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The present study presents the development and characterization of biocomposites of a red-algae-

derived carrageenan, mica, and their blends with zein prolamine obtained by solvent casting. The

morphology of the blends was characterized by scanning and transmission electron microscopy

(SEM and TEM), optical microscopy, and atomic force microscopy (AFM). Mechanical behavior,

water barrier, water uptake, and UV-vis protection of the cast films were also investigated. The

results indicated that the addition of 10 wt % glycerol to the blends resulted in a better dispersion of

the additive and, for that reason, a better improvement for the studied properties. The composites

were seen colored but transparent and exhibited the ability to block the UV-vis radiation because of

the characteristic absorbing properties of the filler. Nevertheless, the main conclusion from the work

is that the nanocomposites were seen to act as a reinforcing plasticizer and also led to significantly

reduced water permeability and uptake. The clay was found to be more efficient in the latter aspect

than the zein prolamine as an additive. As a result, these novel carragenan-based biocomposites

can have significant potential to develop packaging films and coatings for shelf-life extension of food

products.
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1. INTRODUCTION

Biopolymer films have been the focus of worldwide attention
for the past few decades because they offer favorable environ-
mental advantages in terms of sustainability and compostability
compared to conventional synthetic polymeric films. Edible and
biodegradable natural polymer films offer alternative packaging
with lower environmental costs. The search for new renewable
resources for the production of edible and biodegradable packag-
ing materials and coatings has steadily increased in recent years.
In particular, nonconventional sources of carbohydrates have
been extensively studied. There are various unique carbohydrates
that are found in marine organisms that represent a largely
unexplored source of valuable materials. These nonconventional
and underexploited renewable materials can be used as an
interesting alternative to produce edible films and coatings.

The biopolymers studied in this work to produce edible
films and coatings were κ/ι-hybrid carrageenan extracted from
Mastocarpus stellatus, an underexploited red algae present in the
Portuguese marine coast (1-4). Carrageenans are water-soluble
polymers with a linear chain of partially sulfated galactans, which
present high potentiality as film-forming material. Carrageenans
are structural polysaccharides from red seaweed and have been
used extensively in foods, cosmetics, and pharmaceuticals (5).

Carrageenan biopolymer extracted from M. stellatus seaweeds
was shown to be a κ/ι-hybrid carrageenan (1) with gel properties
comparable to commercial κ-carrageenan gel formers (2, 3). The
use of carrageenan as edible films and coatings is already used in
the food industry on fresh and frozen meat, poultry, and fish to
prevent superficial dehydration (6), ham or sausage casings (7),
granulation-coated powders, dry solid foods, oily foods (8), etc.
but also to manufacture soft capsules (9, 10) and, especially,
nongelatin capsules (11). Polysaccharide and protein filmmateri-
als are characterized by high moisture permeability, low oxygen
and lipid permeability at lower relative humidities, and com-
promised barrier and mechanical properties at high relative
humidities (12).

To tailor the properties and improve the water resistance of
these biopolymers, it is often desirable to combine with, for
instance, other biopolymers more resistant to water or with the
addition of nanoclays. In the case of the addition of nanoclays,
these layers are known to form impermeable shields. As a
consequence, it is expected that the nanocomposite carbohydrate
film will have substantially reduced water vapor permeability,
thus helping to solve one of the long-standing drawbacks in the
use of biopolymer films, i.e., water plasticization (13). Indeed,
Lagaron et al. (13) showed that the dispersion of mica nanoclay
layers into the biopolymer matrix greatly improved the overall
water barrier without measurable impact in the biodegradability
of the matrix, thus turning them into industrially attractive
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materials. Moreover, the addition of glycerol to carrageenan has
permitted us to obtain more usable film forming materials.
Plasticizers are very important components to tailor the physico-
chemical properties of biopolymers. In principle, the addition
of plasticizers results in a decrease in the intermolecular forces
along the polymer chains, which consequently improve flexibility,
extensibility, toughness, and tear resistance of biopolymer films.
To enhance the barrier properties of biopolymer films, a high
cross-link density has often been promoted. As a result, an
increase in the plasticizer concentration normally causes an
increase in the water permeability of hygroscopic or hydrophilic
films because of a reorganization of the macromolecular network
and a subsequent increase in free volume. Indeed, some studies
have reported that the addition of plasticizers yield marked
increases in permeability and diffusion coefficients of gas or
water vapor (14, 15). However, this effect depends upon the
glycerol content in the polymer. In fact, it has been reported that a
decrease in water permeability takes place for low additions of
glycerol, between 5 and 10%, but that increasing the glycerol
content increases the water permeability (16, 17).

In this work, carrageenan was also combined with zein,
another biopolymer from the group of alcohol-soluble proteins
(prolamines) found in the corn endosperm. The film-forming
properties of zein have also been recognized for decades and are
the basis for most commercial use of zein. Even when zein is a
protein, it presents unusually high resistance to water. Zein films
are also brittle, and plasticizers are often recommended. Zein-
based films show great potential for uses in edible coatings and
bio-based packaging (18). In a preliminary study, Arora and
Padua developed nanocomposites of zein and reported a water
vapor permeability decrease of ca. 50% with the addition of
kaolinite clays (19). In some studies, zein was blended with other
proteins, such as gluten (20), starch (21) and soy protein (22).
Thesewere reported to exhibit enhancedmechanical performance
as a result of blending. Corradini et al. reported a decrease in
water uptake with the addition of zein in starch films plasticized
with glycerol (23).

However, very little is known about the development and
characterization of carrageenan nanocomposites. Daniel-Da-Silva
et al. reported the production of polysaccharide ι-carrageenanused
in the production of macroporous composites containing nano-
sized hydroxyapatite, with application in bone tissue engineer-
ing (24). Gan et al. also reported a new injectable biomaterial
carrageenan/nanohydroxyapatite/collagen for bone surgery (25).
To the best of our knowledge, the addition of nanoclays in pure
carrageenan and the study of the barrier properties of these
nanocomposites have not yet been reported.

In this context, the overall objective of this work was the
development of novel renewable and biodegradable carrageenan-
based food packaging films with improved barrier properties,
especiallywith enhancedwater andUV-light resistance. To do so,
blends of carrageenan extracted from a Portuguese red algae with
a water-resistant zein prolamine and/or with nanoclays were
developed and characterized for the first time.

2. EXPERIMENTAL PROCEDURES

2.1. Materials.Details about the recovery of κ/ι-hybrid carrageenan
biopolymers from M. stellatus seaweeds can be found elsewhere (1, 2, 5).
The polysaccharide used in the present study was obtained through a hot
extraction process performed for 2 h at 95 �C and a pH of 8 on alkali-
treated M. stellatus seaweeds. The resulting powder was then purified by
mixing 1 g of isolated product with 49mL of hot distilled water for 1 h and
subsequent centrifugation performed at sequence cycles at 104 rpm and
40 �C for 40 min. The supernatant was finally recovered and used for film
forming by casting.

Zein from corn (grade Z3625) purchased from Sigma-Aldrich
(Madrid, Spain) was used as received without further purification.
Glycerol was used as a plasticizer and supplied by Panreac Quimica
S.A. (Spain).

A food contact complyingNanoBioTer grade based on purified natural
mica clay was kindly supplied by NanoBioMatters S.L. (Paterna, Spain).
No further details of sample preparation and modification were disclosed
by the manufacturer.

2.2. Preparation of the Nanocomposites. Solution-cast film sam-
ples of the purified carrageenanwith 1, 5, 10 and 20wt% clay and 10wt%
glycerol content were prepared with a dry film thickness of around 50 μm.
Nanoclay dispersions in water were simply mixed in a homogenizer
(Ultraturrax T25 basic, Ika-Werke, Germany) for 2 min, then stirred with
the carrageenan for 30 min, and subsequently, cast onto Petri dishes to
generate films of ca. 50 μm after solvent evaporation at room-temperature
conditions.

Solution-cast, 50 μm thickness, film samples of the nanocomposites of

carrageenan containing 5 wt % clay, 20 wt % zein, and 25 wt % glycerol

were also prepared. A solution of zein in water/ethanol (70:30, v/v) was

first prepared and then added to a suspension of nanoclays in carrageenan

prepared as described above. The solutionwas then stirred for 30min and,

subsequently, cast onto Petri dishes. The nanocomposites of zein and

carrageenan-zein blends were only obtained with 5 wt% clay, because of

the fact that the best property balance was found for compositions around

or below this loading level.
2.3. Optical Polarized Light Microscopy (PLM). PLM examina-

tions using an ECLIPSEE800-Nikonwith a capture cameraDXM1200F-
Nikon were carried out on both sides of the cast samples.

2.4. Scanning ElectronMicroscopy (SEM)Measurements. For
SEMobservation, the samples were criofractured after immersion in liquid
nitrogen,mounted on bevel sample holders, and sputtered withAu/Pd in a
vacuum. The SEM pictures (Hitachi S4100) were taken with an accelerat-
ing voltage of 10 keV on the sample thickness.

2.5. TransmissionElectronMicroscopy (TEM)Measurements.

TEM was performed using a JEOL 1010 equipped with a digital Bioscan
(Gatan) image acquisition system. TEMobservationswere very difficult to
perform because of solubility and difficult handling of the films. However,
some pictures were taken on microdrops of the solution cast directly onto
the TEM observation grids.

2.6. AtomicForceMicroscopy (AFM)Measurements.AFMmeasure-
ments were performed using an Agilent 5500 SPM system (provided by
Scientec Iberica, Spain) to investigate the morphology of the nanocom-
posite surfaces on both sides of the cast films. The images were scanned in
tapping mode in air using commercial Si cantilevers, with a resonance
frequency of 320 kHz.

2.7. Gravimetric Measurements. Water permeability was deter-
mined from the slope of the weight gain-time curves at 24 �C. The films
were sandwiched between the aluminum top (open O-ring) and bottom
[deposit for the silica gel that provides 0% relative humidity (RH)] parts of
a specifically designed permeability cell with screws and placed inside a
desiccator at 75%RH.AViton rubberO-ringwas placed between the film
and the bottom part of the cell to enhance sealability. The solvent weight
gain through the film was monitored and plotted as a function of time.
Cells with aluminum films were used as control samples to estimate water
gain through the sealing. Solvent permeation rateswere estimated from the
steady-state permeation slopes.Water vapor weight gain was calculated as
the total cell weight gainminus the gain through the sealing. The tests were
performed in duplicate.

For thewater uptake, sampleswere dried in a desiccator at 0%RHuntil
a constant weight. They were then allowed to saturate in moisture inside
desiccators at 11, 54, and 75%RH and monitored during sorption until a
constant weight (indicating water uptake). These experiments were
performed in triplicate.

2.8. Tensile Test. The tensile test was measured at 10 mm/min
according to American Society for Testing and Material (ASTM)
Standard D638 in stamped dogbone-shaped specimens of the samples,
using an Instron testing machine (model 4469, Instron Corp., Canton,
MA). The tensile tests were carried out at ambient conditions,
i.e., typically 21 �C and 60% RH, and the tests were performed in
quadruplicate. The samples were preconditioned in a desiccator at 60%
RH before testing.
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2.9. Ultraviolet-Visible (UV-Vis) Spectra. A UV-vis spectro-
photometer (Hewlett-Packard 8452A diode array spectropotometer) was
used to measure the absorbance and transmittance spectra of the films in
the range of 200-700 nm wavelength light. UV-vis spectra were taken in

thin films of biodegradable materials, and their nanocomposites were cast
directly onto the surface of a quartz cuvette. The measurements were later
normalized to an average thickness of 30 μm for all of the samples to allow
for a comparison between materials.

Figure 1. Opticalmicrographs of (A) carrageenan, (B) carrageenanwith 5wt% clay content, (C) carrageenanwith 10wt%glycerol content, (D) carrageenan
with 1 wt % clay content and 10 wt % glycerol content, (E) carrageenan with 5 wt % clay content and 10 wt % glycerol content, (F) carrageenan with 20 wt %
clay content and 10 wt % glycerol content, (G) carrageenan with 20 wt % zein content and 10 wt % glycerol content, and (H) carrageenan with 20 wt % zein
content, 5 wt % clay content, and 10 wt % glycerol content. The scale marker is 200 μm in all of the micrographs.
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3. RESULTS AND DISCUSSION

3.1. Morphology. Optical PLM photographs were aimed at
the characterization of the dispersion of the glycerol phase and
the nanoclays in the biodegradable matrixes. Figure 1 shows the
optical micrographs of the carrageenan castings with andwithout
glycerol and with different clay contents. In Figure 1A, films of
pure carrageenan exhibit some spots, most likely as a conse-
quence of some residues. However, Figure 1B indicates that clay
tactoids (5 wt %) can be clearly observed in the nonplasticized
carrageenanmatrix. PanelsC-F ofFigure 1 showmicrographs of
the carrageenan containing 10wt%glycerol and 0, 1, 5, and 20wt
% clay content, respectively. A first observation from these
images is that an apparent better dispersion of the clay occurs
in the presence of glycerol (compare panels B and E of Figure 1).
Thus, the presence of glycerol permits us to increase the compat-
ibility and hence dispersion between the clay and the biopolymer
in the nanocomposites. From these images, it can also be seen
that, with increasing clay content from 1 to 20 wt %, the clay
agglomerates (compare panels D and F of Figure 1). Mica has
very large platelets, which upon dispersion, even if this is poorer
than with other more conventional nanoclays, should provide
high shielding efficiency in terms of low-molecular-weight species
diffusion (13). In principle, this is the reason why it becomes
relatively easy to observe big tactoids by optical microscopy
because the length and width dimensions of the platelets should
tend to naturally seat during film forming parallel to the casting
dishes as a result of gravitational and surface energy forces (26).

Figure 1G shows a picture taken in the blend of carrageenan
containing 20wt% zein and 10wt%glycerol. This picture shows
a clear phase segregation of most likely the zein phase in the
polysaccharide matrix. However, Figure 1H shows that the
ternary blend is better dispersed in the presence of the nanoclay.

Figure 2 shows a picture with higher magnification taken in a
film of carrageenan containing 10 wt% glycerol and 5 wt% clay.
From Figure 2A, it can be clearly observed that glycerol forms a
separate phase at the microscale within the carrageenan matrix,
which is very homogeneously dispersed. Curiously, clay platelets
are observed to be displayed inside glycerol particles and at the
interphase between the glycerol and the matrix (see arrows),
suggesting again a higher affinity for the glycerol, whichmay then
act as a compatibilizer for the filler (see Figure 2B).

Figure 3 shows the scanning micrographs of the cross-section
of these biopolymer blends. For pure carrageenan, a homo-
geneous film morphology is observed (see Figure 3A). In the case
of carrageenanwith 5wt%clay content and 10wt%glycerol (see
Figure 3B), the presence of the clay cannot be discerned. How-
ever, from Figure 3C, it can be seen that, in the carrageenan-zein

blend, which phase-separates, there seems to be a strong inter-
facial adhesion between the biopolymer matrix and the protein.
The two polymers are, therefore, not miscible but compatible
because of the observed interfacial contact. A similarmorphology
is also observed for the nanocomposite of the carrageenan-zein
blend (see Figure 3D). Figure 3E shows the morphology of pure
zeinwith analogousmorphology as the zein composites with clay,
suggesting a fine dispersion and adhesion of the nanoclay in the
zein matrix (see Figure 3F).

Figure 4 shows some TEM results taken on specimens of
plasticized carrageenan containing 5 wt % nanoclay. This figure
indicates a highly dispersed irregular morphology consisting of
intercalated tactoids with thickness in the nano-range, i.e., below
100 nm, and some exfoliated nanoclay platelets most likely
fractured.

Finally, Figure 5 shows the surface roughness of a carrageenan
cast film containing 5 wt % nanoclay content and 10 wt %
glycerol as measured by AFM. From observation of this figure,
it can be seen that the nanoclay contains large platelets strongly
intercalated and dispersed at the nanolevel but not to an indivi-
dual platelet level,whichwould havemeant exfoliation, across the
matrix. This figure also shows that there appears to be a good
adhesion of the nanofiller to the biopolymer.

3.2. Mechanical Properties. Specimens of carrageenan, zein,
and blends of carrageenan-zein and their nanocomposites with
glycerol were measured in tensile testing experiments to evaluate
the effect of adding nanoclays and zein on the mechanical
properties of these biopolymers. Mechanical parameters, such
as tensile strength, Young’s modulus, and elongation at failure,
are presented in Figure 6. Figure 6 shows that the stiffness,
strength, toughness, as well as the elongation at failure have a
general trend of increasing in thematerials with an increasing clay
content in the materials. This suggests a reinforcing plasticizer
effect of the nanoclay in the material, which in turn allows for
better mechanical handling of the films.

InFigure 6A, the tensile strength carrageenan is seen to increase
with the nanoclay content; this behavior has been reported in
different studies with nanoclays (27, 28). This suggests that the
nanoclays act to reinforce the material as expected. The addition
of nanoclays to carrageenan resulted in an increase in the tensile
strength of ca. 39 and 146% for the films of carrageenan with 10
and 20 wt % nanoclay, respectively, compared to carrageenan
containing 1 wt % filler content. Nanocomposites with 1 wt %
filler are referenced because pure carragenan films could not be
tensile tested even with 10 wt % glycerol because of excessive
fragility. This was expected because earlier studies (2-4) reported
Young’smodulus as low as 25MPa and a strain at break as low as

Figure 2. Typical optical micrographs of (A) carrageenan with 10 wt % glycerol content and (B) carrageenan with 5 wt % clay content and 10 wt % glycerol
content. The scale marker is 10 μm in the micrographs.
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3.5% for a pure carrageenan film. The increase in tensile strength
with a further addition of clay is attributed to a good nanoclay
dispersion of these nanocomposites. This behavior is in contrast
with the work by Majdzadeh-Ardakani et al., who reported that
the addition of high nanoclay loadings into the starch matrix led
to the appearance of clay stacks, non-exfoliated morphologies,
and even aggregates that deteriorated the mechanical properties
and decreased the tensile strength of the higher loaded speci-
mens (29). Curiously, in zein cast films, albeit the error bars are
relatively high, the tensile strength appeared to decrease in the
film with 5 wt% nanoclay compared to the pure zein, most likely
because of the poorer morphology of the nanocomposites
with zein.

The addition of zein to the carrageenan films increased the
tensile strength by up to 72% compared to the carrageenan
matrix. Kim et al. reported an analogous behavior; i.e., the
addition of zein to gluten increased the mechanical properties

until the content of zein reached 20-22%. A further increase in
zein content lowered themechanical properties (20). Pol et al. also
showed that the tensile strength of soy protein laminate films
increased (within a 95% confidence level) with the increasing
relative content of zein in the laminates (22).

Nanocomposites of the blends of carrageenan-zein seemed to
exhibit similar tensile strength, albeit the error bar is relatively
high, but carragenan improved this property with the addition of
zein, at least compared to the nanocomposite of carrageenanwith
1 wt %.

Young’s modulus, expressing the stiffness of the material,
showed a general trend of increasing values in the nanocompo-
sites, albeit this was not seen for some samples. Figure 6B shows
Young’s modulus of these biopolymers as a function of the
nanoclay content. Young’s modulus generally increased in carra-
genan with an increasing clay content, in line with the typical
behavior in nanocomposites (30, 31). Thus, an increase in

Figure 3. Scanning electron micrographs of the cross-section of (A) carrageenan (scale marker is 10 μm), (B) carrageenan with 5 wt % clay content and
10 wt % glycerol content (scale marker is 5 μm), (C) carrageenan with 20 wt % zein content and 10 wt % glycerol content (scale marker is 5 μm), (D)
carrageenan with 5 wt % clay content, 20 wt % zein content, and 10 wt % glycerol content (scale marker is 5 μm), (E) zein with 10 wt % glycerol content, and
(F) zein with 5 wt % clay content and 10 wt % glycerol content (scale marker is 5 μm).

Figure 4. Transmission electron micrographs of plasticized carrageenan containing 5 wt % clay (scale marker is 200 nm).
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Young’s modulus of 70% for the film of carrageenan with 20 wt
% nanoclay compared to carrageenan with 1 wt % content was
observed. The addition of zein to the carrageenan seemed to
increase Young’s modulus in agreement with the above cited
previous work (20). However, the rigidity of the nanocomposites
of this blend was reduced with an increasing clay content, similar
to the composites of zein.

Elongation at failure for these biopolymers and their nano-
composites is presented in Figure 6C. For pure carrageenan, an
increase of up to 132% for the film of carrageenan with 20 wt %

nanoclay compared to carrageenan with 1 wt % content can be
observed. Elongation at failure was seen to increase in all cases in
accordance with previous works (27, 28). Toughness was, in
accordance with the above, seen to increase with the presence and
content of clay in the biopolymers (see Figure 6D). This is a very
positive finding from an applied viewpoint because the extreme
rigidity of these biomaterials restrict its usability to a considerable
extent.

In summary, tensile strength, Young’s modulus, elongation at
failure, and toughness increasedwith an increasing clay loading in

Figure 5. AFM picture of plasticized carrageenan containing 5 wt % clay and 10 wt % glycerol.

Figure 6. (A) Tensile strength (MPa), (B) Young’s modulus E (MPa), (C) elongation at failure (%), and (D) toughness (J) as a function of the nanoclay
content (wt %) for carrageenan, zein, and blends of carrageenan-zein.
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the case of carrageenanbecause of the gooddispersionof the clays
in the carrageenan.However, in the case of the nanocomposites of
carrageenan-zein, the rigidity was not enhanced, possibly be-
cause of phase separation, the very different mechanical response
of the two biopolymers, and the lower affinity of the zein for the
nanoclay.

3.3. Barrier Properties. Table 1 gathers all of the barrier data
(direct permeability and solvent uptake) that has been measured
in the neat biopolymers and in their biocomposites and also
gathers permeability values reported in the literature for the neat
biopolymers.

The first observation from Table 1 regarding pure carra-
geenan is that the water permeability coefficient of 6.86 � 10-14

kgm-1 s-1 Pa-1 is really similar to the literature valueof 6.7� 10-14

kg m-1 s-1 Pa-1 previously reported for this κ/ι-hybrid carragee-
nan (4). An interesting observation is the effect of glycerol in the
barrier properties; Table 1 indicates that the water permeability
decreased by ca. 32% with the addition of 10 wt % glycerol, as
expected for low additions of glycerol to the matrix. Talja et al.
reported that the water permeability of potato starch-based films
washigherwithout aplasticizer thanwith 20wt%glycerol at allRH
gradients.However, the films plasticizedwith 30 or 40wt%glycerol
exhibited increased water permeability (16). The increase in water
permeability for plasticizer-free potato starch-based films was
attributed by the authors to the presence of microcracks in the pure
biopolymer film. The carrageenan samples studied here did not
show evidence of microcracks upon careful inspection. Guo et al.
also reported that cellulose acetate films with plasticizer contents

of 5-10 wt % (w/w, solids) had lower water permeability than
films without a plasticizer. They attributed this behavior to a
decreased molecular mobility of cellulose acetate in the pre-
sence of plasticizers (32).

Table 1 and Figure 7A teach that the water permeability shows
a minimum value for specimens containing 1 and 5 wt %
nanoclay. From the results, a decrease in the water permeability
of ca. 86, 83, 61, and 61% for the films of plasticized carrageenan
containing 1, 5, 10, and 20 wt % clay, respectively, were seen
compared to the unfilled plasticized material. Therefore, the
addition of the clays to the plasticized carrageenan films
considerably enhances the water barrier properties. Neverthe-
less, the addition of higher nanoclay contents (10 and 20 wt %
clay) results in lower reductions in water permeability, most
likely because of nanoclay agglomeration, which results in a
reduction in the nanoclay barrier efficiency as a result of the
creation of preferential paths for diffusion. These results are not
in coincidence with a recent paper that used the same type of
mica-based nanoclay but in methyl cellulose and chitosan (13).
In the latter materials, higher loadings of clay, i.e., 20 wt %,
were needed to achieve similar water permeability reductions;
however, these materials did not make use of glycerol as a
plasticizer. From the morphology results reported above,
glycerol enhances the nanoclay dispersion in carrageenan. In
fact, Table 1 indicates that, if 5 wt % nanoclay is added to
carrageenan without glycerol, the permeability reduction is
smaller, i.e., 31% in permeability drop, suggesting that the
dispersion is indeed poorer.

Table 1. Water Permeability, Water Uptake (%) at 11, 54, and 75% RH for Carrageenan and Carrageenan-Zein Films and Their Nanocomposites

water permeability

(kg m-1 s-1 Pa-1)

water uptake

(%) at 11% RH

water uptake

(%) at 54% RH

water uptake

(%) at 75% RH

carrageenan 6.86( 0.041� 10-14 5.12 10.90( 0.29 17.02( 0.34

carrageenan þ 5% clay 4.74( 0.023� 10-14 4.99( 0.38 9.44( 0.34 16.35( 0.43

carrageenan þ 10% glycerol 4.65( 0.542 � 10-14 3.62( 0.32 12.41 26.03( 0.62

carrageenan þ 1% clay þ 10% glycerol 0.65( 0.19� 10-14 3.71( 1.26 1.84( 2.72 11.35( 1.64

carrageenan þ 5% clay þ 10% glycerol 0.81( 0.52� 10-14 5.57 1.21 11.36( 0.29

carrageenan þ 10% clay þ 10% glycerol 1.82( 0.35� 10-14 5.28( 1.33 2.39( 0.07 10.18( 1.05

carrageenan þ 20% clay þ 10% glycerol 1.80( 0.03� 10-14 7.75( 4.37 4.79( 0.62 9.21( 0.20

carrageenan þ 20% zein þ 10% glycerol 5.65( 0.248� 10-14 3.06( 0.29 8.66( 0.29 21.14( 0.98

carrageenan þ 20% zein þ 5% clay þ 10% glycerol 3.81( 0.056� 10-14 1.44( 0.39 7.55( 0.52 17.42

zein þ 10% glycerol 1.68 3.74 ( 0.57 9.77( 0.80

zein þ 5% clay þ 10% glycerol 1.67( 0.25 3.61( 0.54 6.04( 0.511

zein þ 25% glycerol 7.41� 10-14 1.22( 0.16 4.83 ( 0.70 13.39( 0.52

zein þ 5% clay þ 25% glycerol 7.71( 0.776� 10-14 2.39 5.99( 0.72 9.37

κ/ι-hybrid carrageenan literature value (4 ) 6.7� 10-14

zein literature value (34) 30.36� 10-14

zein literature value (35) 53.50 � 10-14

Figure 7. Water direct permeability for (A) films of carrageenan and their nanocomposites and (B) films of carrageenan/zein blends and their
nanocomposites.
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The water uptake of the carrageenan films and their related
nanobiocomposites at different humidities is also summarized in
Table 1. A general observation is that the water uptake increased
for all samples with an increasing RH, as expected (16). Also, the
presence of glycerol increased the water uptake but only at a
medium-high percentage of RH. The uptake was higher at a
higher percentage of RH. The same behavior was reported by
Zeppa et al. (33). Thus, glycerol was seen to decrease the water
uptake at low activity but increased it at high activity. This
phenomenon has been attributed to potential interactions be-
tween the hydroxyl groups of carrageenan and the hydroxyl
groups of glycerol, resulting in less sorption sites for water
molecules (16, 33).

Interestingly, the films of plasticized carrageenan containing
1, 5, 10, and 20 wt% clay exhibited clearly lower uptakes at 75%
RH, i.e., ca. 56, 56, 61, and 65%, respectively, compared to the
unfilled plasticizedmaterial. At 54%RH, higher reductions of 85,
90, 81, and 61% were observed with increasing clay content (see
Figure 8A). However, at 11% RH, the nanocomposites took up
more moisture than the unfilled material, most likely bymoisture
being preferentially sorbed at the nanoclay surface. The signifi-
cantly lower water uptake at medium-high RH but especially at
medium RH must be related to a water solubility reduction
because of the presence of the nanoclays filling the available free
volume in the biopolymer matrix as moisture begins to plasticize
the biopolymer.

Tabla 2 and Figure 7B also show the water permeability of
plasticized zein films. A first observation is that the water
permeability of zein containing 25 wt % glycerol is 7.41 �
10-14 kg m-1 s-1 Pa-1, whereas a film of pure zein was reported
by Parris et al. to be of 30.34� 10-14 kgm-1 s-1 Pa-1 (34) and by
Ghanbarzadeh et al. to be of 53.50� 10-14 kg m-1 s-1 Pa-1 in a
compression-molded zein film (35). The reason for the disagree-
ment could be related to the different origin, testing conditions,
composition, and processing of the films. From the results, the
water permeability of the plasticized zein film is seen higher than
the water permeability of the pure plasticized carrageenan.More-
over, the addition of zein to carrageenan in the presence of
glycerol did not outperform in the barrier properties of plasticized
carrageenan.However, the nanocomposites of carrageenan-zein
show a reduction in the water permeability of 18% compared to
the plasticized carrageenan. Hence, the nanoclay seems a more
efficient element than zein to reduce the water permeability of
carrageenan.

In terms of the water uptake of zein (see Figure 8B), it is
observed that the water resistance in terms of uptake of the
polymer is much higher than that of carrageenan, as expected.

Thus, the water uptake of zein containing 25 wt % glycerol
measured at 11, 54, and 75%RH is 66, 61, and 48%, respectively,
smaller than plasticized carrageenan. In good accordance, blends
of carrageenan containing 20 wt % zein show a reduction in the
water uptake of 15, 30, and 19%, respectively, compared to
plasticized carrageenan. Again, in the case of the nanocomposites
of the blend, a reduction in the water uptake at 11, 54, and 75%
RH of ca. 60, 40, and 33%, respectively, were seen compared to
the plasticized carrageenan films.

Nielsen (36) developed an expression tomodel the permeability
of a two-phase film in which impermeable square plates are
dispersed in a continuous conducting matrix. The plates are
oriented so that the two edges of equal length, L, are perpendi-
cular to the direction of transport and the third edge, the thickness
W, is parallel to the direction of transport. This expression is

P ¼ Pmð1-φdÞ=½1þðL=2WÞφd� ð1Þ
where P is the permeability of the composite, Pm, is the perme-
ability of the matrix, and Φd is the volume fraction of the
impermeable filler. The (1 - Φd) term accounts for volume
exclusion, and the (1 þ (L/2W)Φd) term accounts for tortuosity.
Note that this model does not account for permeation through
the dispersed phase.

Amore realistic system to consider is one inwhich a discontinu-
ous low-permeability phase is present in a high-permeability
matrix. Maxwell (37) developed a model to describe the con-
ductivity of a two-phase system in which permeable spheres are
dispersed in a continuous permeable matrix. Fricke (38) extended
Maxwell’s model to describe the conductivity of a two-phase
system in which permeable ellipsoids are dispersed in a more
permeable continuous matrix. This model describes the perme-
ability of a two-phase system in which lower permeability
elongated ellipsoids (Pd) are dispersed in a more permeable
continuous matrix (Pm).

According to the latter model, the permeability of a composite
system consisting of a blend of the two materials in which the

Figure 8. Water uptake (%) at 11, 54, and 75% RH for (A) films of carrageenan and their nanocomposites and (B) films of carrageenan and zein and their
nanocomposites.

Table 2. UV-Vis Blocking (% Tnanocomposite-% Tpristine) at 300 nm (UV) and
600 nm (Vis) Wavelengths per Weight Percent Nanoclay in Plasticized
Carrageenan Nanocomposites

wt % filler

blocking at

300 nm (% T/wt % clay)

blocking at

600 nm (% T/wt % clay)

1 0 21.26

5 8.92 8.06

10 4.14 7.45

20 2.19 4.03
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dispersed phase (Φ2 is the volume fraction of the dispersed phase)
is distributed as ellipsoids can be expressed as follows (39):

P ¼ ðPm þPdFÞ=ð1þFÞ ð2Þ
where

F ¼ ½Φ2=1-Φ2�½1=ð1þð1-MÞðPd=Pm - 1ÞÞ� ð3Þ

M ¼ cos θ=sin3 θ½θ- 1=2 sin 2θ� ð4Þ
and

cos θ ¼ W=L ð5Þ
where Fclay= 2.7 g/mL,Pd≈ 0,Pm=100, andL/Wwas taken as
8 and 100.

W is the dimension of the axis of the ellipsoid parallel to the
direction of transport, and L the dimension perpendicular to the
direction of transport. θ is given in radians.

Figure 9 shows the experimental permeability values for the
plasticized carrageenan system and modeling results using the
Nielsen model and Fricke extended Maxwell’s models. The
Fricke modeling results for the higher aspect ratios best fit the
data at lower filler volumes (between 1 and 5 wt % clay).

However, higher clay loading contents (between 10 and 20 wt %
clay) do not follow the modeling trend, suggesting as explained
above that agglomeration of the nanoclay decreases the barrier
efficiency.

3.4. UV-Vis. Figure 10 shows the visual appearance of the
plasticized carrageenan composite films. From this figure, an
increase in coloring of the sample and a reduction in transparency
was observed with increasing clay content, particularly for the
sample containing 20 wt% filler. Nevertheless, low filler contents
still exhibit good contact transparency.

Figure 11 shows the normalized transmittance for the UV-vis
spectra of the nanocomposite films of plasticized carrageenan
with 30μmthickness. TheUV region is typically classified in three
zones: UVC (ultraviolet C) (100-280 nm), UVB (ultraviolet B)
(280-320 nm), and UVA (ultraviolet A) (320-400 nm).

From Figure 11, a clear reduction in UV-vis transmittance
with increasing clay content in the films was observed. From the
results, the transmittance of the pure carrageenan in the region
of UVC is around 30%. A complete shielding of UVC occurs
for the selected thickness at 10 and 20 wt % clay loading in the
carrageenan film. Films of carrageenan containing 20 wt %
nanoclay led to reductions in the transmission of light in
the UVB-UVA of ca. 95-100%. In the visible region, pure

Figure 10. Typical photographs of ca. 30 μm thickness films of plasticized carrageenan containing: (A) 0 wt % clay, (B) 1 wt % clay, (C) 5 wt % clay, (D)
10 wt % clay, and (E) 20 wt % clay.

Figure 9. Experimental normalized permeability values and modeling
results assuming different aspect ratios.

Figure 11. UV-vis spectra of 30 μm films of plasticized carrageenan
nanocomposites containing 0, 1, 5, 10, and 20 wt % nanoclay.
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plasticized carrageenan has a transmittance of 85%, whereas the
film of plasticized carrageenan containing 20 wt % clay has very
little transmittance.

It is clear that 20 wt % filler loading is perhaps too high of a
loading because it does negatively affect the transmission in the
visible range and will be unlikely to yield an optimum property
balance. Nevertheless and as observed with the barrier perfor-
mance, the ratio of protection is still very efficient at nanoclay
loadings of 5 wt %, yielding the 10 wt % filler not so strong
differentiating benefits. Thus, low nanoclay contents (5 wt %) in
the carrageenan matrix led to significant reductions in the UV
light transmission (see Table 2) while retaining transparency to a
significant extent.

In conclusion, successful blends of carrageenan with zein
prolamine and a mica clay additive were obtained by solution
casting using glycerol as a plasticizer. From the results, the
addition of glycerol to the carrageenan nanocomposite films
permitted us to obtain a good dispersed morphology of the
inorganic additive, especially at low filler contents. The addition
of zein to the plasticized carrageenan films showed phase separa-
tion but with strong adhesion, suggesting that the two polymers
are not miscible but are compatible. Tensile strength, Young’s
modulus, elongation at failure, and toughness increased with
increasing clay loading for the plasticized carrageenan compo-
sites, because of the good dispersion of the clays in the matrix.
However, for the carrageenan-zein composites, the rigidity was
not enhanced, possibly because of the mentioned phase separa-
tion, the very different mechanical response of the two biopoly-
mers, and the lower affinity of the zein for the nanoclay.
Interestingly, the addition of nanoclays (1 or 5 wt %) to the
plasticized carrageenan decreased the water permeability signifi-
cantly by ca. 86 and 83%, respectively. The water uptake was also
reduced by up to ca. 90% in samples with low nanoclay contents
at high RH, suggesting that the observed lower water perme-
ability may be strongly contributed by a nanoclay-induced
solubility drop effect. Additionally, low nanoclay contents (1 or
5 wt%) in the carrageenan matrix led to significant reductions in
the UV-vis light transmission while retaining transparency.
These results suggest that these blends can have significant
potential in food packaging and coating applications, where
enhanced water resistance and permeability and increased flexi-
bility can provide more usability for the polysaccharide.
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