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Effect of electron beam irradiation on the properties of polylactic
acid/montmorillonite nanocomposites for food packaging applications

Marcella Salvatore,* Antonella Marra,® Donatella Duraccio,® Shima Shayanfar,? Suresh D. Pillai,?
Sossio Cimmino,* Clara Silvestre?
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ABSTRACT: This study was aimed at (1) developing new films based on polylactic acid/montmorillonite (PLA/MMT) with improved
properties for applications in the food packaging industry and (2) analyzing the effect of electron-beam (eBeam) radiation on the
structural, morphological, mechanical, and barrier properties of these nanomaterials. Nanocomposites based on PLA with 1, 3, and 5
wt % of MMT were prepared in a twin-screw extruder and then filmed by a calender. The nanocomposites were exposed to eBeam
doses; one set at 1 kGy dose and the other at 10 kGy dose. The effect of MMT addition and of eBeam radiation on the properties of
PLA were assessed. For all composites, a homogeneous distribution and dispersion of MMT in the PLA matrix was obtained. All
nanocomposites showed an increase of the mechanical and oxygen-barrier properties compared to neat PLA. The eBeam irradiation
caused an increase of the crystallinity, formation of crosslink, increase of the glass-transition temperatures, and enhancement of the
yield values in the stress—strain curves for all nanocomposites. This study demonstrated that PLA/MMT films are suitable materials
for eBeam processing of prepacked food at the realistic doses that were employed in this study. © 2015 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2016, 133, 42219.
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INTRODUCTION

The use of polymers as food packaging materials has increased
significantly over the past few decades. The global market for
polymers has increased from approximately 5 million tonnes in
the 1950s to nearly 100 million tonnes today. The packaging
industry which constitutes almost 2% of the Gross National
Product in some developed countries uses approximately 42%
of the polymers worldwide."™ Most packaging films are poly-
mers derived from petroleum because of its functional advan-
tages, cost, and availability.>® Petroleum-based polymers have
salient features such as strength, flexibility, stiffness, barrier to
oxygen and moisture, and resistance to food component attack.
However, their resistance to degradation and their recycling and
disposal difficulties are very challenging in today’s heightened
strong global interest in environmentally sustainable materials.

Bioplastics are plastic polymers manufactured from renewal
resources. Biopolymers are particularly attractive because they
are biodegradable due to their susceptibility to microbial
enzyme degradation. Bioplastics are being introduced into the
market to serve as food packaging materials to primarily address

© 2015 Wiley Periodicals, Inc.
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concerns about plastic waste accumulation.”™ The bioplastics
market is expected to grow between 20 and 25% until 2020."
The bioplastics growth in recent years is primarily attributable
to the use of polylactic acid (PLA), a thermoplastic polymer
that belongs to family of linear aliphatic polyesters derived from
renewable resource (corn starch, tapioca roots, sugarcane, etc).!!
Although the biodegradable polymers present significant com-
mercial potential for bioplastics, some of their properties such
as brittleness, low heat distortion temperature, high gas perme-
ability, and low melt viscosity for further processing may restrict
their use for packaging.

Nanotechnology provides innovative improvements for plastics
(petroleum based and bioplastics) in terms of polymer perform-
ance, cost, and environmental compatibility. Barrier properties,
reduced energy inputs for production, transport and storage,
reduction in waste volumes, and reduced carbon dioxide emis-
sions are some of the nanotechnology-driven
ments.'>™'® For example, reinforcement of pristine PLA with
nanoparticles has already shown to improve mechanical and
barrier properties.'”'>'® Improving the properties of such

improve-
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biopolymers by nano reinforcements is therefore an attractive
way to produce ecosustainable materials with very good poten-
tial for food packaging applications.

Food processing by ionizing radiation technologies such as
cobalt-60, electron beam (eBeam), and X-rays is approved in all
continents and in commercial use over 60 countries.'”** The
radiation methodology has been endorsed as safe for foods and
health by the World Health Organisation and the European
Food Security Agency, that found there are no health risks for
the consumer linked to the use of food irradiation.””** The
extent of clearances in the countries is varying from almost any
food in Brazil to selected items in several EU countries, as listed
by Official Journal of the European Union.”® In US between
2007 and 2013, the total volume of commodities treated by ion-
izing radiation increased by over 6000% from 195,000 kg in
2007 to approximately 13 million kg in 2013.%°

Food irradiation can be broadly divided into two categories
based on the doses that are employed, namely, doses < 1.0 kGy
and doses <10 kGy. Doses <1.0 kGy are used primarily for
eliminating insects and pests from fruits and vegetables and for
extension of shelf-life, and doses<10 kGy for eliminating
microbial pathogens from meat and poultry products. The use
of doses<1.0 kGy for phytosanitary treatment of fruits and
vegetables in international trade is the fastest growing market
sector. Electron beam (eBeam) technology relies on the use of
electricity to generate energized electrons as ionizing radiation.
The salient features of eBeam processing are that it does not
involve radioactive isotopes and the process is very quick and
cost-effective. The number of eBeam processing facilities has
grown to 1500 worldwide and has now outnumbered gamma
irradiation facilities by almost 10:1. Most recent estimates sug-
gest that eBeam systems account for approximately US $80 bil-
lion of added value to commercial products.*** Plastic
packaging is widely used in products that undergo either the
<1.0 kGy or the <10 kGy dose scenarios.

So to contribute ensuring worldwide food quality, quantity, and
safety in an eco-sustainable way, the challenge is now to synerg-
istically exploit the improvements in the biopolymer packaging
performance due to nanotechnology with the drastic reduction
of microbial contamination on food following irradiation
procedures.*"*®

The aim of this study was two-fold: 1) to develop new films
based on PLA/MMT with improved properties for applications
in the food packaging industry and 2) to examine the effect of
eBeam irradiation at two specific target doses (1 and 10 kGy)
on the structural, morphological, mechanical, and barrier prop-
erties of these nanomaterials.

To improve the properties of PLA, a modified montmorillonite
(MMT) was used as nanofiller. MMT is hydrated alumina-
silicate-layered clay consisting of an edge-shared octahedral
sheet of aluminum hydroxide between two silica tetrahedral
layers.”” MMT is relatively inexpensive and widely available nat-
ural clay derived from volcanic ash/rocks. To improve the
homogenization of the nanoparticles in the polymer matrix,
MMT was modified by substituting inorganic cations of MMT
with organic ammonium ions.*>*’

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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Table I. Composition of the PLA-Based System

Sample PLA (wt %) D67G (wt %)
PLA 100 0
PLA/D67G 1% 99 1
PLA/D67G 3% 97 3
PLA/D67G 5% 95 5

The two doses, namely 1 kGy and 10 kGy, and the control, 0
kGy, were employed in this study. The rationale for choosing
these specific doses was that (as mentioned above) 1 kGy is
approved by the US FDA to be used on all fresh produce in the
United States for extending the shelf-life of fruits and vegeta-
bles. Given the high market value for fresh produce and since
biopolymers can serve as packaging materials for fruit- and
vegetable-based healthy vending machine items and for pediatric
cancer patients,” it was decided that 1 kGy should be a target
dose. The maximum dose that was employed was 10 kGy
because this dose limit is at the upper limit for all foods that
can be treated with irradiation in the US. The decision to focus
on these two critical dose points can significantly improve the
chances of these research findings to be commercially exploited.

EXPERIMENTAL

Materials and Sample Preparation

The organoclay (Laviosa, Livorno, Italy) is commercially available
as Dellite 67G. Dellite 67G (D67G) is an organoclay derived from
natural MMT modified with a high content of quaternary ammo-
nium salt, in particular, dimethyl deydrogenated tallow ammo-
nium. The polylactic acid (PLA 4032D) (Nature Works®) has
Mw=13 X 10°, Mn=2.1 X 10° (measured by Gel Permeation
Chromatography, Mw/Mn = 1.56, T,=58°C, and T, =160°C
(measured by differential scanning calorimetry (DSC)). Before
blending, PLA was vacuum dried (24 h, 80°C).

Masterbatch with clay content 20 wt % and PLA content 80 wt
% was prepared to improve the dispersion of clay in the PLA
by using a 25-mm twin screw co-rotating extruder Collin ZK 25
(L/D = 24). The temperature setting of the extruder from the
hopper to the die was 150/170/170/170/160°C, and the screw
speed was 25 rpm.

PLA-based composites with 1, 3, and 5 wt % of clay were pre-
pared by using the same extruder and conditions (see Table I).
No compatibilizer was used when mixing nanoclay and PLA.

PLA/MMT films were obtained by a single-screw extruder Collin
E 20T with a calender termination Collin CR 72T. The tempera-
ture setting of the extruder from the hopper to the die was 160/
170/170/170/180°C, and the screw speed was 40rpm. The calen-
der chill roll diameter and width were 72 and 190 mm, respec-
tively. For the calender terminator, the temperature was set at
room temperature and the load capacity of the double jacket
roll and of the winder roll was set at 83 and 55 N, respectively.
The thickness of the films obtained was about 50 pm.

eBeam Irradiation
The eBeam irradiation of the films was carried out at the eBeam
facility of the National Center for Electron Beam Research at

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42219
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Texas A&M University. A 10 MeV, 18 kW linear accelerator
(downward orientation) was used. The film samples were placed
in polyethylene holders which were taped to a solid support to
ensure that they remained perfectly flat during eBeam process-
ing. The processing was performed at room temperature
(25°C). Alanine films (Kodak) were placed below the samples in
order to measure the delivered eBeam dose. The film dosimeters
were measured using a Bruker E-scan spectrometer (Bruker,
Billerica, MA). The dosimetry was traceable to international
standards. Two target doses were delivered, namely, 1 and 10
kGy. The measured doses were 1.02 = 0.04 and 10.05 £ 0.18,
respectively. The dose rate was approximately 1000 Gy/s. Repli-
cate samples were subjected to two different (1 and 10 kGy) of
eBeam doses. An unirradiated sample (0 kGy) was also included
in these trials.

Characterization

Attenuated Total Reflectance (ATR) Spectroscopy Analysis.
ATR spectroscopy was used to analyze the chemical structure of
the irradiated and nonirradiated samples. The eBeam-treated
and -untreated film samples were analyzed with a Perkin Elmer
Spectrum 100 (resolution of 4 cm ™', in a range of wave num-
ber from 4000 to 400 cm™ ' and with a number of scans equal
to 8) to highlight the possible formation of chemical species as
a result of eBeam processing.

Wide-Angle X-ray Diffraction Analysis. Wide-angle X-ray dif-
fraction (WAXD) measurements were performed using a Philips
XPW diffractometer with Cu Ka radiation (1.542 A) filtered by
nickel. The scanning rate was 0.02° s~ ' and the scanning angle
was from 2.0 to 45°. The ratio of the area under the crystalline
peaks and the total area multiplied by 100 was taken as the
crystalline percentage degree.

Transmission Electron Microscopy. Morphological analysis was
performed using a TEM, FEI Tecnai G12 Spirit Twin with emis-
sion source LaB6 using spot size 1. The micrographs were
acquired with CCD camera Fei Eagle 4000 X 4000.

Thermal Analysis. The thermal behavior of the blends was
examined by DSC using a calorimeter Mettler DSC-822. DSC
measurements were carried out by (1) heating from —30°C
temperature to 200°C at a rate of 10°C min™'; (2) maintaining
for 5 min at 200°C; (3) cooling to —30°C at 30°C min~ % (4)
maintaining for 2 min at —30°C; and (5) heating from —30 to
200°C at a rate of 10°C min~'. DSC studies revealed the ther-
mal properties of the samples, such as transition temperature
(Ty), cold crystallization temperature (7¢), and melting temper-
ature (T,).

Mechanical Tests. Dumbbell-shaped specimens were cut from
the films and used for the tensile measurements. Stress—strain
curves were obtained using an Instron machine (Model 4505) at
room temperature (25°C) at a cross-head speed of 2 mm
min~'. Twenty tests were performed for each composition.

Permeability Tests. Permeability to oxygen was tested on films
by means of an ExtraSolution Multiperm apparatus. The instru-
mental apparatus consists of a double chamber diffusion cell.
The film was inserted between the two chambers: a nitrogen
flux containing oxygen enters in the lower one and a dry
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nitrogen flux flows in the upper one. A zirconium oxide sensor
measures the oxygen diffusion across the film. The exposed area
of the film was 50 cm?. The sensor data was converted into oxy-
gen transmission rate (OTR) (i.e., the oxygen flow rate between
two parallel surfaces under steady conditions and specific tem-
perature and relative humidity (RH)). Measurements were car-
ried out in triplicate at 23°C and 0% RH. Oxygen permeability
was calculated from OTR data by means of the following
equation:

Permeability = (OTR X thickness)/AP

where AP is the partial pressure between the two chambers of
the instrument.

RESULTS AND DISCUSSION

ATR Spectroscopic Analysis

The samples were subjected to ATR spectroscopic analysis to
highlight the presence of new chemical bonds due to the inclu-
sion of the nanofiller within the polymer matrix and to eBeam
irradiation exposure. The ATR spectra before and after exposure
to eBeam doses of 1 and 10 kGy are shown in Figure 1.

eBeam irradiation of the film samples did not cause any changes
in the chemical structure of the samples. This suggests that no
new chemical bond formation would occur during eBeam proc-
essing at doses routinely used in food irradiation.

Structural and Morphological Analysis

The morphology and structure of the samples were analyzed
using TEM and WAXD (Figures 2-7). Figure 2(a,b) shows the
results of TEM and WAXD from pure clay samples. The TEM
micrograph [Figure 2(a)] reveals that the powdered clay consists
of lamellar stacks of rectangular shapes and that they are com-
posed of several layers spaced apart of about 3.5 nm. The
WAXD profile of the pure clay reported in the range 2-10° 20
presents three peaks at 2.55° (d=3.4 nm), 4.83° (d=1.8 nm),
and 7.25° (d=1.2 nm) corresponding to the (001), (002), and
(003) planes, respectively. These results indicate the presence of
a multilayer structure. Specifically, the peak at 7.25° 20 reflects
the pristine MMT interlayer distances, indicating that the qua-
ternary ammonium salt modification of the clay is not com-
plete, other two peaks that the
modification generated two main interlayer distances.”*

whereas the indicate

For the nanocomposites, the diffraction patterns at low 26 val-
ues give information about the possible occurrence of interca-
lated/exfoliated clay structures of the clay due to PLA molecules
penetrating the clay galleries.

For the nanocomposites, the peak at 2.55° 20 was absent (Figure
3). The disappearance of this peak could indicate that the systems
were intercalated/exfoliated. The WAXD results, primarily at low
angle, could be misinterpreted due to sample orientation and/or
poor calibration of the instrumentation. Thus, morphological
analysis using TEM was performed to draw reliable conclusions.
TEM micrographs reported in Figures 4 and 5 show a homoge-
nous dispersion of the clays in the polymer matrix for all compo-
sitions. The clay was oriented along the machine direction
(indicated by the arrow). Lamellar stacks (average length ranging
between 400 and 700 nm) were observed. Few of these stacks are

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42219
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Figure 1. ATR spectra of the nanocomposites before and after exposure to eBeam doses of 1 and 10 kGy for (a) neat PLA, (b) PLA/D67G 1%, (c) PLA/

D67G 3%, and (d) PLA/D67G 5%.

longer than 1 um. The distance between the various layers that
make up the clay stacks was measured from these images. In gen-
eral, all the nanocomposites had larger interlayer distances com-
pared to the pure clay powder which was approximately 3.5 nm.
For the PLA/D67G 1%, the distance was approximately 8.0 nmy
for the PLA/D67G 3%, it was approximately 9.0 nm; and for the
PLA/D67G 5%, it was approximately 8.0 nm. The structural and
morphological results reported here highlight some important
findings: First, the extrusion process and subsequent calendering
was able to create a good distribution and dispersion of the clay
and PLA orientation in the matrix for the all tested composi-
tions; second, the preparation process yielded a film containing
an intercalated morphology with PLA macromolecules penetrat-
ing the clay galleries.”**"*

Scanning electron micrographs (at 3000X magnification) of
film surfaces of the samples before and after eBeam irradiation
are shown in Figure 6. Prior to eBeam irradiation, the surface
was smooth and homogeneous. After eBeam irradiation, the
surface of the samples presented regions with higher roughness
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characterized by cavities and ripples of different size and shapes.
The number and the size of both cavities and ripples increased
in intensity between the 1 and 10 kGy exposed samples. It has
been previously reported that ionizing radiation causes bond
breakage in the PLA molecules and the formation of radicals
that can recombine with each other.”>” Mool and Vilas*® have
reported that PLA undergoes both chain scission and cross-
linking probably due to the cleavage of the ester linkage
(increase in COOH end groups) and hydrogen abstraction at
the quarternary carbon atom sites. Using electron spin reso-
nance, Nugroho et al. [3%] identified at least three kinds of
radicals due to chain scission when PLA is exposed to ionizing
radiation. They postulate that after PLA irradiation reactions
such as chain transfer, termination or recombination could be
occurring separately or simultaneously. So it appears that ioniz-
ing irradiation can cause both the reduction of the molecular
masses, due to degradation of the polymer, and the formation
of cross-links between the chains with the consequent increase
of the molecular masses. However, the creation of surface
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(a)

Figure 2. Pure clay when examined by (a) TEM micrograph and (b) wide-angle X-ray diffraction (WAXD).

roughness at doses as low as 1 kGy is very surprising and is
worthy of further investigation.

Crystallinity

In order to investigate the presence and amount of crystallinity
and the crystalline form of PLA crystals in the samples as
obtained by the preparation process, WAXD analysis has been
performed. Figure 7 shows the WAXD profiles for the unex-
posed and exposed nanocomposites to 1 and 10 kGy eBeam
irradiation. Before the irradiation, both neat PLA and PLA/
D67G 1% nanocomposite are completely amorphous, while a
small amount of crystalline phase develops for the samples con-
taining 3 and 5% of clay. In particular, the crystallinity for these
two systems increases with the clay content (Table 2). The clay
acting as a nucleating agent for the PLA crystal is in agreement
with published literature.'®'? The peaks at 17° and 19° 20 sug-
gest that PLA crystallizes in o form.” From the diffraction pro-
files (Figure 7), it is possible to conclude that the pure PLA

Intensity

14,9517 51

PLA/D67G 5%

PLA/D67G 3%

m
I

=

T T
2 20 (deg‘S0

Figure 3. WAXD profile of neat PLA and nanocomposites.
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remains amorphous also after the irradiation. For the nanocom-
posites, however, the X-ray diffraction pattern shows the forma-
tion of few crystals of the o-form for PLA/D67G 1% and
increasing in crystallinity for the 3 and 5% nanocomposites of
D67G.

Thermal Analysis

Figure 8 reports the thermograms of the samples, in the tem-
perature range from 40 to 200°C, before and after the irradia-
tion. In each figure, the curves are offset along the Y-axis to
illustrate the trends. The calorimetric parameters are summar-
ized in Table III. The curve of the pure PLA [Figure 8(a)]
presents three transitions: an endothermic glass transition at
61°C; an exothermic cold crystallization peak that extends from
about 85 to 115°C whose maximum, taken as the temperature
of cold crystallization (T,), is 100°C; and an endothermic melt-
ing peak which extends from about 155 to 175°C whose maxi-
mum, taken as the melting temperature (T,), is 169°C.
Thermoanalytical curves of nanocomposites before the irradia-
tion do not show significant changes compared to pure PLA.
These observations suggest that the clay at the composition
used in these studies does not influence the cold crystallization
of PLA, its melting, and nor does it alter the glass transition
temperature. These results are in agreement with those reported
in the literature.”>°

Thermoanalytical curves of nanocomposites and the calorimet-
ric parameters after exposure to eBeam irradiation are also
shown in Figure 8 and Table III, respectively. From the curves
and the summarized parameters, it appears that eBeam irradia-
tion produces a slight increase (about 4°C) in the T, in pure
PLA and nanocomposites. This increase could be due to the for-
mation of some cross-links between the chains, caused by the
irradiation with the consequent increase of the molecular
masses. When forming cross-links, the polymer chains are less
mobile and this brings to an increase in the Tg.35 The other

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42219
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Figure 4. TEM micrographs of the nanocomposites (a) PLA/D67G 1%,
(b) PLA/D67G 3%, and (c) PLA/D67G 5%. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

thermal characteristics, Ty, and T, however, do not appear to
be influenced by exposure to eBeam radiation.*®

Tensile Properties

The PLA always shows a plastic behavior with the phenomenon
of yield, fiber elongation, and final breaking (see Figure 9 for
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example). The mechanical parameters [Young’s modulus (E),
stress and deformation (o, ¢,) at yield, and stress and deforma-
tion (o, &,) at break| in the machine direction and in the trans-
verse direction for all samples are reported in Tables IV and V.
The mechanical properties of the untreated PLA are in agreement
with those reported in the literature.”*>® The nanocomposites
exhibit the same trend as the neat PLA. Although due to the quite
large scatter in the results (see Tables IV and V), it is challenging
to clear conclusions, the data obtained could give indication of
the following trends. For the nonirradiated samples, the addition
of clay seems to cause an improvement in the values of the mod-
ulus (E) and deformation at break (&,), and a reduction of o}, It
should be noted that the yield strength parameters (e, o) are not
strongly influenced by the presence of clay. For the eBeam-treated
samples, the treatment seems to cause some changes in the tensile
properties. In particular, it is found, at a given composition, an
increase of E, oy, and g, for all the samples analyzed (with the
only exception being PLA 1 kGy), in both directions and for both
doses of radiation. Conversely, the elongation at break in the sam-
ples treated with the eBeam is reduced when the eBeam dose is
increased from 1 to 10 kGy. From Tables IV and 'V, it can be seen
that for a given direction, &, is not influenced by the irradiation
treatment.

In general, the increase of the stress at yield and break, elastic
modulus, and decrease in elongation at break are found in
materials which undergo cross-links. Therefore, the results
reported here could suggest that in the neat PLA and PLA
nanocomposites, during eBeam irradiation, there is the forma-
tion of cross-links among the PLA chains. It is not excluded
that this process is also accompanied by degradation with for-
mation of shorter molecular chains. However, further detailed
studies are needed to understand why these processes occur at
low doses such as 1 kGy. The comparison of the values of the
mechanical parameters for the two directions indicates that in
the machine direction, the samples seem to behave better than
in transverse direction confirming the structural anisotropy
observed through the morphological analysis.

BARRIER PROPERTIES

The OTR and permeability values as a function of composition
and eBeam dose are shown in Table VI. For the nonirradiated
samples, the barrier properties depend on the composition.
Compared to the neat PLA, the PLA/D67G composites show up
to a 32% improvement in the barrier properties as seen in the
PLA/D67G 5% composition.

It is known that permeability of a composite polymer depends
on a variety of factors. The permeability results could be inter-
preted as follows: first, an increase in the crystalline phase (con-
sidered to be impermeable to gas) should lower the permeability;
second, the presence of clay particles, especially if dispersed in
nanometric and micrometric dimensions, could alter the path of
the permeating gas molecules which are forced to travel a longer
path through the film; and third, the influence of other factors
such as the interface structure (degree of adhesion between the
phases and free volume at the interface) should be taken into
consideration.*
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Figure 5. TEM micrographs at higher magnifications for (a) PLA/D67G 1%, (b) PLA/D67G 3%, and (c) PLA/D67G 5%.

Sample 0 kGy 1 kGy 10 kGy

PLA

PLA-1%

PLA-3%

PLA-5%

Figure 6. Scanning electron micrographs (3000X magnification) of films surfaces of the samples irradiated at 1 and 10 kGy.
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Figure 7. WAXD profile of the (a) neat PLA and the PLA/D67G nanocomposites before and after exposure to 1 and 10 kGy eBeam doses.

The decrease of permeability observed for the nanocomposites
could be attributed to an increase of the tortuous path that the
0O, molecules must travel within the film due to the presence of
clay particles. Moreover, in the 3 and 5% PLA/clay nanocompo-

Table 2. Crystallinity Before and After Irradiation at 1 and 10 kGy

Sample X (%)

PLA/D67G 1%
PLA/D67G 1% 1 kGy
PLA/D67G 1% 10 kGy
PLA/D67G 3%
PLA/D67G 3% 1 kGy
PLA/D67G 3% 10 kGy
PLA/D67G 5%
PLA/D67G 5% 1 kGy
PLA/D67G 5% 10 kGy

N © 0 oo b W
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sites, the crystallization of PLA (Table 2) could be contributing
to further reduce the permeability. On the other hand, however,
increasing the clay composition has shown to result in the pres-
ence of bigger clay agglomerates. These agglomerates prevent a
more drastic reduction of the permeability especially in samples
containing 5% D67G nanocomposites.

For the eBeam irradiated samples, the permeability for a given
composition appears to depend on the irradiation dose. In par-
ticular, for the samples irradiated at 1 kGy, the permeability val-
ues decreased by about 4-5% compared to the untreated
samples at a given composition. This decrease in permeability
could be due to the increase in crystallinity and the formation
of cross-links, which increase the rigidity of the amorphous
phase. When the eBeam dose is increased to 10 kGy, the perme-
ability increases compared to the 1 kGy treated samples and in
some cases also with respect to those not treated. This result is
probably due to the effect of the irradiation on the film surface
that produced at the high irradiation deep cavities that facilitate
the diffusion of gases (Figure 6).
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Figure 8. Thermograms before and after exposure to 1 and 10 kGy eBeam dose irradiation of (a) neat PLA, (b) PLA/D67G 1%, (c) PLA/D67G 3%, and
(d) PLA/D67G 5%.

The use

of nanomaterials as well as of radiation technolo-

gies applied to food is posing concerns on the health
about indirect sources of food contamination by nanopar-

Table III. Calorimetric Parameters Before and After Irradiation at 1 and
10 kGy eBeam Dose

Sample Ty (°C) T. (°C) Tm (°C)
PLA 61 100 169
PLA 1 kGy 64 100 169
PLA 10 kGy 63 100 169
PLA/D67G 1% 60 101 169
PLA/D67G 1% 1 kGy 64 100 169
PLA/D67G 1% 10 kGy 64 100 169
PLA/D67G 3% 61 102 169
PLA/D67G 3% 1 kGy 63 100 169
PLA/D67G 3% _10 kGy 64 100 169
PLA/D67G 5% 61 102 169
PLA/D67G 5% 1 kGy 64 100 169
PLA/D67G 5% 10 kGy 63 100 169

Maﬁ‘i& WWW.MATERIALSVIEWS.COM
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ticles and radiolytic products formed in the packaging
materials during the irradiation that could migrate to the
food.>*!

—— PLA/DB7G
---- PLA/DB7G 1kGy
--------- PLA/DB7G 10kGy
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Figure 9. Stress—strain curves of neat PLA as a function of eBeam irradia-
tion dose. Machine Direction.
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Table IV. Tensile Parameters of the Samples Tested in Machine Direction
Sample E (Mpa) ay (Mpa) &y (%) ap (Mpa) ep (%)
PLA 3469 +189 439=17 16+01 37717 256.7+53
PLA_1 kGy 4092 =157 53.8+3.5 16=x01 47325 333+43
PLA_ 10 kGy 3794148 50.3+3.2 16=+01 445x27 192+49
PLA/D67G 1% 3622+372 40.0+52 1.4+02 33.8x43 39.0x58
PLA/D67G 1%_1 kGy 4061 +198 498+34 15+01 41540 56.9+6.4
PLA/D67G 1%_10 kGy 3917 x217 46.0x2.0 15+01 40.5=1.7 29.0x4.2
PLA/D67G 3% 3529+ 264 399=+27 14+01 29.8+x1.7 41.2+58
PLA/D67G 3%_1 kGy 4049+ 284 419=52 14=x01 33.0=45 33165
PLA/D67G 3%_10 kGy 3999+ 278 433=31 14+01 345+32 152+31
PLA/D67G 5% 3550+152 38.3x40 1.4+02 30.2=3.0 35698
PLA/D67G 5%_1 kGy 4136192 46.7+3.0 14+01 351+33 40.1+93
PLA/D67G 5%_10 kGy 4091+ 206 49.1+39 15+01 37.8x34 332=56
Table V. Tensile Parameters of the Samples Tested in Transverse Direction
Sample E (Mpa) ay (Mpa) &y (%) oy (Mpa) & (%)
PLA 3376 =393 352=x25 1.3+0.1 31.7=+1.9 10.0x4.4
PLA 1 kGy 3846113 33.5+35 11=+01 30228 50+1.0
PLA_ 10 kGy 3601 +188 39.3+£33 1.3x01 35.3+3.0 42+18
PLA/D67G 1% 3699 =207 33.7+43 12+01 29.7x2.7 29.7+x51
PLA/D67G 1%_1 kGy 3972+195 39.6+£3.3 1.3+01 342+30 23.8+8.8
PLA/D67G 1%_10 kGy 3981 =268 41.2=+x27 1.3+01 355+34 11.7+£26
PLA/D67G 3% 3578+ 256 33.0x44 12x01 26.2+3.6 31.1+6.3
PLA/D67G 3%_1 kGy 4137 +241 39.9+32 12+01 31.8+33 7.0+1.78
PLA/D67G 3%_10 kGy 4394 +131 453+3.8 1.3+0.1 37.4=+28 50x14
PLA/D67G 5% 3648 +228 356+34 1.3=x01 28.8+27 20.5+56
PLA/D67G 5%_1 kGy 3859+138 39.0+£52 13+01 32.0+x41 10.8+4.4
PLA/D67G 5% _10 kGy 4138=67 43122 1.3x01 34.7+3.0 10.7+1.8
Table VL. OTR and Permeability Values In order to improve the consumers perception about the
application of the nanotechnology and radiation to food and
Permeability to favor the market penetration of the new materials, migra-
OTR (cm3/ (cm3em/m?2 tion testing after irradiation of PLA/MMT-based films by
Sample (24 h m?) 24 h 100 kPa) using food simulants is under investigation as function of
composition and irradiation dose and will be reported in a
PLA 573 2.23=0.22 forthcoming paper.
PLA1 kGy 519 1.61+0.01
PLA 10 kGy 539 1.78+0.04 CONCLUSIONS
PLA/D67G 1% 458 1.76=0.01 The goal of this project was to develop new films based on
PLA/D67G 1%_1 kGy 441 1.52+0.01 PLA and MMT with improved barrier and mechanical prop-
PLA/D67G 1%_10 kGy 455 1.64+0.08 erties. These were designed for use with foods being proc-
PLA/D67G 3% 385 1.52+0.03 essed with eBeam technology for shelf-life extension,
PLA/D67G 3% 1 kGy 358 1.43+0.09 phytosanitary treatment, and pathogen elimination. Hence,
PLA/D67G 3% 10 kGy 390 158+005 only doses <1 and <10 kGy were employed. Nanocomposite
PLA/D67G 5% 380 152+007 films were prepared at 1, 3, and 5% by weight of clay and
PLA/DG7G 5%.1 kGy 374 146+ 0.01 exposed to target eBeam doses of 1 and 10 kGy. The samples
- were characterized by WAXD, TEM, ATR, SEM, DSC, TGA,
PLA/D67G 5%_10 kGy 403 1.63+0.08
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tensile properties, and barrier properties before and after
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eBeam irradiation at 1 and 10 kGy. The results show that the
process of extrusion and subsequent calendering used to pre-
pare the films was able to create a homogeneous dispersion
of the filler in the organic matrix, with a relevant intercala-
tion of PLA into the clay galleries. Moreover, it was observed
that PLA properties are influenced by the addition of clay
and by eBeam irradiation treatment. In particular, it was
found that after eBeam exposure, the samples showed some
surface irregularities, increases of T, and Young modulus,
and decrease of oxygen permeability. These results were
attributed to the presence the clay which creates a tortuous
path for oxygen migration through the film, to cross-link
formation following eBeam exposure, and to increase in
crystallinity following the addition of clay and the eBeam
processing. These results lead to the conclusion that the
PLA-based nanocomposites not only offer improved barrier
and mechanical properties with respect to the pure PLA but
also can be customized for different applications that are
needed in the food processing industry.*’
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