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Abstract

Semi-refined carrageenan (SRC) films are sensitive to moisture and generally

have poor mechanical properties. These factors limit their use in applications

where moisture levels are high and good mechanical strength is required. This

work investigated the incorporation of nanoclay (NC) into SRC film in combi-

nation with surface lamination using a thin layer of poly(caprolactone) (PCL)

to enhance the barrier properties and hydrophobicity of the SRC film and con-

currently improved the mechanical properties. The water vapor permeability,

moisture uptake, and water solubility decreased by 92, 24, and 11%, respec-

tively, and the water contact angle increased from 72� to 95�. The tensile

strength and elongation at break increased by 17.9 and 2.8%, respectively, and

the thermal stability also increased slightly. The PCL lamination was the main

contributor to the enhanced barrier and mechanical properties of the films,

whereas the NC inclusion contributed more to the enhanced thermal

properties.

1 | INTRODUCTION

An increasing trend in the use of eco-friendly plastics
over recent years has resulted in intensive research into
new biomaterials that can be used as substitutes for con-
ventional synthetic polymers.[1] Among these alternative
biomaterials, seaweed-derived bioplastics such as carra-
geenans have gained increasing attention, particularly in
food packaging applications.[2–4] This is mainly due to
the environmental sustainability, low cost, and the ethi-
cal considerations associated with competition with ter-
restrial crops for human food.[5] Two different grades of
carrageenan are typically used for the production of films
and these differ by the degree of refinement applied dur-
ing the extraction from the seaweed matrix. Semi-refined
carrageenan (SRC) is subjected to fewer refinement steps
and thus contains some residual impurities whereas in

refined carrageenan, most of the impurities are removed.
Regardless of the grade of carrageenan used, the hydro-
philic nature of films produced from this material
imposes some limitations on their performance in appli-
cations where they are exposed to moisture or water.[6,7]

Hydrophilicity can pose a critical problem in food
packaging applications since the major quality losses of
packaged foods are associated with water vapor and gas
transfer through packaging films.[8] In addition, the
inability of these materials to accommodate high water
content produce such as meats, fruits, and liquid prod-
ucts severely constrains their implementation in the
packaging of these food items. Plasticizers are usually
incorporated into carrageenan polymers to obtain desir-
able mechanical properties because films comprised
entirely of carrageenan are inherently brittle.[9,10] None-
theless, the addition of plasticizers is also well known to
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exacerbate the moisture sensitivity of polysaccharide
films.[11,12] To address this and other drawbacks, rein-
forcing nanoclays (NCs) and blending of hydrophobic
materials into carrageenan-based film have been studied
and have demonstrated positive outcomes.[13–15]

The inclusion of natural NCs into bio-based polymers
has been reported to successfully enhance the barrier and
mechanical properties of the produced films.[13,16,17]

Although hydrophilic NCs may increase the water
sensitivity of bio-based films, they are more compati-
ble with such polymers than hydrophobic NCs and
can therefore form a highly even dispersion (interca-
lation) within the matrix.[18] The enhanced barrier
properties can be explained by the tortuous confor-
mation of the clay particles that obstruct the penetra-
tion of moisture or oxygen passage through the
films.[16,19] In addition to this, Müller et al.[20] have
also observed that bio-based films containing a
hydrophobic type of NC have inferior water vapor
and mechanical properties compared with those that
contain a hydrophilic clay.

The incompatibility of hydrophilic polymers in blends
with hydrophobic substances has been a major constraint
in obtaining desirable products.[21] This often results in
poor dispersion within the mixture, and consequently
brings undesirable impacts to the films that are produced
such as agglomeration, poor optical properties, and/or
poor mechanical properties.[22–24] With regard to the lat-
ter, the mechanical property requirements of a given
packaging material depend on its specific application.
For example, semi-rigid food containers, in general, do
not require high elongation properties but need higher
tensile strength (TS) to ensure the structural integrity. In
the case of films, stretchability or high elongation at
break (EB) is often required, particularly in the case of
stretch-wrap films.[25]

An alternative to blending that can potentially
achieve better outcomes is layering or lamination of
hydrophilic films with a hydrophobic substance.[26]

Examples of common bilayer products that are readily
found in the global market include takeaway paper coffee
cups and food containers where a hydrophobic layer
(polymer film) is applied to be in contact with the food
product with this layer able to withstand water or high
moisture levels. The current barrier materials used in lay-
ering biodegradable packaging films commonly originate
from synthetic polymers such as poly(vinyl alcohol),
polyethylene, fluorocarbon polymers, or ethylene vinyl
alcohol copolymers.[27,28] Using such materials may bring
disadvantages in terms of their ecological aspects because
they are not readily biodegradable[29] and may not be
recycled due to difficulty in separating the layers.[30]

Poly(caprolactone) (PCL), an aliphatic polyester, is a

commercially available synthetic biodegradable polymer
with a crystallinity of around 50% and a low melting
point of 60�C.[31,32] Duarte et al.[33] used PCL as a barrier
layer for polysaccharide-based film and found the laminates
to be environmentally biodegradable. Poly(caprolactone)
also has high flexibility and films prepared by heat press-
molding have shown a TS of 33 MPa and an EB of more
than 1,100%.[34] Increase in the mechanical strength of pea
starch films has also been reported upon the incorporation
of PCL.[35,36]

In view of the desirable environmental and economic
benefits of using SRC as a substrate for food packaging
polymer systems, the current article investigated the pos-
sible enhancement of its hydrophobicity as well as its
barrier and physicomechanical properties by the incorpo-
ration of nanoclay (NC) in combination with surface lam-
ination using a thin layer of PCL. It is envisaged that an
improvement in these properties of SRC would enable its
use as a packaging material for high moisture-containing
foods in particular.

2 | EXPERIMENTAL

2.1 | Materials

SRC (E407a) derived from Eucheuma cottonii seaweed
was purchased from W-Hydrocolloids, Inc. (the Philip-
pines). The properties of the SRC include: powder size
<89 μm, moisture content of 12% (w/w), pH 8–11, aver-
age water gel strength at 1.5% (w/v)/20�C of 300 g cm−2,
average potassium gel strength at 1% (w/v)/20�C of
400 g cm−2.

Typically, carrageenan derived from E. cottonii sea-
weed has an average molecular weight (MW) of
ca. 614 kDa, and a composition of 50.1 mol% galactose,
43.6 mol% 3.6-anhydro-galactose, 4.3 mol% glucose,
0.9 mol% 6/4/0-O-methylgalactose, 0.9 mol% xylose, and
0.2 mol% mannose.[37] The maximum levels of heavy
metal impurities Pb, As, Hg, and Cd are 5, 3, 1, and
2 ppm, respectively. The total amount of rough impurities
after filtration through Grade 4 Whatman filter paper is
ca. 21% (w/w), comprised mainly of residual cellulose and
other elements.[37] Hydrophilic bentonite nanoclay
(MW = 180.1 g mol−1), PCL (MW = ca.14 kDa), glycerol,
and KNO3 (≥ 99.0%) were purchased from Sigma-Aldrich,
Australia. The choice of a hydrophilic NC was made in
order to achieve a high dispersion of the clay particles
within the matrix of the polymer. Milli-Q water was used
as a solvent for the SRC and NC, whereas tetrahydrofuran
(THF, ≥99.0%, Sigma Aldrich, Australia) and Mg(NO3)2
(Ajax Finechem, Australia) were used as a solvent in the
preparation of PCL and conditioning of the samples.
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2.2 | Film preparation

A solvent casting method was used in the preparation of
SRC films[11] whereby 5 g of SRC was dissolved in 250 ml
of deionized water at 22�C with vigorous stirring for
15 min to remove SRC agglomerates. Afterward, the solu-
tion was heated and maintained under stirring at 90�C
for 30 min before the plasticizing agent glycerol (2 g) was
added. The solution was then cooled for around 5 min to
remove bubbles or foam before it was poured evenly onto
rectangular acrylic casting trays (200 × 150 × 3 mm). The
film was allowed to dry at 22�C in a fume hood for 36 hr
before it was peeled away from the tray.

A second preparation of NC-reinforced SRC film
(SRC/NC) was performed using the method proposed by
Rhim[38] with some modifications. Relative to SRC, a
solution of 6% (w/w) hydrophilic bentonite NC was dis-
persed/swollen in 150 ml of water with constant stirring
for 24 hr at 45–50�C. The NC solution was then sheared at
20,000 rpm using a homogenizer (CAT Unidrive × 1000,
Germany) for 10 min, followed by a further 10 min of son-
ication at 80% amplitude and 50 Hz. Separately, 5 g of
SRC in 100 ml was prepared as described above and both
solutions were then mixed and stirred for 15 min followed
by heating at 90�C for 30 min. The glycerol addition and
casting procedure were similar to that used in the prepara-
tion of the SRC film (see above). The selection of 6% (w/w)
NC was based on a screening process whereby different
levels of NC were added and the TS tested (see Figure S1
in Supplementary Material). A level of 6% (w/w) NC
showed the greatest improvement with higher levels
resulting in lower TS values.

A third preparation of SRC and NC reinforced films
laminated with PCL (SRC/NC/PCL) was obtained by
pouring a 6% (w/w) PCL solution dissolved in THF onto
the upper surface of the SRC/NC films. The PCL solution
was poured evenly onto the surface of the dried films,
and the excess solution was immediately removed from
the film by holding the tray upright before the films were
left to dry at 22�C.

2.3 | Film conditioning and thickness

Prior to characterization testing and measurement, all
film samples were conditioned for 48 hr at 22�C in a des-
iccator containing saturated Mg(NO3)2 solution to obtain
a 53% RH environment. The thickness of each sample
was measured using a digital micrometer (Schut IP54,
The Netherlands) with a 0.001 mm precision. The thick-
ness measurements were used in the calculations of the
water vapor permeability and mechanical property
parameters.

2.4 | Barrier properties and water
resistance

2.4.1 | Moisture content

The moisture content of the films was measured by dry-
ing rectangular film samples (2 × 2 cm) in an air-
circulating oven at 105�C, until a constant dry weight of
each film was obtained.[39]

2.4.2 | Water vapor permeability

The water vapor permeability (WVP) measurements were
made using a method by Sobral et al.[40] Circular film
samples were placed on the lid of a permeation cup con-
taining silica gel to achieve 0% RH inside the cup. To
ensure adequate sealing, Vaseline was applied evenly
between the lip of the cup and its lid. The cups were then
placed on a tray in a desiccator under a saturated humid-
ity environment (100% RH) that was created by adding
water in the base of the desiccator, ensuring that the cups
were not in direct contact with the water. The desiccator
was maintained at 22�C, and the mass of each sample
cup was measured at 24-hr intervals for 7 days. The WVP
was calculated using the following equation:

WVP=
w
tA

� �
×

x
ΔP

� �
ð1Þ

where w is the mass of the sample cup at time t, A is the
exposed area of the film (cm2), x is the thickness of the
film (mm), and ΔP is the difference in the partial pres-
sures of water vapor (Pa) existing across the film. The
ratio w/t was calculated from the slope of the mass gain
versus time plot.

2.4.3 | Water contact angle

The water contact angle (WCA) was measured to observe
the hydrophobicity or wettability of the film surface using
a drop shape analyzer (Kruss DSA30S, Germany). To
achieve a flat surface during measurement, each film
sample was glued to the top of a glass slide and a 4 μl
water droplet was placed onto the surface of the film
using a micro-syringe. The PCL-layered surface of the
bilayer films was placed facing upwards against the water
droplet. The angle between the horizontal baseline of the
water droplet and the tangent at the droplet boundary
was measured using Advance 1.6.1.0 software. At least
10 measurements of each sample were taken at random
surface positions on the substrate to obtain the average.
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2.4.4 | Moisture uptake

The moisture uptake of the films was measured gravimet-
rically using a method in accordance with Rhim and
Wang.[14] Prior to the moisture sorption process, the film
samples (50 mm × 25 mm) were dehydrated at 60�C in
an oven for 48 hr. The samples were weighed using an
analytical balance with a precision of 0.0001 g and were
immediately placed in a desiccator containing a saturated
solution of KNO3 to obtain a 98% RH environment. The
desiccator was then placed in an incubator at 25�C for
24 hr after which the moisture uptake was calculated
based on the percentage mass gain compared to the origi-
nal mass of the sample.

2.4.5 | Film solubility

A modified method by Rhim and Wang[14] was used to
evaluate the water solubility (WS) of the film samples.
Square samples of film (12.7 mm2) were first dried at
105�C in an oven for 24 hr to determine their initial dry
mass. Each sample was placed in a 50 ml centrifuge tube
containing 30 ml of water and then capped. The tubes
were immediately placed in a 25�C shaker water bath
(Ratek SWB20D, Australia) for 30 min with constant,
gentle shaking. The mass of each undissolved, dry film
was determined by taking the remaining pieces of the
samples from the tube and gently blotting the wet surface
with absorbent tissue before drying in an oven at 105�C
for 24 hr. The WS of the film was calculated as the per-
centage ratio of the mass of soluble matter to the initial
mass of the sample:

WS=
WO−WF

WO
× 100 ð2Þ

where W0 is the initial mass of the dried film, and WF is
the mass of the final undissolved film.

2.5 | Mechanical properties

The mechanical properties of the SRC film samples were
measured in accordance with ASTM Method D882.[41] The
measurements were made using an Instron Universal
Testing Machine (Model 4301) coupled with a 5 kN load
cell with at least eight strip of film (100 mm × 15 mm)
taken from each sample to obtain an average value for
each of the properties. An initial separation between the
grips of 50 mm, at a cross-head speed of 10 mm min−1,
was used.[24] The mechanical properties were evaluated
based on the resulting stress–strain curves using BlueHill

Series IX software to obtain the TS, EB, and elastic modu-
lus (EM).

2.6 | Color and optical properties

The surface color of the film samples was determined
using a chroma-meter (Konica Minolta CR-400, Japan)
which measured the lightness (L*), redness/greenness
(a*), and yellowness/blueness (b*) parameters. Average
values were calculated from data taken at three random
positions on the film surface that were tested in triplicate.
A standard white plate (L* = 97.39, a* = 0.03, and
b* = 1.77) was used for calibration and as the base for the
films during measurement.

A UV–visible spectrophotometer (Biochrom Libra
S12) was used to evaluate the opacity of each film sample
by measuring the optical absorbance of the film at
λ = 550 nm. Three specimens (14 mm × 12.5 mm) were
selected from different locations on the film samples and
tested following the method by Gómez-Estaca et al.[42]

with slight modification. The film samples were placed
directly into the test cell of the spectrophotometer and an
empty cell was used as the reference. For the laminated
film samples, the PCL-layered surface was placed facing
toward the light source for consistency with regard to
any differences in light scattering between the two layers.
The opacity was calculated using the equation[13]:

Op=A550=x ð3Þ

where Op is the opacity, A550 is the absorbance of the
film at λ = 550 nm, and x is the thickness of the film sam-
ple (mm).

2.7 | Thermal analysis

The thermal stability of each film sample was investi-
gated by thermogravimetric analysis (TGA) using a
Mettler-Toledo TGA/DSC1 thermal analyzer (Mettler-
Toledo, Schwarzenbach, Switzerland). Samples weighing
8–12 mg were placed in an alumina crucible and were
heated from 30 to 400�C at a heating rate of 10�C min−1.
Nitrogen at a flow rate of 20 ml min−1 was used as the
purge gas during the heating.

2.8 | Structural analysis

Fourier-transform infrared (FTIR) spectra of the films were
recorded using a Perkin-Elmer Frontier FTIR spectropho-
tometer (PerkinElmer, Inc., Waltham, Massachusetts, USA)
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equipped with a diamond crystal attenuated total reflec-
tance (ATR) accessory. A small piece of film sample was
clamped onto the ATR crystal and the spectral transmit-
tance was measured within the range 4,000–600 cm−1

using an average of 64 scans, at 4 cm−1 resolution. For
the laminated film specimens, the surface of the PCL
layer was placed in contact with the ATR crystal. Data
processing was performed using Perkin-Elmer Spectrum
10 software.

2.9 | Scanning electron microscopy

Small sections of film samples were adhered to alumi-
num stubs using double-sided conductive carbon tape
and were then coated with iridium using a sputter coater
(Cressington, UK). In the case of the laminated films, the
PCL-layered surface was observed. Imaging of the sur-
faces of the films and cross-section analyses were con-
ducted using a Hitachi Tabletop (TM 3030 Plus) scanning
electron microscope (SEM) equipped with an energy dis-
persive X-ray (EDX) spectrometer. To observe the NC dis-
persion within the matrix of the film, silica spectra were
produced by EDX mapping using AztechOne software
(Oxford Instruments, UK).

2.10 | Statistical analysis

Statistical analyses of the experimental data were conducted
using IBM-SPSS Statistics 24 software. One-way analysis of
variance (ANOVA) was performed and the significance
among the mean values of sample properties was deter-
mined with the Duncan test at a 5% significance level.

3 | RESULTS AND DISCUSSION

3.1 | Morphological and physical
properties

The film samples were relatively uniform in thickness
and were flexible with a yellowish translucent surface. As

expected, the addition of NC slightly increased the film
thickness from 0.66 to 0.69 mm (see Table 1) with similar
results reported by Shojaee-Aliabadi et al.[13] and Rhim
and Wang[14] for κ-carrageenan films. Interestingly, the
PCL-layered SRC films showed a negligible change in
thickness in comparison with the unlayered films, thus
indicating the formed PCL layer was very thin.

Figure 1a shows the cross-sectional image of a lami-
nated SRC/PCL film where the PCL layer is 2–3 μm
thick. There is also no visible delamination (see
Figure 1a) indicating strong interfacial adhesion between
the SRC and PCL film layers. This adhesion may be initi-
ated by hydrogen bonding interactions between the car-
bonyl groups of the PCL and the hydroxyl groups of the
SRC and/or the plasticizer (glycerol). Similar hydrogen
bonding between PCL and polysaccharides has been
reported previously by Honma et al.[43]

The surface image of the SRC film (Figure 1b) shows
some segregated domains as well as the presence of
aggregated particles. These particles are mainly impuri-
ties commonly found in the raw SRC such as cellulosic
residues. The inclusion of NC in SRC film formulation
resulted in a rougher surface but with smaller domains
than those of the SRC film and irregular surface aggre-
gates (see Figure 1c). Impurities present in raw SRC may
interact with the NC particles during film preparation
and consequently cause agglomeration. These aggregates
may further impact upon the final physical-mechanical,
and barrier properties of the film.

In the case of the PCL laminated films, both the
SRC/PCL and SRC/NC/PCL films display similar surface
images as shown in Figure 1d,e, respectively. In the case
of the SRC films containing NC, larger, more regular
domains are observed compared with the neat SRC film,
thus making the surface appear smoother. The smooth-
ness of the surface is affected by the presence of NC in
the matrix that facilitates a rougher surface contour
thereby producing a stronger bond between the SRC and
PCL film surfaces. Additionally, the surface smoothness
might also be affected by the interaction between the
hydrophilic clay particles on the film surface with the
PCL polymer, which creates a more compatible interfa-
cial adhesion between the layers. Such a phenomenon

TABLE 1 Physical properties of the SRC/NC/PCL film formulations

Film samples Thickness (mm) Moisture content (%) L* a* b* Opacity

SRC 0.066 ± 0.001a 25.90 ± 0.76a 88.22 ± 0.15a 0.12 ± 0.04a 7.57 ± 0.21a 12.45 ± 0.37a

SRC/NC 0.069 ± 0.001c 23.87 ± 0.61b 86.90 ± 0.18b 0.21 ± 0.03b 9.68 ± 0.18b 13.67 ± 0.29b

SRC/PCL 0.066 ± 0.002ab 23.62 ± 0.72b 88.32 ± 0.32a 0.16 ± 0.03c 6.96 ± 0.32c 10.86 ± 0.37c

SRC/NC/PCL 0.068 ± 0.002bc 22.94 ± 0.94b 87.31 ± 0.20c 0.16 ± 0.03c 8.86 ± 0.39d 13.13 ± 0.59d

Note: Values are given as mean with one SD. Any two means in the same column followed by the same letter are not significantly different (p > .05) as

determined by a Duncan's test.
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has also been reported by Eng et al.[44] in an investigation
of hydrophilic clay/PCL blends.

The incorporation of the hydrophilic NC in the SRC
film formulation resulted in greater homogenous disper-
sion in comparison with a less hydrophilic type of NC
(see Figure S2 in the Supplementary Material). The dis-
persion of NC particles represented by the silica
elemental distribution showed a relatively even
dispersion over the surface of the SRC film shown in
Figure 1f. However, some clay particle aggregates are
also identified within the matrix and this aggregation
might be caused by an excessive concentration of NC in
the matrix of the SRC. Even though the addition of 6%
(w/w) of NC into SRC produces a film with optimum
mechanical strength, this concentration may have facili-
tated agglomeration.

Table 1 lists the film thickness, moisture content,
color, and opacity of the SRC film samples. Many of these
properties are important considerations for packaging
films and are particularly related to consumer acceptance.
The data suggest that the moisture content of SRC films is
significantly decreased (p < .05) by the inclusion of NC as
well as by PCL lamination. This behavior may be
explained by a reduction in the amount of available
hydroxyl groups in the structure of the SRC film that can
interact with water since these groups also interact with
the clay particles[13] and PCL molecules.

The incorporation of the NC into the matrix of the
SRC polymer increased the opacity of the film due to the
dispersion of particles through the matrix obstructing the
transmission of light.[45] The thickness of the SRC and
SRC/PCL-laminated films is similar (see Table 1) and the
optical density of the SRC is much greater than that of
the PCL. Whence the observed opacity difference
between these two films may be explained by the effec-
tive decrease in the optical path length of light through
the more optically dense SRC medium that is achieved
upon lamination.

The surface color of the SRC film was affected by the
NC incorporation and the lamination with PCL. The
incorporation of NC into the SRC resulted in a significant
decrease in the lightness (L*), redness/greenness (a*),
and yellowness/blueness (b*) values, whereas lamination
of SRC with PCL resulted in no significant change in the
lightness but an increase in the a* value and decrease in
the b* value (see Table 1). The decrease in lightness may
be a result of the NC incorporation into the SRC polymer
matrix rendering a matte finish to the film surface and a
subsequent enhancement of the natural yellowish tint of
SRC film. Similar observations of increased yellowness
were also observed in alginate and whey protein isolate
nanocomposite films reinforced with hydrophilic mont-
morillonite clay.[46,47] In comparison with clear transpar-
ent films obtained using refined carrageenan, the

FIGURE 1 Scanning electron micrographs and EDX images of SRC/NC/PCL film formulations: (a) cross-sectional image of SRC/PCL,

(b) SRC, (c) SRC/NC, (d) SRC/PCL, and (e) SRC/NC/PCL film; (f) EDX image of Si dispersion in SRC/NC film based on image (c). The

aggregation of some of the NC particles is indicated by the circles in image (f). Color image available online [Color figure can be viewed at

wileyonlinelibrary.com]
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yellowish appearance of SRC films may originate from
residual substances including glucan, insoluble aromatic
compounds, and minerals.[48]

3.2 | Moisture barrier properties and
hydrophobicity

Moisture barrier properties are among the more impor-
tant properties that must be considered when developing
films for food packaging applications. The WVP of any
polymeric film, for example, depends on the chemical
conformation and morphology of the polymer matrix, the
nature of the permeant film, and the temperature of the
surrounding environment.[49]

The WVP, moisture uptake, WCA, and WS values of
the different SRC film samples are shown in Table 2. The
results suggest that the WVP of the SRC substrate is
increased slightly upon the addition of NC to the formu-
lation but is considerably decreased, as expected, by the
addition of the PCL layer. In the case of the SRC/NC
film, the lack of improvement in WVP may be due to the
heterogeneous dispersion of the NC particles within the
matrix since some agglomeration occurs as described
above. This can lead to a less effective barrier to water
vapor transmission through the matrix. The results also
suggest that the hydrophobicity of the films increases
upon addition of NC and lamination of the SRC as indi-
cated by the lower moisture uptake values.

The WCA values indicate a slight decrease in hydro-
phobicity occur upon the addition of NC to the SRC pos-
sibly due to surface effects (see Figure 1c) caused by the
impurities in the formulation and which facilitate a
higher interfacial adhesion between the film surface and
the water drop. However, this effect is very much com-
pensated for by the PCL lamination of the SRC where a
considerable increase in the WCA values is observed.

The WS values also reflect the resistance of the film
formulation to water that may be present on the surface of
foods when the film is applied as a food
packaging medium, and may also reflect its inherent

biodegradability.[50] Also shown in Table 2, the WS value
was slightly increased respectively upon the incorporation
of the NC into the SRC film. This may be a result of the
inclusion of the hydrophilic NC rendering the film to be
more readily degraded in water. Similar behavior has also
been reported by Alboofetileh et al.[46] in alginate films
prepared using hydrophilic montmorillonite clay.

The seemingly unexpected decrease in the moisture
uptake from 49 to 45% that was observed when a hydro-
philic additive such as bentonite was added to the matrix
of the SRC can possibly be explained by an interaction
between the clay particles with SRC and glycerol in the
formulation. This occurs through ion–dipole interactions
between sodium ions in the NC and the hydroxyl groups
from the SRC and glycerol that reduce the availability of
hydroxyl groups that are capable of interacting with sur-
rounding water molecules. The overall effect thereby
results in a less hygroscopic film.[51]

The addition of NC alone did not alter the WVP con-
siderably; however, layering the films with PCL generally
improved the moisture barrier and surface hydrophobic-
ity. The PCL layer reduced the WVP and WS values by
ca. 19 and 10%, respectively, for the SRC/PCL samples
compared with the SRC samples and by ca. 22 and 17%,
respectively, for the SRC/NC/PLC compared with
SRC/NC films. The PCL layer also increased the WCA
values of the SRC and SRC/NC films to a value greater
than 95� (see Table 2). The enhancement of the water
barrier properties of the films would be beneficial in
protecting packaged foods affected by moisture content
or high water activity.[52] The overall moisture barrier
and water resistance improvement provided by the PCL
layer can be associated with its hydrophobic characteris-
tics that protect the SRC or SRC/NC film surface from
direct contact with any surrounding water. Moreover, the
PCL layer may reduce the number of hydroxyl functional
groups per unit volume or area in the SRC films that are
able to interact with water molecules from the environ-
ment.[35] The results of the present study are consistent
with the negligible moisture or water sorption reported
for other PCL-based films.[29,53]

TABLE 2 Barrier properties and hydrophobicity of the SRC/NC/PCL film formulations

Film samples WVP (g mm cm−2 hr−1 pa−1) (× 10−7) Moisture uptake (%) WCA (degree) WS (%)

SRC 10.47 ± 0.09a 49.07 ± 2.12a 72.17 ± 3.98a 49.12 ± 2.26a

SRC/NC 10.67 ± 0.03a 44.90 ± 1.55b 69.77 ± 3.79b 49.65 ± 1.80b

SRC/PCL 8.43 ± 0.45b 44.21 ± 1.15b 95.78 ± 2.82c 46.86 ± 0.97ac

SRC/NC/PCL 8.36 ± 0.48b 37.21 ± 1.84c 95.20 ± 2.45c 43.73 ± 3.76c

Note: Values are given as mean with one SD. Any two means in the same column followed by the same letter are not significantly different (p > .05) as

determined by a Duncan's test.
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3.3 | Mechanical properties

The mechanical properties of the film samples, namely
the TS, EM, and EB results, are shown in Figure 2. The
incorporation of NC into the matrix of the SRC matrix
had no significant effect on the TS but increased the EM
with a corresponding decrease in the EB value. The
incorporation of NC in the SRC increased the EM of the
film by 18.6% whereas the EB was decreased by 17.2%.
The increased value of EM can be associated with the
interactions between the polymer matrix and intercalated

clay particles resulting in a high aspect ratio and high
surface area through hydrogen bonds.[54,55] The reduction
in EB is attributed to the decreasing moisture content in
the SRC/NC film. Since water molecules plasticize the
SRC polymer matrix, decreasing the water content will
consequently increase the stiffness, and thus decrease the
EB.[51,56,57]

The PCL lamination of the SRC film increased the TS
and EM by 10.7 and 18.3%, respectively, but had no sig-
nificant effect on the EB. Moreover, the combination of
both NC reinforcement and PCL lamination ultimately
contributed to the highest enhancement in both the TS
and EM of the SRC film with respective increases in these
mechanical properties of 17.9 and 25.6%. There appears
to be a slight (2.8%) increase in the EB value however this
difference was found to be statistically insignificant com-
pared to the SRC control sample.

3.4 | Thermal properties

The TGA provides information about the effect of NC
incorporation and PLA lamination on the thermal stabil-
ity of the films. As shown in Figure 3, the mass loss dur-
ing thermal degradation for each of the films exhibited
similar behavior with three major stages of decompo-
sition. The initial decomposition occurred between
50 and 120�C with small, broad peaks (see the deriva-
tive, dTGA curves) that correspond to the evaporation
of bonded water within the films. The second mass
loss step occurred between 170 and 240�C and corre-
sponds to the volatilization of the glycerol plasticizer
from the polymer.[38] The third and final step occurred
at ca. 260�C and is attributed to the decomposition of
the SRC polymer chains as well as the commencement
of the PCL layer decomposition, which begins
at 265�C.

As displayed in Figure 3, both NC inclusion and PCL
lamination resulted in an increase in the thermal stability
of the SRC films with smaller mass losses observed than
those of the SRC control film. Furthermore, the incorpo-
ration of NC imparted a slightly higher stability than
PCL lamination, particularly during the first and second
stages of degradation. The migration of water, plasticizer,
and/or other volatilized compounds may be retarded by
the dispersed clay within the matrix due to the thermal
insulation properties of the clay, as well as the tortuous
pathway introduced by the NC platelets that can inhibit
the exudation of the molecules from the matrix.[58] Simi-
lar results have also been reported by Kumar et al.[59]

who found a significant delay in the mass loss of soy pro-
tein isolate films reinforced with NC during thermal
degradation.

FIGURE 2 TS, EB, and EM of SRC/NC/PCL film

formulations measured in accordance with ASTM Method D882.

Error bars represent the SD calculated at the 95% level of

confidence. The same letters above data bars indicate no significant

difference in the values as determined by a Duncan's test

(i.e., p > .05). Color image available online [Color figure can be

viewed at wileyonlinelibrary.com]
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The DSC thermograms in Figure 4 demonstrate that
the incorporation of NC increased the glass transition
temperature (Tg) of the SRC from 133 to 163�C that is
also associated with the melting temperature of the poly-
mer, whereas the presence of the PCL layer had little
effect on the Tg of the SRC substrate. The relatively sharp
exothermic peak at 222�C observed in Figure 4a,b,d is
attributed to the decomposition temperature of the SRC
substrate and/or glycerol component[11] which is less
intense in the case of the PCL-laminated SRC sample
(Figure 4c). At temperatures greater than 222�C, convo-
luted peaks attributed to the incipient stage of the decom-
position of the main SRC polymers are visible with a
more intense peak observable at 265�C which is consis-
tent with the TGA data (see Figure 3). The intensity of
the peak at 265�C is reduced in the presence of the NC
confirming the results of the TGA experiments that sug-
gest the NC may stabilize the substrate to some extent.

Moreover, the PCL layer began to melt at ca. 60�C and
this molten polymer may subsequently protect the SRC
films during further heating that indirectly leads to an
increase in the thermal stability of the SRC film.

3.5 | Structural properties

FTIR spectra were obtained to investigate the interaction
between the SRC film, NC particles, and the PCL layer.

FIGURE 3 Thermograms of SRC/NC/PCL film formulations:

(a) TGA thermogram and (b) derivative dTGA thermogram.

Samples were heated under nitrogen (flow rate 20 ml min−1) at a

heating rate of 10�C min−1. Color image available online [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 The DSC thermograms of SRC/NC/PCL film

formulations: (a) SRC, (b) SRC/NC, (c) SRC/PCL, and (d) SRC/NC/

PCL. Samples were heated under nitrogen (flow rate 20 ml min−1)

at a heating rate of 10�C min−1. Color image available online

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5 shows the spectrum of each of the film samples
where the laminated PCL film spectra were obtained for
the PCL layer only.

The spectra of the SRC and SRC/NC films are similar.
Broad peaks between 3,650 and 3,200 cm−1 correspond to
the hydroxyl groups of the SRC and bentonite clay, and
the peaks between 3,000 and 2,700 cm−1 are due to the
alkane bonds of the SRC. Peaks at 844, 930, 1,035, and
1,218 cm−1 are typical of the SRC functional groups of
the C─O─SO3 bonds of the d-galactose-4-sulfate, C─O of
the 3,6-anhydro-d-galactose, the glycosidic linkage (C─O)
of 3,6-anhydro-d-galactose, and the S═O bond of the sul-
fate ester, respectively.[11] The typical bentonite clay
peaks that are expected to appear at 660, 1450, and
1,100–800 cm−1 and are usually attributed to the
Si─O─Si, Si─OH, and Al─O─Si bonds, respectively,[60]

are overlapped by the SRC bands. The PCL-laminated
SRC and SRC/NC films exhibit almost exclusively the
PCL vibrational peaks with the exception of there being a
slight band corresponding to hydroxyl group absorption
between 3,650 and 3,200 cm−1 when compared with the
neat PCL film. This may indicate there is no significant,
or very little, diffusion between the SRC and PCL poly-
mer molecules at the interface even though an interfacial
interaction exists as suggested by the SEM cross-section
analysis (see Figure 1a).

A very small band in the 3,650–3,200 cm−1 region is
noticeable in the spectrum of the PCL film that is associ-
ated with the hydroxyl group and which may be due to
the hydrophobic character of the PCL layer. The other
peaks occurring at 2949, 2865, 1,720, 1,293, 1,240, and
1,170 cm−1 are attributed to common PCL characteristic
stretching for asymmetric CH2, symmetric CH2, C═O,
C─O, and C─C, asymmetric C─O─C, and symmetric
C─O─C modes, respectively.[61]

4 | CONCLUSIONS

Incorporating hydrophilic bentonite NC into SRC poly-
mer film resulted in a general increase the mechanical
properties, but with little or no improvement to the bar-
rier properties. The latter is attributed to possible agglom-
eration of NC in the SRC matrix but more likely its
hydrophilic nature that consequently impacts the water
vapor barrier and water resistance. Laminating the SRC
and SRC/NC films with PCL, however, increased the bar-
rier properties of the film, compensating for the loss of
these properties due to NC incorporation as well as fur-
ther improved the mechanical properties. The thermal
stability of the SRC film was improved by NC incorpora-
tion and PCL lamination with the combination of these

FIGURE 5 FTIR spectra of SRC/NC/PCL film formulations: (a) SRC, (b) SRC/NC, (c) SRC/PCL, (d) SRC/NC/PCL, and (e) PCL.

Spectra were recorded using an average of 64 scans at 4 cm−1 resolution. For the laminated film specimens, the surface of the PCL layer was

placed in contact with the ATR crystal. Color image available online [Color figure can be viewed at wileyonlinelibrary.com]
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modifications resulting in the greatest improvement in
the overall properties of the SRC film.
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SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of this
article.
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