
Nanoscale

PAPER

Cite this: Nanoscale, 2015, 7, 4443

Received 7th December 2014,
Accepted 3rd February 2015

DOI: 10.1039/c4nr07228f

www.rsc.org/nanoscale

Boron nitride nanosheets as barrier enhancing
fillers in melt processed composites†
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In this work we have used melt-processing to mix liquid-exfoliated boron–nitride nanosheets with PET to

produce composites for gas barrier applications. Sonication of h-BN powder, followed by centrifugation-

based size-selection, was used to prepare suspensions of nanosheets with aspect ratio >1000. The

solvent was removed to give a weakly aggregated powder which could easily be mixed into PET, giving a

composite containing well-dispersed nanosheets. These composites showed very good barrier perform-

ance with oxygen permeability reductions of 42% by adding just 0.017 vol% nanosheets. At low loading

levels the composites were almost completely transparent. At higher loading levels, while some haze was

introduced, the permeability fell by ∼70% on addition of 3 vol% nanosheets.

Introduction

Since the discovery of the exotic properties of graphene,1 two-
dimensional (2D) nanomaterials have attracted renewed inter-
est with this field becoming one of the most active areas of
materials science. The study of 2D materials was originally
dominated by research into clays2 and later oxides3 but now
extends beyond graphene4 to materials such as hexagonal
boron nitride (h-BN),5 transition metal dichalcogenides
(TMDs)6,7 and other more exotic 2D materials such as phos-
phorene8 and germanane.9 The common feature of these 2D
materials is that they have strong in-plane covalent bonds
within each sheet but interact with each other via weak out-of-
plane, van der Waals bonds. This generally leads the sheets to
stack into 3-dimensional bulk crystals. Today, 2D nanomater-
ials can be produced by micromechanical cleavage of such
layered crystals10 or bottom-up growth by methods such as
chemical vapor deposition.11 However, these routes are un-
suitable for many applications, such as electrodes for electro-
chemical energy storage and catalysis or as fillers for
composites, where large quantities of material are required.7,12

For such applications, where considerable masses of
material are required, possibly the most appropriate method
for producing 2D nanosheets is by liquid phase
exfoliation.13–36 This process involves the sonication14,15 or

shearing33,36 of layered crystals in certain solvents or surfac-
tant solutions, leading to large amounts of 2D nanosheets
which are stabilized against aggregation by interactions with
the liquid.37 This is a general approach and has already been
employed to produce mono- or few-layer nanosheets of a
number of layered crystals, such as graphene, h-BN, MoS2,
WS2, MnO2 and MoO3. In fact, liquid phase exfoliation is
expected to be applicable to any layered materials where the
layers are stacked predominately by van der Waals bonds.

Liquid phase exfoliation has a number of advantages in
that it is cheap, simple, versatile, and amenable for scale-
up.33,36 It gives suspensions of 2D nanosheets which can be
easily processed into thin films, composites, hybrids and a
range of other structures. An important feature of liquid phase
exfoliation is that it can produce high-quality defect-free 2D
nanomaterials in large quantities. Because this process does
not induce basal plane defects, the electronic and mechanical
properties of the 2D nanosheets are largely preserved. This
allows the nanosheets to be used for a range of applications,
such as optoelectronics, electrochemistry and eletrocatalysis.7,32

Nanosheets produced by liquid phase exfoliation typically
have lengths of 100–2000 nm but thicknesses of ∼1 nm, result-
ing in extremely high-aspect-ratio with values beyond 2000
reported.38 This suggests 2D nanomaterials will become valu-
able components in polymer composites as reinforcing or con-
ductive fillers or as barrier enhancing agents. For example,
monolayer graphene displays the highest thermal conductivity,
the highest mechanical stiffness and extraordinary electronic
transport properties.1,39–42 These properties have been har-
nessed to develop novel graphene-filled composite materials
with improved thermal, mechanical and electrical
performances.38,43–45
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One of the most important applications of 2D fillers in
polymer-based composites are as barrier materials to reduce
the permeability of the material to gases. Here, high aspect
ratios are particularly important as the 2D filler acts as a physi-
cal barrier to diffusing gas molecules: the larger the aspect
ratio, the more the gas molecule is slowed down and the
bigger the permeability reduction.46 Due to their low cost,
high aspect ratio and low toxicity, nanoclays have been well-
studied as barrier-enhancing fillers for polymers. Adding a
small fraction of nanoclay has been shown to improve the
barrier properties of polymer materials.2,47,48 Although several
commercial polyamide-nanoclay products have been launched,
it is still a great challenge to obtain full exfoliation of nanoclay
in most other polymer materials when employing convention-
al processing techniques. This markedly restricts the poten-
tial for barrier enhancement of polymers using nanoclays.
Even fully exfoliated nanoclays in polyamide have aspect
ratios lower than 100.47 This limits the performance and
increases the amount of nanoclay required to achieve a given
permeability reduction. For example, it is common for
at least 5 wt% nanoclay to be required to reduce the gas
permeability by ∼40%.48

Due to its inherent impermeability to gases, graphene has
been utilized as a barrier enhancer in polymer composites.49,50

Compared to nanoclays, graphene nanosheets tend to have
larger aspect ratios, giving them a distinct advantage in areas
such as permeability reduction. Hexagonal BN is isostructural
with graphene and can be exfoliated in a number of ways,51,52

including by liquid exfoliation,12,14,24 to give high aspect ratio
nanosheets which are impermeable to gases.53 Recently, it has
been reported that solution processing can be used to mix
h-BN with a range of materials, including gelatin, cellulose, chit-
osan and soy protein,54–57 resulting in improvements in their
barrier properties. In fact, exfoliated h-BN nanosheets (BNNS)
are a very attractive additive for barrier composites because
their wide bandgap and insulating nature. Because of these
properties, it may be possible to decrease the permeability
without affecting the optical or electrical properties of the
plastic, factors which will be important in certain applications.
In addition, the exceptional mechanical properties of h-BN
mean that the resultant composites may even have enhanced
strength and stiffness compared to the base polymer.12,58

Importantly for real applications, the achievable production
rate for BNNS has been steadily increasing with batches of up
to 20 g produced recently.52

However, for real applications, it will be important to
produce barrier composites by melt, rather than solution, pro-
cessing. While melt-processable BN-polymer nanocomposites
have recently been reported,59 as far as we know, there is no
report describing h-BN as a barrier enhancer in melt processed
thermoplastic materials. In the present work, liquid phase
exfoliated BN nanosheets have been dispersed into poly(ethyl-
ene terephthalate) (PET), a plastic material used in packaging
industry, by simple melt-processing. The resultant composites
have significantly enhanced oxygen barrier properties com-
pared to PET.

Results and discussion

It is well known that the gas barrier properties of polymer com-
posites filled with 2D materials strongly depend on the volume
fraction and the aspect ratio of fillers.46 In these systems,
addition of nanosheets reduces the permeability because the
time it takes for gas molecules to diffuse through the film is
increased relative to the pure polymer. This is because gas
molecules have to follow a “tortuous path”, diffusing around
the nanosheets.46 As the degree of tortuosity increases with
the nanosheet aspect ratio, it is important to maximise the
length while minimising the thickness of the nanosheets
used.

In this work we used standard liquid exfoliation pro-
cedures14 (see methods) to produce dispersions of BNNSs in
the solvent N-methyl-pyrrolidone. We then used a controlled
centrifugation protocol13,60 to remove the small nanosheets
in the dispersion leaving us with only larger nanosheets. To
assess the dimensions of the exfoliated, size-selected BNNS,
transmission electron microscopy, coupled with statistical
analysis, was used. Typical images of nanosheets are shown
in Fig. 1A–C. These images clearly show few-layer nanosheets
with large lateral sizes from hundreds of nanometers to
several micrometers, typical of liquid exfoliated BN.12,58 We
measured the length, L, of ∼100 nanosheets by statistical ana-
lysis of TEM images. The length data is presented as a histo-
gram in Fig. 1D and the mean length of BNNS is ∼1.7 µm.
Careful inspection of the flake edges16 allows the estimation
of the number of layers per nanosheet, N, as shown in
Fig. 1E. The average thickness of BNNS is ∼4–5 layers. This is
consistent with the thickness of BN nanosheets produced
previously by sonication-exfoliation.12 Then the mean aspect
ratio of BNNS can be estimated to be ∼1040. This value is in
line with our previous data of BNNS12,58 and slightly below
some values reported for liquid exfoliated graphene.38,60

However, importantly, it is considerably higher than
aspect ratios usually reported for clays used in composite
applications.61

In this work, we opted to produce BN-polymer composites
by melting mixing. This is the most common mixing process
in the plastics industry and is commonly used to blend
different polymer materials or to disperse additives into
polymer matrices. Melt mixing is considered a particularly
appealing approach to the development of polymer nano-
composites due to its versatility, its compatibility with current
polymer processing techniques and its environmentally
benign character (no solvents are used). The process involves
mixing the molten polymer with fillers under shear. When
mixing composite materials, the main challenge is to maxi-
mise the dispersion of the filler, ideally resulting in isolated
filler particles, surrounded by polymer matrix. We note that
for making oxygen-hermetic composites, melt processing is
expected to perform better than solution processing. Due to
drying or solvent trapping effects, solution processing may
induce pores/channels in the resultant composites resulting in
a deterioration of the barrier performance.
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Previously, we showed that graphene can be dispersed
easily into polymer melts when using reaggregated graphene
powder as a graphene source.33,62 Thus, to facilitate compo-
sites fabrication by melt mixing, the solvent was removed from
the exfoliated BNNSs to give a dry, weakly bound, re-aggregated
powder. Such powder are known to be very easy to re-exfoliate
in liquids63,64 and, as mentioned above, can be dispersed in
polymer melts under shear reasonably easily.33,62

In addition to the materials used, the melt processing con-
ditions are very important for the good dispersion of fillers in
polymer matrix. To facilitate the dispersion of BNNS in molten
PET, we used a combination of medium and high rotational
speeds and appropriate residence time (see details in
Methods). Optimum conditions were found during a set of
preliminary experiments. The processed compounds were
compression moulded into thin films with thickness between
20 and 80 µm. An ice/water bath was used to inhibit crystalliza-
tion of PET and benefit the formation of transparent films.

Fig. 2A shows the appearance of the PET and PET/BNNS
film strips with the indicated volume fractions. They have the
same thicknesses of ∼20 µm. Visually, all the films are trans-
parent, even at the highest loading of 3.0 vol%, although at the
higher BNNS loadings some degree of haze could be seen.
However for the very low loading levels, the optical properties
were excellent: visually there is very little difference between
the composite film with a loading of 0.057 vol% BNNS and the
pure PET film. To quantify their optical properties, the films
were further characterized using UV-Vis with their trans-
mission spectra shown in Fig. 2B. Shown in Fig. 2C is the
transmittance, measured at 550 nm, plotted versus the BN
volume fraction. While the pure PET exhibits light trans-
mission of 86.5% at 550 nm, the composite film with 0.057 vol%
BNNS has transmittance of 85%. The transmittance falls
steadily with addition of BN, reaching 60% at a volume frac-
tion of 1.0 vol% BNNS. This can be compared with over 50%
loss in light transmittance of polymer film in the presence of
only 0.02 vol% graphene sheets.49 Here, the transmittance
falls slowly with BN loading level because the very wide
bandgap of BN means that no light is absorbed in the visible
region, although some light scattering does occur.14 This will
be a great advantage in plastic packaging industry for appli-
cations where transparency is needed. We can quantify the
transmittance reduction using the Lambert–Beer law which
can be expressed as T = Tpoly10

−εCl where ε is the BN extinction

Fig. 2 Composite films. (A) Photograph of composite films with a range
of BN volume fractions. (B) Transmission spectra for PET/BN composites
of a range of volume fractions (see legend). (C) Transmittance at 550 nm
as a function of BN volume fraction. This data is consistent with a BN
extinction coefficient of ε550nm = 310 ml mg−1 m−1. (D-E) He ion micro-
graphs of fracture surfaces of (D) a 3 vol% and (E) a 0.85 vol%
composites.

Fig. 1 Exfoliated nanosheets. (A–C) TEM images of exfoliated BN
nanosheets. (D–F) Histograms showing (D) nanosheet length, (E)
nanosheet thickness and (F) nanosheet aspect ratio. The mean values
are given in the panels. In each case, ∼100 nanosheets were measured.
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coefficient [ml mg−1 m−1], C is the BN concentration in the
matrix [mg ml−1] and l is the film thickness. The concentration
is related to the volume fraction by ϕ = C/ρ allowing us
to write:

T ¼ Tpoly10�ερlϕ

This expression fits the data well and is consistent with a
BN extinction coefficient of ε550 nm = 310 ml mg−1 m−1 (using
ρ = 2.37 g cm−3 as specified by the manufacturer). This is
reasonably close to the value of 470 ml mg−1 m−1 which can
be inferred from published data14 for liquid dispersed BNNSs
(550 nm). The difference is probably due to the fact that the
scattering cross section of nanosheets is known to be size
dependent.13

To confirm the dispersion state we analysed the interior of
the composites by Helium ion microscopy of the fracture sur-
faces. Shown in Fig. 2D is an image of a fracture surface of a
3.0 vol% composite. Large number of BNNS can be seen pro-
truding throughout the whole fracture section. Fig. 2E clearly
shows few-layer flakes protruding from the polymer. This data
implies the dispersion state of BNNSs to be very good in these
composites. TEM examination of ultramicrotomed samples
(see ESI, Fig. S4†) confirm good dispersion, at least for low
volume fractions. Previously, He ion microscopy has revealed
extremely good nanosheet alignment in BN-filled polymer
composites.12 Fig. 2D is consistent with the nanosheets being
partially aligned. This is supported by X-ray diffraction studies
(see ESI, Fig. S5†) which suggest the nanosheets to be some-
what aligned in the plane of the film.

The PET/BNNS composite films are expected to have prom-
ising gas barrier properties, due to the good dispersion of
BNNS in the PET matrix, the expected impermeability of the
BNNSs and their reasonable large aspect ratio. Generally gas
transport in polymer films is controlled by both the solubility,
S, and the diffusivity, D, of the gas and is described by the per-
meability, K where K = SD. In this work, we measured the
oxygen transmission rate (OTR) as a function of time with
typical experimental data shown in Fig. 3A for films of PET
and three PET/BNNS composites. Initially, the OTR increases
sublinearly with time, reflecting nonsteady-state diffusion,
before saturating after longer times. The initial portion of the
curve is determined by the diffusivity while the steady-state
OTR is determined by the permeability. It is clear from this
data that the addition of BNNSs has a strong effect on both the
non-steady-state and steady-state regions and so both D and
K. We calculated the permeability from the steady state
portion of the curves using K = d × (OTR)steady-state, where d is
the mean film thickness.

Fig. 3B presents permeability plotted as a function of BN
volume fraction. The permeability of the neat PET was 5.72 ×
10−10 cc cm/(cm2 s atm) close to accepted literature values of
5.36 × 10−10 cc cm/(cm2 s atm).65 The permeability falls
sharply at very low ϕ and then more gradually at volume frac-
tions above ∼0.03 vol%. At our highest loading of BNNS (3 vol%),
there is a 70% decrease in the O2 permeability relative to

the polymer. We note that incorporation of just 0.017 vol%
BNNS reduced the permeability by 42% relative to pure PET.
Importantly, at this loading level there is a negligible reduction
in light transmittance (Fig. 2A).

A number of models have been proposed to describe the
dependence of composite permeability on nanosheet aspect
ratio and volume fraction.46 Of these, the simplest is the
model of Nielsen66 which predicts:

K ¼ KPoly
ð1� ϕÞ

1þ Lϕ=2t
ð1Þ

where L and t are the mean nanosheet length and thickness
respectively. As shown in Fig. 3B the Nielsen model described
the initial fall in permeability only if a BNNS aspect ratio of L/t
= 10 000 is assumed. This is considerably higher than the
measured value of L/t = 1040 and is certainly unrealistic. The
origin of this discrepancy is not currently understood. The
data begins to deviate from the theoretical line for ϕ ∼ 0.03 vol%.
The permeability at the highest volume fractions around 2–3 vol%
are consistent with a BNNs aspect ratio of L/t = 150. This
suggests that the slow saturation of permeability for volume
fractions above ∼0.03 vol% is associated with BNNS aggrega-
tion. In fact mechanical measurements (see ESI, Fig. S3†) show

Fig. 3 Barrier properties. (A) Oxygen transmission rate (OTR) plotted as
a function of time for films of PET (0%) and three BN/PET composites
with volume fractions of up to 3%. (B) Permeability as a function of BN
volume fraction. Shown for comparison are data from three papers
(PET/GO,50 PET/clay67 and PET/oclay,68 an organic content of 30 wt%
was assumed to estimate the organoclay volume fraction in ref. 68). The
lines represent theoretical predictions using eqn (1), assuming BN aspect
ratios of 10 000 and 100. (C) Diffusivity as a function of BN volume frac-
tion. The lines represent theoretical predictions using eqn (3) assuming
BN aspect ratios 10 000. Inset: Composite diffusivity, normalised to that
of the polymer, plotted vs. ϕ on a semi-log graph. (D) Solubility as a
function of BN volume fraction. The dashed line represent the behaviour
predicted by the Nielsen model (see text).

Paper Nanoscale

4446 | Nanoscale, 2015, 7, 4443–4450 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 0
5 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 T
ri

ni
ty

 C
ol

le
ge

 D
ub

lin
 o

n 
08

/0
4/

20
15

 1
4:

30
:5

1.
 

View Article Online

http://dx.doi.org/10.1039/c4nr07228f


the composite stiffness to increase with volume fraction up to
ϕ ∼ 0.02, after which the modulus falls. Such a fall off usually
denotes aggregation effects. For example, previous mechanical
measurements on solution processed BNNS/polymer composites
were consistent with an aggregation threshold of 0.15 vol%.12

We can compare this data to that reported for other nano-
composites produced by melt processing (data also shown in
Fig. 3B).67,68 Very recently, Wang et al. used aqueous clay slurry
mixing with molten PET to make PET/clay composites, observ-
ing 29% and 52% decreases in oxygen permeability at the clay
loading of 0.5 wt% and 2 wt%, respectively.67 However higher
loadings of clay did not result in further reductions due to
nanosheet aggregation. Frounchi et al. used a Nanolin organo-
clay to make PET/clay composites by melt processing and
obtained ∼45% decrease in oxygen permeability with 1 wt%
clay content.68 Similarly, further addition of organoclay in PET
did not improve the oxygen barrier properties. Recent work50

indicated that 38% decrease in oxygen permeability coefficient
of PET can be obtained with 1 wt% graphene sheets by solu-
tion processing. As shown in Fig. 3B, the BN/PET data
obtained here surpasses all of these results. However, we note
that much larger improvements may be possible. Al-Jabareen
et al. reported PET composites filled with graphite nanoplate-
lets (GNP) which showed oxygen transmission rates which
were reduced by 99% relative to the host polymer using only
1.5 wt% GNP.69 However, as the permeabilities were not
reported, this work has not been included in Fig. 3B. In
addition, we note that large permeability reductions can be
achieved, not by mixing the nanosheets into the polymer, but
by coating the nanosheets onto the polymer surface using
layer by layer assembly methods.70,71

We also calculated the diffusivity via a “half-time” method,
which is a modification of the conventional time-lag technique
and suitable for the measurement at atmospheric pressure.72

Under these circumstances, the diffusion coefficient is given by:

D ¼ d2

7:2t1=2
ð2Þ

where d is the film thickness (here expressed in cm) and t1/2
(in seconds) is the half of the time required to reach equili-
brium OTR. Fig. 3C shows the dependence of diffusion coeffi-
cient on the volume fraction of BN. It is very similar to that of
permeability curve (Fig. 3B) indicating that the permeability
reduction is indeed due to the introduction of tortuosity. In
Nielsen’s model, the diffusion coefficient is given by46

D ¼ DPoly

1þ Lϕ=2t
ð3Þ

Indeed this expression matches well with the sharp drop in
D as long as L/t = 10 000 is used, consistent with the per-
meability data. In order to more clearly see the effect of the
nanosheets on the diffusivity at low loading, we plot D/DPoly vs.
ϕ on a semi-log plot in the inset of Fig. 3C. This plot clearly
shows a steep reduction in diffusivity at very low nanosheet
loading levels, although the fall-off slows for volume fractions

above 0.035%. This behaviour is interesting as it emphasises
how effective high aspect ratio nanosheets can be at slowing
gas transport even at very low loading levels.

By combining the data for permeability with that of
diffusion coefficient, we can calculate the solubility. This is
roughly constant at ∼0.1 cc cm−3 atm−1 as plotted versus BN
volume fraction in Fig. 3D. The Nielsen model predicts the gas
solubility to vary very weakly with filler loading level: S = SPoly
(1 − ϕ).46 Indeed this expression is consistent with our data
within error as shown in Fig. 3D. It should be noted that, in
addition to our permeability data, our diffusivity and solubility
data for pristine PET are also consistent with the literature.65

In addition, to improving the barrier properties, the pres-
ence of BNNS brings additional advantages. For example,
addition of BNNS improves the thermal (Fig. S1†), thermal-oxi-
dative stability (Fig. S2†) and mechanical (Fig. S3†) properties
of its PET composites. We believe this combination of advan-
tages will be useful in a number of applications.

Conclusions

In summary, liquid phase exfoliation, coupled with centrifu-
gation-based size selection was used to produce BNNS with
aspect ratios of >1000. The solvent was removed and the resul-
tant reaggregated powder melt-mixed with PET to produce
composites films. Microscopy showed the nanosheets to be
well-dispersed in the matrix. The films were transparent and
of good optical quality, showing only very slight haze at low BN
content. We found the oxygen permeability to fall rapidly at
low BN content but more slowly once the volume fraction
passed ∼0.2 vol%. A permeability reduction of 70% was
observed for a BNNS loading level of 3 vol%.

This data shows the permeability reduction to be associated
with suppression of diffusion, rather than the reduction of
solubility of O2. The diffusion coefficient is reduced due to the
introduction of tortuous paths on the addition of BNNSs to
the matrix.

We believe BNNS are potentially useful fillers for barrier
composites. Their impermeability, coupled with their poten-
tially high aspect ratios, makes them ideal for this application.
In addition, their large bandgap means that they do not con-
tribute to absorption of light while their insulating nature
means they will not affect the electrical properties of the
polymer. We believe the permeability of PET/BN composites
can be further reduced by using BNNS with higher aspect ratio
or by using post-stretching leading to better alignment of
BNNS in composites.58

Methods
Experimental procedure

Three grams of as-supplied boron nitride powder (H.C. Starck
GmbH h-BN, Grade A 01) was added to 60 ml of N-methyl-
pyrrolidone (NMP) in a 80 ml capacity, flat bottomed metal
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beaker. This mixture was sonicated for 48 h using a flat head
probe sonic tip (Hielscher UP200S). The beaker was connected
to a chiller for cooling the system during sonication. The resul-
tant dispersion was centrifuged (Thermo scientific, Model:
Heraeus Megafuge 16 Centrifuge, Rotor: TX-400 Swinging
Bucket Rotor with auto lock system) at 700 rpm for 45 min.
This results in the separation of small nanosheets (super-
natant) from larger nanosheets and unexfoliated crystallites
(sediment). The supernatant was decanted and the sediment
was re-dispersed in fresh NMP by bath sonication for 1 h. This
re-dispersed sediment was then centrifuged at 300 rpm for
20 min to remove any unexfoliated crystallites. This results in
a supernatant which contains the desired large nanosheets.
The collected supernatant was filtered through polyester
membranes (pore size 0.4 μm). The filtered material was
washed with isopropanol (IPA) and dried overnight in an
oven at 60 °C under vacuum. The size-selected, dried BN
powders were re-dispersed in IPA by mild bath sonication
(Branson 1510E-MT sonic bath) to give a stock dispersion at
concentrations of 2 mg ml−1. To assess the exfoliation state of
the dispersed BNNS and to measure their dimensions, a few
drops of this dispersion were dropped onto holey carbon
grids (400 mesh) and analysed using a JEOL 2100 TEM at
200 kV.

A food-grade poly(ethylene terephthalate) resin, commer-
cially known as CLEARTUF P82 (intrinsic viscosity = 0.80 ±
0.02) was obtained from Plastipak Italia Preforme SRL. PET
and PET/BNNS composites with a load varying from 0.017 vol%
to 3.0 vol% were melt compounded on a Brabender internal
mixer at 251 °C. The melt mixing was performed at first by
adding a part of PET pellets to the mixing bowl. The torque
increased to a very high value when the polymer started to
melt. Once the torque started to diminish, finely ground BNNS
powder was gradually added into the mixing bowl. When the
torque started to decrease again from the high value, the
remaining PET pellets was added to the mixer. Generally all
the materials were loaded into the mixer within 2 min. The
mixing was performed at an initial speed of 50 rpm for
4 min; then the rotor speed was raised to 100 rpm within
1 min and the compounding was conducted at this speed for
another 5 min. The overall batch weight was kept constant at
40 g. PET and PET/BNNS films were prepared by com-
pression molding in a hot press at 280 °C with a pressure of
40 kN. A DupontTM Kapton® polyimide film was placed
between two plates of the hot press to prevent adhesion.
After pressing, the samples were immediately quenched into
ice water. All PET raw materials and the prepared compounds
were dried at 120 °C overnight under vacuum prior to melt
processing.

Equipment

Optical transmission spectra were recorded using a Cary
Varian 6000i. Helium ion microscopy was performed on film
fracture surfaces with a Zeiss Orion Plus. All images were
acquired using an accelerating voltage of 30 kV and a beam
current of 0.5–1 pA. Secondary electrons produced by incident

helium ions are detected using an Everhart–Thornley detector.
This image signal was averaged over 32 or 64 line scans.
Charge compensation was achieved using an electron flood
gun.

Oxygen transmission rates (OTR) of pristine PET and PET/
BNNS composites films were measured using a Systech Illinois
instruments Model 8001 oxygen permeation analyser, which
employs the continuous-flow cell method approved by ASTM D
3985–05. Ultra high purity nitrogen was used as the carrier gas
at flow rate of 10 ml min−1 and pure oxygen was used as the
test gas at a rate of 20 ml min−1. The test area was 5 cm2 using
an aluminium mask. The test conditions were 23 °C, 0% rela-
tive humidity and 1 atm pressure. The instrument was cali-
brated at 23 °C with NIST approved 23 µm standard PET film
of known OTR values. Prior to the test, the films were con-
ditioned in nitrogen inside the cell for at least 24 h to remove
traces of atmospheric oxygen. The conditioning was continued
until a steady baseline was obtained where the oxygen flux
changed by less than 1% for a 30 min cycle. The permeability
(P) was calculated by multiplying the measured steady state
transmission rate by the average sample thickness. The solubi-
lity coefficient (S) was calculated using the equation: S = P/D.
At least two separate films were measured for each sample and
the averaged value was reported.
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