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ABSTRACT: Poly(ethylene terephthalate) (PET) is one of the polymers
most widely used in the packaging industry. However, it is highly desirable
to enhance its barrier properties for applications, such as carbonated drinks
and other rigid and flexible packaging applications. The nanocomposites
route offers unique possibilities to enhance the properties of this material,
provided that adequate thermally resistant and legislation complying nano-
additives are used. This study presents novel PET nanocomposites with
enhanced barrier properties to oxygen, water, and limonene based on a new
specifically developed food-contact-complying highly swollen montmorillonite
grade, and, furthermore, presents and discusses morphological data. More-
over, given the current interest in the packaging industry to replace this
material by other biopolyesters, a comparative barrier performance of PET
nanocomposites versus that of biopolymers, such as poly(lactic acid) (PLA),
polyhydroxyalkanoates (PHB, PHBV), and polycaprolactones (PCL) and
their corresponding nanocomposites is also reported.

KEY WORDS: PET, food packaging, composites, barrier properties,
biopolyesters.
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INTRODUCTION

OLY(ETHYLENE TEREPHTHALATE) (PET) is widely used due to its high

transparency, high dimensional stability, and good thermal and
mechanical properties. It is also frequently applied to produce fibers,
films, and packaging materials which require intermediate barrier
properties. Nevertheless, in many applications it is highly desirable to
further enhance some properties, such as barrier properties for food
packaging and beverages applications. A feasible way to do this is by using
nanocomposites containing layered phyllosilicates [1].

Poly(ethylene terephthalate)-montmorillonite (MMT) nano-
composites with enhanced barrier properties have been reported
previously in the literature. Some authors have reported ~25% oxygen
permeability reductions for PET + 1%MMT by using in sifu interlayer
polymerization [2]. More recently, some authors have even claimed to
obtain ~94% oxygen permeability reductions for PET +5%MMT
nanocomposites by using in situ polymerization [3]. Finally, ~50%
water vapor permeability reduction for PET-MMT nanocomposites by
melt blending in a rheometer was also reported [4].

Natural and organo-modified MMTs have thus been researched to
a significant extent as reinforcing materials for polymers due to their
high aspect ratio and unique intercalation/exfoliation characteristics by
several processing routes. The most useful route to prepare PET-MMT
nanocomposites is possibly the melt-compounding process because of its
cost effectiveness and its enabling immediate implementation by
converters using currently available processing machinery. However,
due to the high temperatures needed for processing PET, the PET
nanocomposites have become a major technological challenge due to
potential degradation of the clay’s organic modification during proces-
sing. In addition to this, legislation barriers are also imposing
restrictions for MMT additives, because most commercially available
organo-modified MMTSs are not currently allowed for food contact.

Poly(ethylene terephthalate) is also facing a substantial threat arising
from the increasing implementation of biodegradable and/or renewable
biopolyesters, such as poly(lactic acid) (PLA), polycaprolactones (PCL),
and polyhydroxyalkanoates (PHA). The reason for this is that
these materials have excellent and promising properties that
may replace conventional non-biodegradable polymers in a number
of applications, including packaging, automotive, and biomedical
applications [5].

The objective of this study was to characterize the morphology
and barrier properties of a novel food-contact-complying PET
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nanocomposite containing a ‘highly swollen’ organo-modified MMT
grade. The study also reports comparative barrier data of PET
and some biodegradable biopolyesters and of their corresponding
nanocomposites.

MATERIALS AND METHODS
Materials

The PET resin used was a film extrusion grade supplied by the
converter Neoplastica, Spain. No further details about the character-
istics of the materials were provided.

The bacterial PHB grade was purchased from Goodfellow
Cambridge Limited, UK, in powder form. The supplied PHB
material with density 1.25 g/em® is a melt-processable semi-crystalline
thermoplastic polymer made by biological fermentation from renew-
able carbohydrate feedstocks. A melt-processable semi-crystalline
thermoplastic polyhydroxybutyrate with 12mol% valerate (PHBV)
copolymer made by biological fermentation from renewable
carbohydrate feedstocks was also purchased from the same
manufacturer in pellet form.

The PCL grade FB100 was supplied in pellet form by Solvay
Chemicals, Belgium. This grade has a density of 1.1 g/em® and a mean
molecular weight of 100,000 g/mol.

The semicrystalline PLA used was a film extrusion grade manufac-
tured by Natureworks, USA (with a D-isomer content of ~2%). The
molecular weight had a number-average molecular weight (M) of
~130,000 g/mol, and the weight-average molecular weight (M,,) was
~150,000 g/mol.

A highly swollen food-contact-complying Nanoter™ 2000 grade based
on modified MMT was supplied by NanoBioMatters S.L., Spain.
No further details on sample surface modification were disclosed by
the manufacturer. The Nanoter ™ grade was characterized to be a very
fine white powder with an average 3 p particle size. When the Nanoter
2000 grade was used with PHB and PHB/PCL resins, due to
extensive hydrolytic degradation of the biopolymer, the compounds
were extremely soft and thus of no use in packaging applications.
Therefore, for the PHB and PHB/20% PCL nanocomposites a second
food-contact-complying phyllosilicate grade called Nanoter™ 2212
based on an organophilic surface modified kaolinite [6] supplied by
NanoBioMatters S.L., Spain, was used.
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Preparation of Nanocomposites

Prior to mixing, PET was dried at 60°C, under vacuum for 24 h to
remove sorbed moisture in an oven under vacuum. PHBV, PLA, and
PCL were dried at 70, 70, and 50°C, respectively. The polymers as well
as the nanocomposite blends were prepared by melt-blending in an
internal mixer (16cm?® Brabender Plastograph) for 4min at 260°C
for PET and for 5min at 175°C for PHBV, PLA, PHB, and
PHB/20% PCL. The mixer was run at 60 rpm. The batch was manually
removed from the mixing chamber and allowed to cool to room
temperature in air. The resulting material was dried at the above-
mentioned conditions. The samples were compressed into sheets
(0.7 and 0.1 mm thick) in a hot-plate hydraulic press as follows:

e PET at 255°C and 2 MPa for 2 min.
e The biopolymers at 175°C and 2 MPa for 4 min.

The PET polymer sheets were crash cooled from the melt by rapid
immersion in an ice bath. The biopolymer sheets were allowed to cool
to room temperature under pressure. All the measurements and
experiments were carried out on these polymer sheets.

The nanobiocomposite samples clay loading was 5wt% unless
otherwise stated.

Oxygen Transmission Rate

The oxygen permeability coefficient was derived from oxygen
transmission rate (OTR) measurements recorded using an Oxtran
100 equipment (Modern Controls Inc., Minneapolis, MN, US). During
all experiments temperature and relative humidity (RH) were held at
24°C and 0% RH and at 24°C and 80% RH. Relative humidity of
80% was generated by a built-in gas bubbler and was checked with
a hygrometer placed at the exit of the detector. To avoid sample
humidity equilibration during the actual OTR test at 80% RH and
the subsequent fluctuations on barrier during the test, the samples
were preconditioned at this RH by storage in a desiccator set at this
RH by an appropriate salt solution. The samples were then purged
with nitrogen for a minimum of 20h prior to exposure to a 100%
oxygen flow of 10mL/min, and a 5cm? sample area was measured by
using an in-house developed mask. The permeability (P) coefficient
was estimated from the steady-state OTR curve versus time.
The samples were measured at least in duplicate and the data
quoted corresponds as usual in permeability testing of non-industrial
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samples to the lowest permeability value measured, as the scatter
was rather small for the duplicates.

Gravimetric Measurements

Direct permeability to d-limonene of 95% purity (Panreac Quimica,
Spain) was determined from the slope of the weight loss—time curves at
24°C and 40% RH. The films were sandwiched between the aluminum
top (open O-ring) and bottom (deposit for the permeant) parts
of a specifically designed permeability cell with screws. A Viton rubber
O-ring was placed between the film and the bottom part of the cell to
enhance sealability. Then the bottom part of the cell was filled with the
permeant and the pinhole secured with a rubber O-ring and a screw.
Finally, the cell was placed in the desired environment and the solvent
weight loss through a film area of 0.001 m? was monitored and plotted as
a function of time. Cells with aluminum films (with a thickness of
ca. 10 n) were used as control samples to estimate solvent loss through
the sealing. The permeability sensibility of the permeation cells was
determined to be better than 0.01 x 10~ 3kg - m/s- m?- Pa based on the
weight loss measurements of the aluminum cells. Cells clamping
polymer films but with no solvent were used as blank samples to
monitor water uptake. Solvent permeation rates were estimated from
the steady-state permeation slopes. Organic vapor weight loss was
calculated as the total cell loss minus the loss through the sealing plus
the water weight gain. The tests were done in triplicate and average
values and standard errors are provided.

DSC Measurements

Differential scanning calorimetry (DSC) of PET and its nano-
composites was performed on a Perkin-Elmer (USA) DSC 7 thermal
analysis system on typically 7mg of material at a scanning speed of
10°C/min from room temperature to the melting point of the PET.
Before evaluation, the thermal runs were subtracted from similar runs
of an empty pan. The DSC equipment was calibrated using indium as
a standard. Typically one sample of each material was tested.

SEM Measurements
For scanning electron microscopic (SEM) observation, the samples

were fractured in liquid nitrogen and mounted on bevel sample holders.
The fracture surface of the different samples was sputtered with Au/Pd
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in vacuum. The scanning electron micrographs (Hitachi S4100,
Tokyo, Japan) were taken with an accelerating voltage of 10keV on
the sample thickness.

TEM Measurements

Transmission electron microscopy (TEM) was performed using
a JEOL 1010 (Jeol Ltd, Akishima, Japan) equipped with a digital
Bioscan (Gatan) image acquisition system. TEM observations were
performed on ultra-thin sections of microtomed nanocomposite sheets.

X-Ray Experiments

Wide angle X-ray experiments (WAXS) were performed using
a Siemens D5000D (Germany) equipment. Radial scans of intensity
versus scattering angle (20) were recorded at room temperature in the
range 2-28° (step size =0.03°, scanning rate =8s/step) with identical
settings of the instrument by using filtered Cu Ko radiation (A =1.54 A),
an operating voltage of 40kV, and a filament current of 30mA.
To calculate the clay basal spacing, Bragg’s law (A = 2dsinf) was applied.

RESULTS AND DISCUSSION
Morphology

Figure 1 shows scanning electron micrographs taken in criofractured
cross-section specimens of the samples. The SEM examination reveals
that a homogeneous distribution of the clays in the PET matrix and
good interfacial adhesion must have been achieved for 5wt% -clay
contents since no filler agglomerates and/or phase discontinuity can be
discerned in the reinforced sample by this technique.

Figure 2 shows a typical TEM picture taken on specimens of the PET
with 5wt% Nanoter nanocomposite where the clay particles can be
easily discerned. In nanocomposites, TEM and WAXS experiments are
often used to discriminate the morphology of the nanofiller dispersion,
since clay nanoparticles with high levels of dispersion, i.e., highly
fractured tactoids, cannot be usually discerned by conventional SEM
experiments. Figure 2 is representative of the morphology attained in
the nanocomposite and indicates that this specimen does indeed exhibit
a highly dispersed morphology consisting of exfoliated and some very
thin intercalated layered clay nanoparticles. From the figure, the filler
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Scanning electron micrographs (cross-section)

=

(@) - (b)

Figure 1. Scanning electron micrographs (cross-section): (a) melt blending of pure PET
and (b) melt blending of PET with 5% Nanoter content.

. 200 am
Figure 2. TEM photograph taken in a specimen of the PET + 5% Nanoter sample.

appears to be evenly dispersed across the matrix and remains in the
nanometer range in the thickness direction. The corresponding WAXS
patterns of the nanocomposite samples did not show evidence of the clay
basal peaks, suggesting further that a very high dispersion in terms of
intercalation and exfoliation of the filler has been achieved in the system
(see Figure 3). Curiously, it is observed that the smallest (in length) clay
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particles appear more exfoliated but fractured, whereas the intercalated
thicker particles are more prone to remain in larger sizes in the length
direction. It is well-known that a combination of appropriate surface
modification and high sheer forces in the melt during polymer
processing, such as these generated in typical twin screw extruders,
often lead to best results in terms of morphology in nanocomposites.
In spite of the fact that the current study made use of moderate sheer
forces in the processing of the nanocomposites to potentially reduce
processing-induced degradation in the systems, the morphology appears
to still be quite favorable.

X-Ray Experiments

Figure 3 shows the WAXS patterns of the neat PET, PET +5%
Nanoter, and of the Nanoter grade. The Nanoter MMT shows a basal
spacing of d001 =39.4 A, indicating that the latter clay is very effectively
swollen or expanded. The unmodified MMT was reported by the
manufacturer to have a d basal spacing of d001=11.9 A. Moreover,
the modified clay shows two more peaks, besides the most intense one at

12,000

----------- Nanoter 2000
PET

10,000 - _——— PET+5% Nanoter

8000

60001  *

Intensity (a.u.)

4000

2000 +

20

Figure 3. X-ray patterns of neat PET, PET + 5% Nanoter, and of the Nanoter powder.
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20 of 2.3°, at angles 4.6° and 6.9°. These diffraction peaks which decrease
in intensity with increasing 26 are associated to the second- and
third-order diffraction features of the clay, respectively. From the high
basal spacing results presented here, this highly swollen, ordered, and
stacked layered modified structure is thought to lead to more easily
dispersible clay morphologies in oil-based plastics. Figure 3 also
indicates that the PET + 5% Nanoter sample shows no clay peaks in
the range scanned as mentioned above, pointing that a high dispersion
of the clay has been promoted across the polymer matrix as was
anticipated by the TEM experiments.

Thermal Properties

Melting temperature (T,), heat of fusion (AH,,), glass transition
temperature (T), and heat capacity increment (ACy), corrected for the
clay content in the nanocomposite, were determined from the DSC first
heating runs of the samples. The data are presented in Table 1 for all the
samples. From the results, the enthalpy of fusion (calculated as the
difference between the melting enthalpy and the cold crystallization
enthalpy) appears to increase slightly in the PET + 5% Nanoter sample,
albeit the differences may not be significant taking into account the
error associated with the cold crystallization correction. The polymer T,
is higher in the nanocomposite and the jump in heat capacity is also
slightly higher. The overall results suggest that crystallinity is not
strongly affected in the PET + 5% Nanoter sample. Moreover, the
thermal resistance, i.e., T, of the polymer is enhanced by ~3°C with
the addition of Nanoter. In principle, crystallization of the nanocompo-
sites is positive from a barrier perspective, since crystals are typically
impermeable systems, but this may also impose additional rigidity and
hence fragility to the nanocomposites mechanical performance.

Mass Transport Properties

Figure 4 shows, as an example, the OTR curves at 0% RH of
the PET + 5% Nanoter sample and of the neat PET processed under

Table 1. DSC melting point, melting enthalpy, glass transition
temperate, and heat capacity.

Tm ((C)  AHm(J/9)  Tg(C)  AC, (J/g°C)

PET 245 18 69 0.3
PET-5% Nanoter 245 22 72 0.4
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Figure 4. Oxygen transmission rate curve of the pure PET and of the PET + 5% Nanoter
at 0% RH.

the same conditions. From this figure, it is seen that the equilibrium
transmission rate is higher in the unfilled blend than in the
nanocomposite indicating that a lower permeability is clearly reached
in the nanocomposite systems, and that the diffusion is clearly faster in
the unfilled blend. Table 2 shows the calculated oxygen permeability
coefficients, water permeability, and limonene permeability for the
samples of PET. From this table, it is seen that the oxygen permeability
of the nanocomposite of PET is reduced by ~55% at 0% RH in the
5% Nanoter compared to the pure PET sample. The table also shows
that at higher RH (80%), the oxygen barrier is somewhat lower in the
neat polymer compared to dry conditions and the permeability reduction
is ~35%. A previous study [8] reported that the oxygen permeability for
PET is of ~4.11 x 107 m® . m/s- m?- Pa when measured at 0% RH, a
value which is similar to the permeability measurement taken in the
laboratory.

Water and limonene direct permeability were also evaluated for
the PET and for their nanocomposites and are summarized in Table 2.
This table also shows water and limonene permeability measured in
samples containing 1wt% of clay. Films of PET with 1% wt Nanoter
have a limonene permeability decrease of 26% compared to the unfilled
material, but the sample with 5% wt Nanoter content has a reduction
in limonene permeability of ca. 68%. A reduction in water permeability
of ~43% is observed in the nanocomposite of PET with 1% wt Nanoter
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but films of PET with 5% wt Nanoter have a reduction in water
permeability of only 14%. The reason for the latter counterintuitive
behavior in the water permeability behavior could be related to the
inherent MMT clay hygroscopicity. Previous studies reported that the
PET limonene permeability is about 0.0000048 x 10 '3kg-m/s-m?-Pa
when measured at 23°C and 40Pa [7]. The reason for the large
disagreement with the limonene permeability data could be related to
the different origins of the two samples (extruded vs. un-oriented
compression molded specimens) and the fact that the polymer grade, the
test conditions used, and the differences in partial pressure used for
testing were largely different. Since the differences in partial pressure
gradient used for testing was much smaller than the ones reported here,
the sample is expected to be much less plasticized by the component
ingress. On the other hand, the PET water permeability was earlier
reported to be about 0.028 x 10~ **kg-m/s- m?.Pa when measured at
37.8°C and 100% RH [9], a value which is similar to the one measured in
the laboratory. This is likely to be so because the test conditions were
more alike for the evaluation of the transport properties of this
permeant.

Figure 5 shows the comparative oxygen permeability data for PET and
several thermoplastics biopolymers and their nanocomposites at 0%RH.
Further details about the biopolymers morphology, thermal and
mechanical and other relevant properties will be published elsewhere,
e.g., [6]. Table 2 also compares the barrier performance of these
biopolyesters and their corresponding nanobiocomposites. All the
biopolymer specimens were obtained by slow cooling from the melt
(unlike PET that was rapidly quenched) and thus had enhanced
crystallinity [6]. From the permeability results, only PHB and PHB
nanocomposites show lower oxygen permeability than the pure PET. The
PHB nanocomposite has the lowest oxygen permeability value of all
biodegradable materials, and becomes closer to the PET nanocomposite.
The PHB/20% PCL nanocomposite also shows lower oxygen permeability
than the pure PET. The biodegradable materials (PHBV and PLA)
have higher oxygen permeability compared to PET, and their nano-
biocomposites have better oxygen barrier than the neat biopolymers.

Figure 6 compares water and limonene permeability for PET and
biodegradable polymers and their nanocomposites. Table 2 also
compares the vapor barrier performance of the biopolyesters and their
corresponding nanobiocomposites. PHB and the PHB nanocomposite
show better water and aroma (limonene) barrier compared with PET.
The PHB nanocomposite has the lowest water permeability and
the limonene permeability values of it are much lower than that of
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PHB/20% PCL+5% Nanoter

PHB/20% PCL

PHB+5% Nanoter

PHB

| PHBV+5% Nanoter

| PHBV

| PLA+5% Nanoter

| PLA

PET+5% Nanoter

PET

0.0 5.0e-19 1.0e-18 1.5e-18 2.0e-18 2.5e-18
0, Permeability(m®- m/m?.s - Pa)

Figure 5. Pure PET, PET + 5% Nanoter, and biopolyesters with their nanocomposites
containing 5 wt% Nanoter oxygen permeability at 0% RH.

the PET nanocomposite. The PHBV nanocomposite has water
permeability similar to the neat PET and the limonene permeability of
this nanocomposite is also close to that of the neat PET.

In summary, the PHB and PHB/20% PCL nanobiocomposites show the
best barrier properties of all biopolyesters. These materials additionally
show lower water and limonene permeability than both pure PET and the
PET nanocomposite. For oxygen permeability the PET nanocomposites
show the best barrier performance of all the materials considered.

CONCLUSIONS

This study demonstrates that the oxygen, limonene, and water
barrier of PET can be improved by blending with 5wt% or less of
the novel food-contact-complying highly swollen MMT system used.
The permeability was seen to generally decrease with increasing
MMT content, as would be expected. This effect is thought to be chiefly
ascribed to the clay platelets, which are thought to promote increased
tortuosity (r) or detour factors in the diffusion of the materials and,
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I Limonene permeability

PHB/20% PCL+5% Nanoter 1 Water permeability

PHB+5% Nanoter
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PET+5% Nanoter
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Figure 6. Limonene and water permeability of pure PET and PET + 5% Nanoter and of
the biopolyesters and their nanocomposites containing 5wt% Nanoter.

therefore, lead to lower permeability. This work also suggests that the
PHB and the PHB/PCL blend nanobiocomposites show better water,
aroma (limonene), and oxygen barrier than pure PET. Nevertheless, the
PET nanocomposites’ oxygen permeability is the lowest of all materials
considered.

The nanoclay dispersion is known to have a strong role in the barrier
properties. Thus, exfoliated systems with platelet orientation in the flow
direction are expected to yield optimum barrier performance.
Crystallinity also plays an important role in promoting barrier
properties; however, since crystallinity was not seen to increase
significantly in the PET system studied here, the observed permeability
reduction is therefore directly ascribed to the highly dispersed clay
morphology in the polymer.
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