS pattern of PLA is characterized by a
broad amorphous halo with maximum approximately at 2& = 17º (not shown here). These results
indicate that PLA matrix was not able to crystallize
during the film cooling process (ca. 10°C/min),
thus obtaining a completely amorphous structure
for the polymer matrix at room temperature.
A similar broad WAXS halo with maximum at ca.
2& = 17º was observed for PLA/CLO and PLA/ZrP,
indicating an amorphous structure of the polymer
matrix in these specimens. This result suggests that
the addition of these nanoparticles does not induce
polymer crystallization under the conditions of film
cooling carried out here.
The most significant features are indeed encountered in the lower angle range, which gives indication of the nanoparticles interlayer distance. Figure 1a and 1b represent the WAXS patterns of
composites of PLA with CLO and ZrP, compared
with the pristine nanoparticles. CLO is characterized by two diffraction peaks at 2& = 3.5 and 7.2°
respectively (Figure.1a); the diffraction peak at 2& =
3.5° correspond to the crystalline plane (001) [11],
whereas the weak peak at 7.2°, corresponding to an
interlayer distance of 1.24 nm, is likely to be related
to a low content of montmorillonite silicates layers
without organic modifier insertion [11].
The PLA/CLO nanocomposite exhibited two diffraction peaks at 2.4° corresponding to an interlayer

Figure 1. WAXS patterns of PLA based composites with 5% (a) CLO and (b) ZrP
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spacing of 3.71 nm, and a secondary diffraction
peak, (d002), at 5.0° [8, 11]. An increase in the interlayer spacing from 2.45 nm in the nanoclay filler to
3.71 nm in the PLA nanocomposite gave credit to
some intercalation occurring during the component
blending above the melting temperature of the polymer matrix. This finding showed the possibility of
penetration of the PLA chains within the nanoclay
galleries on shearing at high temperature.
This intercalation of polymer chains in the CLO silicate layers can be obtained thanks to chemical
affinity between the polymer and the clay, originated from the hydrogen bonding between the carbonyl groups of the main chain of PLA molecules
and the hydroxyl groups belonging to CLO surface
silicate layers [2, 11, 15]. The presence of the organic
modifier between CLO layers could also make possible the delamination of CLO silicate layers in
PLA/CLO hybrid by high mixing torques during
the melt blending process, despite, strong chemical
interactions between the organic modifier molecules and PLA matrix would not be expected, considering the non-polar structure of this organic
modifier [8].
Figure.1b shows the WAXS patterns of the pristine
ZrP, showing two characteristic peaks at 2& = 6.70
and 13.5°, which are attributed to the (002) plane
for organo-modified ZrP and pristine ZrP, respectively. Indeed, the main WAXS peak at 6.70° (d =
1.30 nm) indicates greater separation of the ZrP layers by the presence of the carboxyl-ethane groups
[20, 21, 35], whereas the weaker WAXS peak at
13.5° corresponds to the interlayer d-spacing of
inorganic $-ZrP as an impurity [19, 35, 36].

The WAXS patterns of PLA/ZrP hybrid do not
show signs of intercalation of PLA into ZrP platelets,
likely due to the insufficient interlayer thickness,
which is significantly lower in ZrP as compared to
CLO. Indeed, the presence of the sharp peaks at diffraction angles correspondent to ZrP confirms that,
in these compounding conditions, the stacking of
parallel zirconium phosphate sheets is not significantly modified.
No information is delivered by WAXS on dispersion of needle-shaped sepiolite in PLA, given the
lack of periodic stacking of pristine nanoparticles.
3.1.2. Scanning electron microscopy (SEM)
All formulations were observed by SEM on surfaces to study the dispersion and distribution of
nanoparticles. SEM micrographs at low magnification (not shown here) reveals no significant presence of agglomerated (>%10 µm) inorganic nanoparticles regardless the composition. In PLA/CLO a
very uniform distribution of small stacks of silicate
layers can be observed in the polymer matrix, as
shown in Figure.2a. The presence of clay layers is
indeed highlighted by the cracks observable on diamond cut surfaces, which are not present in pristine
PLA when prepared in the same way. Indeed, such
cracks are attributed to delamination between polymer matrix and nanoclay stacks. TEM images (Figure.2b) confirmed the presence of both isolated
nanoclay layers and stacks of a few clay layers.
In the case of PLA/SEP, nanofibres emerging from
the polymer surface are clearly visible in SEM
micrographs (Figure.3). Diameter of these fibres
are in the range of 10 to 100 nm, therefore are

Figure 2. Scanning electron micrograph (a) and transmission electron micrograph (b) for PLA + 5% CLO
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microparticles is evidenced by the presence of holes
left by detachment of some ZrP particles during
mirotome cutting. Interestingly enough, SEM micrographs show that ZrP powder presents a plate-like
structure and regular sheets, which can be related to
the presence of very sharp WAXS peaks both in pristine ZrP and in the composite.

Figure 3. Scanning electron micrographs at 50 kX of magnification for PLA + 5% SEP. The cracks observed
in the polymer matrix corresponds to matrix
degradation under electron beam irradiation

assigned to single sepiolite needles and some bundles of a few individual sepiolite needles.
The addition of 5% ZrP (Figure.4) reveals the presence of ZrP micro-particles fairly distributed in the
polymer surface. However, poor adhesion of the

Figure 4. Scanning electron micrographs for PLA + 5% ZrP

3.2. Thermal analysis (DSC)
Crystallisation of PLA nanocomposites was studied
by means of DSC measurements. In Figure.5, cooling and second heating DSC plots for PLA and
composites are reported. On cooling at a rate of
10°C/min (Figure 5a), the pure PLA does not exhibit
any exothermic peak, evidencing that no crystallization takes place. Crystallization on cooling of
PLA is not significantly affected by the addition of
the nanoparticles, as evidenced by the identical DSC
thermograms, confirming that all materials addressed
here are not able to crystallise at cooling rates of
10°C/min or higher, in agreement with the WAXS
analysis which evidenced fully amorphous structures.
Figure.5b reports the DSC thermograms of the second heating curves of PLA and PLA/nanocomposites. PLA partially crystallizes on heating at about
130°C (cold crystallization) giving a crystalline
phase which melts with a peak endotherm at about
154°C [15, 37] (see Table 2).
Figure.5b and Table 2 show that the addition of
CLO and SEP does not significantly affect the crystallization and melting behaviour of PLA, since no
significant variations of cold crystallization temperature (Tcc), enthalpy of cold crystallization (/Hcc),

Figure 5. DSC thermograms of PLA and PLA/composites at (a) cooling and (b) second heating. Plots are vertically shifted
for the sake of clarity.
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Table 2. DSC data on PLA and PLA/nanocomposites
obtained by second heating curves
Tcca)
!Hcc
Tma)
[°C]
[J/g]
[°C]
PLA
130
2
154
PLA + CLO
131
2
154
PLA + SEP
131
3
154
PLA + ZrP
129
11
154
a)
Temperatures quoted are peak temperatures
Sample

!Hm
[J/g]
2
2
3
12

Tg
[°C]
61
61
61
60

melting temperature (Tm), melting enthalpy (/Hm)
and glass transition temperature (Tg) were observed.
Addition of ZrP particles neither leads important
variations in the Tcc, Tm and Tg of PLA matrix, however, increases of the enthalpy of cold crystallization (ca. 9 J/g) and of the melting enthalpy of neat
PLA (ca. 10 J/g) could be detected by the presence
of these particles (see Figure.5b and Table 2). These
increases of /Hcc and /Hm obtained by ZrP based
composites indicate that the addition of these particles promotes extent of crystallization of the PLA
on heating, which is most likely related to the regular
distribution of ZrP micronic particles (previously
verified through WAXS and SEM analysis) able to
act as nucleating agents of PLA crystallization.
It is also possible that a higher dispersion level of
CLO and SEP particles into the PLA as compared to
ZrP, could interfere with polymer molecules crystallization instead of enhancing it. In general, it has
been reported the possible nucleating effect of well
dispersed organoclay layers on polymer crystallization of PLA [2, 9–11]; however, it has been also
reported that high interactions between polymer
matrix and nanoscale particles, can provoke that
some polymer chains can be attached to the clay
layers, and then partially immobilized and hindered
from taking part in the flow process and their crystallization process [8, 38]. Accordingly, in addition
to acting as nucleation agents, the silicates particles
of CLO and SEP could also become retardant of
crystallization, acting as physical hindrance if there
are important interactions between polymer matrix
and clay, and consequently obtaining insignificant
changes in the crystallization and melting process
of PLA.

3.3. Dynamic-mechanical thermal analysis
(DMTA)
The dynamic-mechanical experiments of PLA and
nanocomposites are reported in Figure.6, Figure.7

Figure 6. Temperature dependence of storage modulus (E!)
for PLA and PLA/composites

Figure 7. Temperature dependence of tan 0 for PLA and
PLA/composites

and Table 3, showing the temperature dependence
of Storage Modulus (E!) and tan%0 for all the studied
materials. A general enhancement of E! below Tg
was observed compared to neat PLA: at 20°C, E!
increases of ca. 60, 35 and 45% were obtained for
PLA/CLO, PLA/SEP and PLA/ZrP, respectively
(Table 3). Higher enhancements of E! were observed
above Tg: at 65°C increases of ca. 150, 120 and
170% were obtained for PLA/CLO, PLA/SEP and
PLA/ZrP, respectively.
The dynamo-mechanical results show improvements in E! with the addition of all nanoparticles,
indicating that addition of particles into PLA matrix
results in a remarkable increase of elastic properties
for PLA composites, more noticeable at higher temperatures (above 60°C), which means an increase of
thermal-mechanical stability for the composites at
high temperatures [38]. The increase of E! for composites with temperature compared to that of neat
PLA may be attributed to a restriction in the movements of the polymer chains above Tg [2, 38]. How-
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Table 3. E! and tan 0 values of PLA and PLA/composites at
20 and 65°C. Estimated experimental error ±10%
Sample
PLA
PLA + CLO
PLA + SEP
PLA + ZrP

E" at 20°C
[MPa]
2429
3815
3264
3529

E" at 65°C
[MPa]
13
32
28
35

T at tan #max
[°C]
64
65
64
65

ever, given the very low storage modulus values of
neat PLA above Tg, these enhancement in modulus
above this temperature have limited practical interest, absolute values for E! being below 50 MPa for
all composites.
This improved strength has also been observed for
other polymer/clay nanocomposites, depending on
the degree of dispersion of clay in the polymer
matrix [13, 15]. In the case of PLA nanocomposites
in this study, all composites present E! improvements both below and above glass transition temperature, explained by strong interactions between
the particles and PLA molecules originated from
hydrogen bonding between the carbonyl groups of
PLA and the hydroxyl groups belong to the structure of CLO, SEP and ZrP (see Table 1). Indeed,
such interactions have been previously verified by
other researchers in biopolymer nanocomposites
based on similar nanoparticles rich of surface silanol
groups (Si–OH) [21, 39, 40]. In this case, they have
corroborated the possible spontaneous assembly of
the biopolymer matrix and nanoparticles through
hydrogen-bonding interactions, by the observed
infrared perturbation of the O–H stretching vibrations assigned to the surface silanol groups. Interestingly enough, similar increases of E! were obtained
upon the addition of ZrP into PLA as compared to
CLO and SEP (even higher at 65°C), despite its low
dispersion level into the PLA matrix according to
WAXS and SEM analysis, and probably attributed
to the high crystallinity of ZrP particles as well as to
the very regular distribution of ZrP micronic particles along all the polymer matrix (see Figure.1b
and 4).
The presence of the particles does not show significant shift of tan 0 (Figure.7 and Table 3) for all composites compared to pure PLA, in agreement with
DSC analysis.

3.4. Melt rheology
The rheological properties of polymer nanocomposites are directly related to their melt behavior
during processing, such as extrusion or injection
moulding. Moreover, rheology offers a mean to
assess the level of filler dispersion in nanocomposites directly in the molten state, given that rheological properties of particle-filled materials are sensitive to the structure, particle size, shape and interface
characteristics of the dispersed phase [2].
The rheological behavior was studied for the PLA
nanocomposites containing well dispersed particles
(CLO and SEP); the linear dynamic viscoelastic
curves for these materials as well as neat PLA are
shown in Figure.8. Both G!(,) and G"(,) moduli of
nanocomposites increase at all frequencies as compared to PLA. At high frequencies, the values of
G!(,) and G"(,) of neat PLA are practically unaffected by the presence of nanoparticles. However,
at low frequency, the presence of nanoparticles
CLO and SEP induces an increase of G!(,) and
G"(,) compared to neat PLA (see Figure.8a, b).
Indeed, at , <%10 rad*s–1 for PLA/CLO and , <
0.05 rad*s–1 for PLA/SEP, both G!(,) and G"(,)
display a significantly diminished frequency dependence as compared to PLA. The lower frequency
dependence and the higher absolute values of the
dynamic moduli observed for PLA/CLO compared
to PLA suggest the formation of a ‘network’ structure in the molten state [41]. This is explained by
the presence of highly dispersed silicate layers of
CLO which are incapable rotating freely and hence,
by imposing small ,, the relaxations of the structure are almost completely prevented. This type of
prevented relaxation due to the highly geometric
constrains of dispersed silicate layers leads to the
marked presence of the pseudo-solid like behavior
for PLA/CLO system [41]. Similar results are
obtained for PLA/SEP, but only observing the
achievement of a spatially linked structure determining G!(,) plateau for , <%0.05 rad*s–1, probably
due to its lower dispersion level as compared to
PLA/CLO in accordance with SEM results and/or
due to the different geometrical features compared
to lamellar clay, i.e. needles vs platelets.
The complex viscosity [|1*|(,)] curves are also
shown in Figure.8c; it is possible to observe at low
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, region (, <%10 rad*s–1) that the neat PLA shows
Newtonian behavior while PLA/CLO (, <%10 rad*s–1)
and PLA/SEP (, <%0.05 rad*s–1) exhibit a considerable increase of the viscosity with decreasing ,,
especially in the case of PLA/CLO. This last behavior is associated to a solid-like behavior commented
above, especially for CLO. By increasing the shear
rates, shear thinning behavior was observed for
CLO and SEP materials, indicating that these nanoparticles do not significantly influence viscosity at

Figure 8. Reduced frequency dependence of (a) storage
modulus [G!(,)], (b) loss modulus [G"(,)], and
(c) complex viscosity [|1*|(,)] at 190°C of neat
PLA and PLA/composites

higher frequencies, reaching [|1*|(,)] values analogous to those found for neat polymer.

3.5. Oxygen barrier properties
The O2 gas permeability values of pure PLA and
several composites are presented in Figure.9, showing that oxygen permeability of PLA does not vary
significantly, taking into account the experimental
error, upon addition of SEP and ZrP particles. Only
addition of 5.wt% CLO leads to a decrease of the
PLA oxygen permeability (by ca. 30%).
The higher oxygen barrier properties of CLO nanocomposites as compared to PLA can be explained
by the concept of the tortuous path, given to its high
clay dispersion, according to WAXS and SEM analysis, and its clay platelets like morphology which
maximize the permeant path length due to the large
length to width ratio [2]. In the case of SEP, the lack
of barrier effect is likely related to its needle like
morphology, which cannot play a considerable barrier role of oxygen molecules through the bulk
material as compared to platelets morphology of
CLO. In the case of ZrP based material, the low dispersion level of lamellar nanoparticles into PLA is
assumed to cause the lack of significant effects on
permeability.
For food packaging applications is widely common
the use of Polystyrene (PS), Polypropylene (PP) and
Polyethylene terephthalate (PET), given their good
mechanical and oxygen barrier properties in this
industrial field. The typical oxygen barrier values of
these polymers are listed in Table 4; comparing these
results with those obtained for neat PLA (see Figure 9), this results to be an alternative to PS and PP,
in terms of oxygen barrier properties. The addition
of CLO can decrease the oxygen permeation of neat

Figure 9. Oxygen gas permeability of PLA and PLA/composites, measured at 23°C and 0% relative humidity
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Table 4. Oxygen permeation of PS, PP, PET films, values
taken from Massey [42]
Reference
Polystyrene (PS)
Polypropylene (PP)
Polypropylene oriented film (PPof)
Polyethylene terephthalate (PET) film

Oxygen permeation
[cc$mm/(m2$day$atm)]
117–157
59–102
59–63
3

PLA; however, this decrease is not sufficient to
reach the low permeability of PET. The deep understanding of chemical and physical interaction
between CLO, SEP and ZrP particles and the polymer could result in the optimization of the melt blending conditions and clay content in order to obtain
polymer nanocomposites with the reduced oxygen
permeation required for materials with high oxygen
barrier properties such as PET, contributing to the
development of new bio-based polymer composites
for food packaging applications.

3.6. Optical transparency
In polymer nanocomposites, it has been reported
that film transparency is an effective index for providing information on the size of dispersed particles
in the polymer matrix, typically observing aggregate domains larger than visible wavelength could
obstruct light, leading to translucent or opaque
films [21], while highly dispersed nanoparticles in a
transparent polymer matrix result in optically clear
nanocomposites in visible light given that the size
of particles is smaller than the wavelength [2].
All films of neat PLA and PLA/composites obtained
by compression moulding were optically transparent. Indeed, Table 5 shows the cumulative transmission over visible spectra (380–780 nm wavelength)
on neat PLA and composites; these results show
that the absorption in the visible region, taking into
account the experimental error, is not significantly
affected by the presence of any particle, therefore
the characteristic transparency of PLA film of 50 µm
Table 5. UV-visible transmission average results of PLA
and PLA/nanocomposites from 380–780 nm wavelength. Experimental error 10%.
Sample
PLA
PLA + CLO
PLA + SEP
PLA + ZrP

Absorbance
[A/%m]
0.0081
0.0101
0.0066
0.0096

Transmission
[%T/50 %m]
39
31
43
33

thick is not considerable reduced in the presence of
these particles.

4. Conclusions

Poly(lactic acid) (PLA) based nanocomposites prepared by adding 5 wt% filler content of organically
modified montmorillonite (CLO) and unmodified
sepiolite (SEP) were obtained by melt blending.
WAXS and SEM analysis showed a good dispersion of CLO and SEP into the polymer matrix. PLA
containing ZrP showed a limited dispersion on PLA
matrix as compared to CLO, likely due to its significant lower interlayer thickness, leading to formation of a polymer microcomposite.
DSC analysis showed that neat PLA and composites presented no tendency to crystallise on cooling.
Nevertheless, it was observed that PLA was able to
crystallize on heating, and that the addition of ZrP
can promote the extent of crystallization of the PLA
on heating, which can be explained by the regular
distribution of ZrP micronic particles able to act as
efficient nucleating agents for PLA crystallization.
The dynamo-mechanical results showed improvements in E! with the addition of all particles, resulting in a remarkable increase of elastic properties for
PLA composites, especially at temperatures close to
the glass transition temperature. These E! increases
were associated to possible interactions between the
particles and PLA molecules originated from hydrogen bonding between the carbonyl group of PLA
and the hydroxyl groups belong to the structure of
CLO, SEP and ZrP. Interestingly, similar increases
of E! were obtained upon the addition of ZrP into
PLA as compared to CLO and SEP, despite its low
dispersion level into the PLA matrix, possibly
explained by the high crystallinity of ZrP particles
as well as to the very regular distribution of ZrP
micronic particles along all the polymer matrix.
The melt viscosity and dynamic shear moduli of
nanocomposites were also enhanced significantly
by the presence of CLO and SEP. The dynamic shear
storage modulus, G!, and loss modulus, G" of these
nanocomposites, exhibited less frequency dependence than pure PLA at a low frequency range. These
results could be attributed to important interactions
between PLA and nanocomposites, especially CLO,
forming an interconnected structure within the PLA
matrix.
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The oxygen permeability of PLA did not significantly vary upon addition of SEP and ZrP particles.
Only addition of CLO leaded to an important
decrease of the PLA oxygen permeability. Optical
transparency measurements showed the transparency
of PLA in the visible region not to change significantly with the presence of particles, thus preserving the good optical properties typical of PLA.
The improvements of viscous and/or elastic properties for PLA composites as well as the similar transparency and improved gas barrier properties could
provide to these composites an opportunity in the
field of packaging. Even more, it is reasonable to
expect that by controlling the nanoparticle content
and processing conditions, PLA based nanocomposites films with improved properties could be
obtained for various purposes of industrial application.
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