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The current study presents the development and characterization of novel carrageenan nano-

biocomposites showing enhanced water barrier due to incorporation of cellulose nanowhiskers (CNW).

CNW, prepared by acid hydrolysis of highly purified R cellulose microfibers, were seen to have a

length of around 25-50 nm and a cross section of ca. 5 nm when dispersed in the matrix. The

nanobiocomposites were prepared by incorporating 1, 3, and 5 wt % of the CNW into a carrageenan

matrix using a solution casting method. Morphological data (TEM and optical microscopy) of the

nanocomposites containing CNW were compared with the morphology of the corresponding

biocomposites containing the original cellulose microfibers and the differences discussed. Thermal

stability by TGA, water vapor permeability, and percent water uptake were also determined. The

main conclusion arising from the analysis of the results is that the nanobiocomposites containing

3 wt % of CNW exhibited the lowest reduction in water vapor permeability, that is, ca. 71%, and that

this reduction was largely attributed to a filler-induced water solubility reduction. This fully biobased

nanoreinforced carrageenan can open new opportunities for the application of this biopolymer in

food-packaging and -coating applications.
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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 biodegradability compared to
conventional synthetic polymeric films. Edible and biodegradable
natural polymer films offer alternative packagings and coatings
with lower environmental costs. The search for new renewable
resources for the production of edible and biodegradable materi-
als has steadily increased in recent years. In particular, non-
conventional sources of carbohydrates have been extensively
studied. There are various unique carbohydrates that are found
inmarine 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 (4).

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-formingmaterials. 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 with gel properties
comparable to those of commercial κ-carrageenan gel formers.
The use of carrageenan as edible films and coatings already covers
various fields of the food industry such as application on fresh
and frozenmeat, poultry, and fish to prevent superficial dehydra-
tion (6), ham or sausage casings (7), granulation-coated powders,
dry solids foods, oily foods (8), etc., and also the manufacture
of soft capsules (9, 10) and especially nongelatin capsules (11).
Polysaccharide and protein film materials are characterized by
high moisture permeability, low oxygen and lipid permeability at
lower relative humidities, and compromised barrier andmechani-
cal properties at high relative humidities (12).

To tailor the properties and improve the water resistance of these
biopolymers, it is often desirable to blend them with more water-
resistantbiopolymersorwithnanoadditives. In the caseof theaddition
of nanoclays, the nanocomposite films have been seen to substantially
reduce water-vapor permeability, solving one of the long-standing
problems in the production of biopolymer films and coatings (13).

More recently, cellulose nanowhiskers (CNW), also termed
cellulose nanocrystals, are increasingly used as load-bearing
constituents in developing new and inexpensive biodegradable
materials due to their high aspect ratio, good mechanical proper-
ties (14), and fully degradable and renewable character.

*Author to whom correspondence should be addressed (e-mail
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As compared to other inorganic reinforcing fillers, CNW have
many additional advantages, including a positive ecological
footprint, wide variety of fillers available throughout the world,
low density, low energy consumption in manufacturing, ease of
recycling by combustion, high sound attenuation, and compara-
tively easy processability due to their nonabrasive nature (15,16).

Cellulose nanowhiskers are prepared by treating native cellu-
losic products with acid reagents, most typically sulfuric acid,
where small amounts of sulfate ester groups are introduced to the
surfaces (17). This treatment is, however, hydrolytic and thus
results in dramatic decreases in both the yield and fibril length
attained down to 100-150 nm. The use of cellulose nanowhiskers
as nanoreinforcement is a new field in nanotechnology, and as a
result there are still many obstacles remaining regarding their use.
Their production is time-consuming and is still associated with
low yields. They are difficult to use in systems that are not water
based due to their strong self-association by hydrogen bonding.
Here, the cellulose nanowhiskers are added to the carrageenan,
which is water-soluble. Because cellulose nanowhiskers allow
a quite stable dispersion in water, composites are generally
obtained with matrices that can be dissolved/suspended in water
such as latex (18-20), starch (21, 22), poly(ethylene oxide)
(PEO) (23, 24), chitosan (25), and soy protein (26). A previous
study showed for the first time the capacity of this natural
nanoreinforcing element to develop nanobiocomposites of sol-
vent cast PLA by various methods, which resulted in enhanced
barrier properties to gases and vapors (31).

However, very little is known about the development and char-
acterization of carrageenan nanocomposites. Daniel-Da-Silva
et al. reported the use of ι-carrageenan polysaccharide for the
production of macroporous composites containing nanosized
hydroxyapatite, with application in bone tissue engineering (27).
Gan et al. developed a new injectable biomaterial, carrageenan/
nanohydroxyapatite/collagen, for bone surgery (28). In a pre-
vious work, Sanchez-Garcia et al. reported the development and
barrier properties of new nanocomposites of carrageenan based
on nanoclays (13). However, to the best of our knowledge, the
addition of cellulose nanowhiskers to carrageenan and the study
of the resulting barrier properties of these novel nanobiocompos-
ites have not been reported before.

Thus, the objective of this work is to develop new fully
renewable and biodegradable edible films for food-packaging
applications with better barrier properties, especially better water
resistance. A top-down nanotechnology approach is used to
reach this objective, which consists of the incorporation via
solution casting of plant -derived cellulose nanowhiskers pre-
viously hydrolyzed from the corresponding microfibers.

EXPERIMENTAL PROCEDURES

Materials. Details about the recovery of κ/ι-hybrid carrageenan
biopolymers fromM. stellatus seaweeds can be found elsewhere (1,2,29).
The polysaccharide used in the present study was obtained through a hot
extraction process performed during 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 50 mL of hot distilled water during 1 h
and subsequent centrifugation performed at sequence cycles at 104 rpm
(13.7 g) and 40 �C during 40 min. The supernatant was finally recovered
and used for film forming by casting.

A highly purified R-cellulose microfiber grade from CreaFill Fibers
Corp. (USA), having an average fiber length of 60 μmand an average fiber
width of 20 μm, was used. According to the manufacturer’s specifications,
these fibers had an R-cellulose content in excess of 99.5%.

Sulfuric acid (95-97%) from Sigma Aldrich, Germany, was used
during the CNW production. Sodium hydroxide from Fluka was also
used during neutralization of the CNW. Glycerol was used as plasticizer
and was supplied by Panreac Quimica S.A. (Spain).

Preparation of Nanocomposites. CNW Production. Highly puri-
fied R-cellulose microfibers, 10 g/100 mL, were hydrolyzed in 9.1 mol/L
sulfuric acid at 44 �C for 130 min. The excess of sulfuric acid was removed
by repeated cycles of centrifugation, 10 min at 13000 rpm (20.4g). The
supernatant was removed from the sediment and was replaced by
deionized water. The centrifugation continued until the supernatant
became turbid, which suggested that the nanowhiskers became largely
released into the solution in accordance with a previous work (30). After
centrifugation, the suspension containing cellulose nanowhiskers had a
pH of 3.5, and the solution was drop by drop neutralized with sodium
hydroxide to pH 7 and subjected to dialysis, following a procedure
described elsewhere (33). The nanofiller was used suspended in water to
make the various nanobioblends to avoid potential agglomeration during
drying.

CNW Dispersion and Film Preparation. Solution-cast film samples of
carrageenan containing 1, 3, and 5 wt % of CNW were prepared, using
water as a solvent. CNW solutions were mixed in a homogenizer
(Ultraturrax T25 basic, Ika-Werke, Germany) for 2 min and were then
stirred with the carrageenan at ambient temperature during 30 min and,
subsequently, cast onto Petri dishes to generate films of around 50 μm
thickness after solvent evaporation at room temperature conditions. In the
case of carrageenan films with glycerol, 10 wt % of glycerol was added to
the solution before casting. Similar blends were obtained with 1, 3, and
5 wt % contents of the original cellulose microfibers for comparative
purposes.

Optical Light Polarized Microscopy. Polarized light microscopy
(PLM) examinations using an Eclipse E800-Nikon with a capture camera
DXM1200F-Nikon were carried out on both sides of the cast samples.

Transmission Electron Microscopy (TEM)Measurements. TEM
was performed using a JEOL1010 equippedwith a digital Bioscan (Gatan)
image acquisition system. TEM observations were very difficult to per-
form due towater absorption and difficult handling of the films. However,
some pictures were taken onmicrodrops of the film-forming solutions cast
directly onto the TEM observation grids. The solutions were stained
before casting by adding a 2 wt% solution of uranyl acetate for 3min. The
pure cellulose nanowhiskers were also observed by direct casting of water
suspensions over the TEM grids followed by solvent evaporation.

Thermogravimetric Analysis (TGA) Measurements. The thermal
stability of both freeze-dried CNW and cellulose microfibers and of the
nanocomposites was investigated using a TGA Q500 from TA Instru-
mentsUSA. The samples were heated from room temperature to 600 �Cat
a heating rate of 10 �C/min and a nitrogen flow of 100 mL/min.

Gravimetric Measurements. Direct water vapor permeability was
determined from the slope of the weight gain versus time curves at 24 �C.
The films were sandwiched between the aluminum top (open O-ring) and
bottom parts of a specifically designed permeability cell with screws con-
taining silica gel to generate 0% relative humidity (RH). A Viton rubber
O-ring was placed between the film and the bottom part of the cell to
enhance sealability. Then, the cells were placed in the desired environment,
namely, a desiccator conditioned at 75%RH generated by a saturated salt
solution, and the solvent weight gain through the film was monitored as a
function of time. Cells with aluminum films were used as control samples
to estimate solvent gain through the sealing. Solvent permeation rateswere
estimated from the steady-state linear permeation slopes. Water weight
gain was calculated as the total cell weight gainminus the gain through the
sealing. The tests were done in duplicate.

For the percent water uptake, samples were dried in a desiccator at 0%
RH until constant weight to obtain the so-called dry weight. They were
then allowed to saturate in moisture inside desiccators at 11, 54, and 75%
RHandmonitored during sorptionuntil constantweight (indicatingwater
uptake). The experiments were done in triplicate and averaged. The water
uptake was calculated as the water gain at the desired RH divided by the
dry weight and multiplied by 100.

RESULTS AND DISCUSSION

Morphological Characterization. Figure 1 shows typical photo-
graphs taken in the cast carrageenan film and its nanocomposite
containing 5 wt % CNW and its microcomposite containing
5 wt% cellulose microfiber. Samples with CNW showed the best
optical properties, the samples with cellulose microfibers being
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less transparent. Both contact transparency (see Figure 1a) and
transparency against light (see Figure 1b) were evaluated. In the
contact transparency, the samples appear to exhibit similar behav-
iors. However, in transparency against light the film containing
CNW shows better performance, suggesting that the cellulose
nanowhiskers must be well dispersed in contrast to large cellulose
microfibers, which scatter light to a significant extent. In any case,
unfilled carrageenan films do still show the highest transparency.

Polarized optical microscopy permits one to zoom up the
morphology at the micrometer level to observe the carrageenan
composites and to potentially assess the efficiency of the hydro-
lysis and separation processes in the nanocomposites (seeFigure 2).
From this figure, it can be seen that some remaining microfibers
can still be detected in the separated CNW fractions. Despite
this, the scarce remaining microfiber particles are of course
much thinner in comparison with the original microfibers.

Figure 1. Typical photographs of 30 μm thickness films of (A) carrageenan, (B) carrageenan film containing 5 wt % of CNW, and (C) carrageenan film
containing 5 wt % of cellulose microfibers as shown by contact transparency (a) and transparency against light (b).

Figure 2. Polarized optical micrographs of carrageenan-based films prepared by casting containing (A) 1 wt % cellulose microfibers, (B) 1 wt % CNW,
(C) 3 wt % cellulose microfibers, (D) 3 wt % CNW, (E) 5 wt % cellulose microfibers, and (F) 5 wt % CNW. The scale marker is 100 μm.
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Opticalmicroscopywas not often utilizedwhen nanofabrication of
cellulose was carried out in the previous literature and, hence, it is
difficult to assess whether this is the result of our process or if it is a
general effect during the hydrolysis of microfibers. The optimiza-
tionof the hydrolysis time and the effect of usingdifferent acidswill
be reported elsewhere.

Figure 2A indicates that the dimensions of the cellulose micro-
fibers in the biocomposites are not homogeneous but vary from
10 to 30 μm in the cross section and between 50 and 150 μm in
length across the polymer matrix. For biocomposites with higher
filler contents, larger fiber aggregates and agglomeration of the
microfibers in thematrix are observed (seeFigure 2E), as reported
by Sanchez-Garcia and Lagaron in previous works (31, 32).

Thus, from this figure, it can be seen that although the hydro-
lysis was not able to break down completely the fibers, the larger
fibers are much thinner and relatively scarce in comparison with
the originalmicrofibers also shown for comparisonpurposes. The
films were observed on both sides by opticalmicroscopy andwere
found to provide similar results, indicating that the observations
are not the result of detectable uneven dispersion across the film
thickness.

When glycerol was added to the biopolymer, some interesting
observations were made. On the one hand, glycerol was seen to
form inhomogeneous but rather large segregated domains in the
absence of filler (see Figure 3B). This is in accordance with pre-
vious observations by the authors in the biopolymer amylopeptine
plasticized with glycerol (47). More interestingly, however, is
the observation that in the presence of the microcomposites, the
cellulose microfibers do not seem to be homogeneously dispersed
and appear to be rather segregated to the matrix fraction (see
Figure 3C-F). Indeed, when polarized light was used, the micro-
fibers appeared to set aside and to preferentially locate within the
matrix fraction. Panels E and F of Figure 3 (see arrows) also
support the latter observations by suggesting that glycerol do-
mains seem to form boundaries around the fibers. Even more
interesting is the fact that when CNW were used, it was much
more difficult to spot in the composite the otherwise large glycerol
domains, and observation of Figure 3H suggests that the glycerol
domains become smaller and more homogeneously dispersed
across the matrix in the presence of the nanofiller. This could be
related to the nanosize of the cellulose whiskers, which makes
difficult the aggregation of glycerol in the matrix providing a
more homogeneous composite. This observationmay also help to
explain the completely different water barrier performance of
plasticized micro- and nanocomposites (see later).

TEM is a powerful tool for the analysis of cellulose whiskers
and nanoparticles dispersion in general. In any case, TEM anal-
ysis of the nanocomposite structure was challenging for several
reasons: The major problem is the impossibility of microtoming
the biocomposite films, because the cuts are usually collected on
liquids, which either dissolve the polymer or lead to rolled pieces
very difficult to handle and observe.However, by direct casting of
polymer solution drops over the TEM grid, relatively good
images of the nanobiocomposites were obtained. Figure 4 shows
pictures of the pure carrageenan, pure nanowhiskers, and the
corresponding nanobiocomposites. From Figure 4B a good
dispersion of the nanowhiskers in the matrix becomes apparent;
however, increasing the nanofiller content in the matrix (Figure 4C)
results in an increase in the number of agglomerates, most likely due
to the well-reported natural trend of the cellulosic fillers to self-
associate via hydrogen bonding as the concentration builds up in
composites.

The typical size of the cellulose nanowhiskers as determined by
TEM was found to be around 25-50 nm in length and around
5 nm in the cross section within the polymeric matrix. Thus, by

comparing the size of the attained CNWwith that of the original
cellulose microfibers, it becomes evident that a considerable
(by ca. 3 orders of magnitude) reduction in fiber size has been
accomplished by the acid hydrolysis. These results are in agree-
ment with previous findings by these authors using this type of
microfibers (31) and also with previous results by other authors
using different cellulosic materials (30,31). Direct TEM observa-
tion of the pure cellulose nanowhiskers after solvent evaporation
indicates that a very intricate network of aggregated whiskers is
formed with cross sections in the thinnest fibers below 10 nm. By
drying, the cellulosic material tends to agglomerate and, there-
fore, it is likely that the presence of the biopolymer molecules in
the composites helps to better retain the dispersibility expected to
exist in the solution form.

Thermal Stability. Thermal degradation of carrageenan and its
nanocomposites containing both CNW and the original micro-
fibers was studied by determining the corresponding mass loss
during heating by TGA. Table 1 summarizes the decomposition
thermograms (maximum of the weight loss first derivate) for all
samples. FromTable 1, the temperature at which the carrageenan
decomposition rate is the highest is 219.78 �C. On the other hand,
the weight loss first-derivative maximum for the neat CNW is
located at 331.55 �C. This is ca. 32 �C lower than that for the
original cellulose microfibers, indicating that the CNW are less
thermally stable than the original microfibers, in agreement with
previousworks (48), due tomost likely the hydrolysis process that
promotes the presence of sulfate groups on the fiber surface.
At low contents of CNW (1 and 3 wt %), the decomposition
temperature of the biocomposites without glycerol decreases;
however, further incorporation of CNW (5 wt %) results in a
slightly increased thermal stability.

For the films of carrageenan containing glycerol, the decom-
position temperature increased by 4 �C, suggesting that the
plasticizer stabilizes the polymer to some extent. In the case of
the nanocomposite samples containing glycerol, the decomposi-
tion temperature also increased by ca. 8 �C, suggesting that
glycerol can also act as a stabilizer for the blend. This increase
was arrested for the composites containing CNW in excess of
3 wt%. Pandey et al. reported a decrease in thermal stability with
the addition of cellulose nanowhiskers to a PLA matrix(34). The
authors discussed that there are conflicting reports about the
thermal stability of esterified lignocellulosic materials, the behav-
ior of which was seen to depend on the reagents used for modifi-
cation. Esterification with maleic and succinic anhydrides was
also reported to lead to a decrease in thermal stability, whereas
treatment with fatty acids, acrylonitrile, methyl methacrylate, did
enhance thermal stability (34). Chen et al. also showed a reduc-
tion in decomposition temperature with the addition of pea hull
fiber (PHF)-derived nanowhiskers to pea starch ascribed to the
longer interaction with the acid media (35). Ayuk et al. reported
that an improvement in thermal degradation temperatures, even
at high whisker contents, is considered to be an indication for
efficient dispersion of the filler (36). On the other hand, Li et al.
reported that the decomposition temperature of chitosan films
containing CNWderived from cotton linter pulp hardly changed
with an increase in nanofiller content in the matrix. The latter
authors suggested that the addition of CNW retained the thermal
stability of the films because of the strong interactions between
the whiskers and chitosan (37).

Addition of cellulose microfibers to unplasticized carrageenan
resulted in a continuous decrease in the decomposition tempera-
ture for microfiller loadings of up to 3 wt%. Thus, whereas 1 wt%
of CNW dropped the most the thermal stability and further
nanofiller loading resulted in increased stability, for the micro-
fibers themaximumdropwas for 3wt% loading.On the other hand,
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the behavior of adding cellulose microfibers to the carrageenan con-
taining glycerol was found to be rather similar to that of CNW.

Previous studies reported that glycerol can help increase
dispersion and interaction with fillers and, hence, the higher

stability of the blends with glycerol could be ascribed to this
phenomenon (13, 36, 37). Nevertheless, although it is possible
that a better interaction can occur in the composites containing
glycerol, a better dispersionwas in fact not observed in the current

Figure 3. Optical micrographs of carrageenan-based films containing (A) pure carrageenan, (B) 10 wt % glycerol, (C-F) 3 wt % of microfibers and 10 wt %
glycerol, (G, H) 1 wt % of microfibers and 10 wt % glycerol, (I) 3 wt % of CNW, and (J) 3 wt % of CNW and 10 wt % glycerol. Images D and F were taken with
polarized light. The white arrows indicate glycerol boundaries in the images. The scale markers are 100 μm in all cases.
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experiments in the cellulosemicrofibers. This also points out that,
in fact, glycerol is a stabilizing agent on its own because it also
stabilizes the pure matrix. With regard to the losses in thermal
stability for unplasticized nanocomposites with low contents of
cellulosic materials, it is feasible that because dispersion is higher
at low loadings but the reinforcing effect is higher in terms
of water resistance (see later), higher influence in the performance
of the composites compared to the matrix could be detrimental
to the stability. Therefore, the results here suggest that higher
dispersion leads to earlier matrix degradation due to enhanced
interaction between filler and matrix and/or the corresponding
property alterations.

Overall, the TGAdata indicate that the nanobiocomposites are
thermally stable in the temperature range in which carrageenan is
typically processed, that is, below 190 �C.

Mass Transport Properties. Table 2 gathers the direct water
vapor permeability coefficients of carrageenan and its nano-
biocomposites. These values are in good agreement with the values
previously reported by the authors in similarly produced films (4).
From Table 2, it can also be seen that a water vapor permeability
decrease of ca. 32% is observed with the addition of 10 wt % of
glycerol. This is expected as Talja et al. reported that the water
vapor permeability for potato starch-based films without plasti-
cizer was higher compared to that of starch-based films plasti-
cized with 20 wt % of glycerol at various RH conditions (39).

However, as opposed to this, the films plasticized with 30 and
40wt%of glycerol increased thewater vapor permeability (38,39,).
In the current study, a similar behavior of a water vapor per-
meability reduction at low additions of glycerol was observed in
carrageenan films. Visible cracks in the carrageenan film without
plasticizer were not seen before testing. However, the increase
in water vapor permeability of carrageenan in the absence of
glycerol could be hypothesized as being caused bymicrocracks in
the film. Alternatively, Guo et al. reported that cellulose acetate
films at plasticizer contents of 5-10% (w/w, solids) had lower
water vapor permeability than filmswithout plasticizer because of
the decreased molecular mobility of the cellulose acetate pro-
moted by the plasticizer (40).

Figure 5 shows a plot summarizing the water vapor perme-
ability of neat carrageenan and its nanocomposites with CNW
and of the corresponding biocomposites with the original cellu-
lose microfibers for various filler contents with and without
glycerol. From the results, in the case of the films without glycerol
(Figure 5A), reductions of water vapor permeability of ca. 68, 70,
and 58% were obtained in films containing 1, 3, and 5 wt % of
CNW, respectively, compared with unfilled carrageenan. In the
case of the composites of carrageenan with the original micro-
fibers, decreases inwater vapor permeability of ca. 40, 56, and 8%
with the addition of 1, 3, and 5 wt% of microfibers compared to
neat carrageenan were obtained. Thus, at highermicrofiber contents,

Figure 4. TEM images of (A) carrageenan film (scale marker is 200 nm), (B) carrageenan containing 1 wt % CNW content (scale marker is 200 nm),
(C) carrageenan containing 5 wt % of CNW (scale marker is 200 nm), and (D) cellulose nanowhiskers obtained by direct casting over a TEM grid followed
by solvent evaporation (scale marker is 500 nm).

Table 1. TGA Maximum of the Weight Loss First Derivative (Td) and the Corresponding Peak Onset and Endset Values for the Carrageenan-Based Materials

sample onset (�C) Td (�C) endset (�C) sample onset (�C) Td (�C) endset (�C)

carrageenan 211.9 219.8 226.4 carrageenan þ 10% Gly 213.2 223.3 233.0

carrageenan þ 1% CNW 196.8 201.9 207.0 carrageenan þ 1% CNW þ 10% Gly 221.7 227.5 233.3

carrageenan þ 3% CNW 204.9 210.0 215.7 carrageenan þ 3% CNW þ 10% Gly 226.0 231.1 236.3

carrageenan þ 5% CNW 218.7 222.5 227.9 carrageenan þ 5% CNW þ 10% Gly 227.0 231.7 237.2

carrageenan þ 1% fiber 206.9 211.7 216.9 carrageenan þ 1% fiber þ 10% Gly 211.8 227.1 233.4

carrageenan þ 3% fiber 191.6 196.4 201.7 carrageenan þ 3% fiber þ 10% Gly 224.4 229.2 234.3

carrageenan þ 5% fibera carrageenan þ 5% fiber þ 10% Gly 222.4 228.1 233.3

CNW 312.6 331.5 349.0 CNW 312.6 331.5 349.0

purified cellulose microfibers 309.8 363.9 384.2 purified cellulose microfibers 309.8 363.9 384.2

a TGA of carragenan containing 5 wt % of fiber was not measured.
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the water vapor permeability reduction is most likely decreased
due to filler agglomeration as observed by optical microscopy
(see Figure 1E). This result is consistent with a previous study on
the additionof similar cellulosemicrofibers toPLA, inwhich filler
agglomeration as observed by SEM occurred with increasing
filler loading and resulted in increased permeability due to the
creation of preferential paths for diffusion (32). Interestingly, for
similar filler contents, the CNW are more efficient in reducing
water vapor permeability compared to the microfibers due to
chiefly nanodispersion versus microdispersion of the filler.

When nanocomposites with glycerol were formulated, a reduc-
tion in water vapor permeability was also observed (see Table 2
and Figure 5B); that is, reductions of ca. 50, 60, and 63% were
obtained for 1, 3, and 5 wt% of nanofiller contents, respectively,
with regard to the matrix containing glycerol. In principle, the
barrier reinforcement was not seen higher than for the samples
without glycerol, a fact that perhaps rules out the hypothesis of
higher dispersion between the filler and the matrix assisted by
glycerol. This may also suggest that the observation of glycerol
increasing the thermal stability of the blend may be regarded as
the plasticizer increasing interaction between the filler and the
matrix and/or acting as a stabilizer during the thermal runs. The
facts that the glycerol is not miscible with the carrageenan (31)
and that the cellulosicmaterial may not be as well dispersed in the
glycerol phase can lead to a more unhomogeneous dispersion of
the nanofiller in the glycerol-containing composites, which in turn
can promote higher overall thermal stability for the blends. In
sharp contrast to the behavior of the CNW, the addition of 1 wt
% of microfibers did not result in enhanced barrier performance,
and but adding 3 and 5 wt%of the originalmicrofibers increased
water vapor permeability by ca. 53 and 57% compared to pure
carrageenan containing glycerol. This behavior in barrier perfor-
mance is unexpected here but was already reported before in
PLA (32); cellulosemicrofiber loadings beyond 1wt% resulted in

barrier deterioration due to sudden microfiber agglomeration
and lack of adhesion at the polymer-filler interphase as char-
acterized by SEM. In the current experiments, if the microfiller
was not homogeneously dispersed but rather segregated to the
matrix phase as the morphology study suggested, this could
detrimentally affect the barrier performance. It is also relevant
to point out that higher thermal stability seems to be actually
promoted in the current experiments by filler agglomeration.

In summary, the best water barrier performance was found for
CNW loadings of ca. 3 wt %. This suggests that higher CNW
contents lead to nanofiller agglomerations that no longer enhance
dispersion and which are detrimental in terms of barrier enhance-
ment. Surprisingly, microfibers become inefficient as barrier
elements in the presenceof glycerol, due tomost likely segregation
and agglomeration of the microfibers outside glycerol domains.

To better assess the barrier performance, some typical models
were applied to compare the experimental results with widely
used simple models. Nielsen (41) developed an expression to
model the permeability of a two-phase composite sheet in which
impermeable square plates are dispersed in a continuous con-
ducting matrix. The plates are oriented so that the two edges of
equal length, L, are perpendicular to the direction of transport
and the third edge, of width 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 for tortuosity. In
the following, this model will be called the tortuosity model.
Note that this model does not account for permeation through the
dispersed phase.

Table 2. Water Vapor Permeability for the Carrageenan-Based Materialsa

sample P (kg m/s m2 Pa) % reduction sample P (kg m/s m2 Pa) % reduction

carrageenan AB6.86( 0.041E-14 carrageenan þ 10% Gly ABC4.65( 0.542E-14

carrageenan þ 1% CNW C2.16( 0.23E-14 68 carrageenan þ 1% CNW þ 10% Gly C2.32( 0.15E-14 50

carrageenan þ 3% CNW C2.01( 0.37E-14 71 carrageenan þ 3% CNW þ 10% Gly C1.87( 0.14E-14 60

carrageenan þ 5% CNW BC2.89( 0.57E-14 58 carrageenan þ 5% CNW þ 10% Gly C1.74( 0.78E-14 63

carrageenan þ 1% fiber AB4.15( 0.12E-14 40 carrageenan þ 1% fiber þ 10% Gly ABC4.62( 0.53E-14

carrageenan þ 3% fiber BC3.00( 0.69E-14 56 carrageenan þ 3% fiber þ 10% Gly A7.11( 1.52E-14

carrageenan þ 5% fiber AB6.31( 0.54E-14 8 carrageenan þ 5% fiber þ 10% Gly A7.32( 0.51E-14

4.38K/ι-carrageenan literature value 6.7E-14

aStatistical analysis by Tukey test is indicated by A, B, and C.

Figure 5. (A) Permeability to water of carrageenan and its nanocomposites containing 1, 3, and 5 wt% of CNWand of cellulosemicrofibers. (B) Permeability
to water of carrageenan with 10 wt % of glycerol and of its nanocomposites containing 1, 3, and 5 wt % of CNW and of cellulose microfibers.
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Amore realistic system to consider is one in which a discontin-
uous low-permeability phase is present in a high-permeability
matrix. Maxwell (42) 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 (43) extended
Maxwell’s model to describe the conductivity of a two-phase
system in which ellipsoids with permeability Pd are dispersed in a
more permeable continuous matrix. According to this model, the
permeability of the composite system with Φ2, the volume
fraction of the dispersed phase, is (44)

P ¼ ðPm þPdFÞ=ð1þFÞ ð2Þ
where

F ¼ ½φ2=1-φ2�½1=ð1þð1-MÞðPd=Pm - 1ÞÞ�

M ¼ cos θ=sin3 θ½θ- 1=2 sin 2θ�

and

cos θ ¼ W=L

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

Figure 6 plots the experimental permeability values andmodel-
ing results using eqs 1 and 2. TEM characterization of CNW in
the carrageenan films suggested experimentalL/W (particle length/
width ratio) values ranging from 5 to 10 and in the cellulose micro-
fibers from 2 to 15. Therefore, in fact, the main relevant factor in
reducing permeability in these models for a given filler loading is
to have higher L/W for the filler. Curiously enough, the L/W
factors achieved as a result of the top-bottom nanofabrication
approachdonot change to a significant extent and, hence, the two
models for a start cannot really pick up the overall downsizing
differentiating effect. Another factor not involved in themodeling
is the different permeability blocking capacity for a given filler
loading, which for the case of the CNW is hypothesized to be
higher because the overall crystallinity of the filler is increased
during nanofabrication.

The following set of parameters were used in eqs 1 and 2:
Fcellulose nanowhiskers = 1.6 g/mL (45), Pd ≈ 0, Pm = 100, and
L/W of 5, 10, and 50. The results displayed inFigure 7 suggest that

the permeability drop in nanobiocomposites containing 1 and
3 wt % of CNW does not follow the expected trend in perme-
ability drop (that is, they arrest earlier) and is actually much
higher than predicted for aspect ratios between 5 and 10. How-
ever, for aspect ratios of 50, which seem larger than the actual
experimental aspect ratios, a better fit to the experimental data is
achieved (see Figure 6), especially at both 1 wt % of CNW with
glycerol and of microfibers without glycerol. It is also observed
that the Fricke model better describes the experimental data at
low contents ofCNWwhen consideringL/W=50.This indicates
that a nanodispersion factor should be implemented in the
modeling when the filler does not change the L/W ratio to
account for overall size reduction. Data for the carrageenan film
with 5 wt % of CNW, as the filler seems to more strongly
agglomerate, deviate from the modeling expected trend as filler
content builds up. This again suggests that filler agglomera-
tion has to be taken into account in the modeling as it reduces
the expected barrier enhancement. In the case of the films with
cellulose microfibers and glycerol, the water vapor permeability
was seen to increase and shows a completely different behavior
from themodel predictions.We conjecture that the agglomerated
morphology of the cellulose microfibers in the carrageenan films
and the lack of homogeneity in dispersion could be at the origin of
the discrepancy between experimental data for cellulose micro-
fibers and the models.

Nevertheless, the applied simple models largely underpin their
barrier responses on the bases of the so-called morphological
tortuosity effect at low filler loadings, which is mostly related to
diffusion, so they conjecture that a diffusion reduction by a filler-
assisted blocking of the permeants is the chief phenomenon
accounting for the permeability reductions. To gain more knowl-
edge in this respect, evaluation of water solubility by measuring
water uptake was also carried out in the samples.

Water Uptake. Table 3 summarizes the water uptake at 11, 54,
and 75% RH in carrageenan with and without glycerol and in
the nanobiocomposites with CNW and cellulose microfibers.
A general observation is that water uptake in all films increased
with increasing RH, as expected (39). However, for the case of
the microfiber-based composites, this increase in water uptake is
smaller in the low- and medium-humidity range. In Table 3, the
water uptake at 11%RHis surprisingly reduced by asmuchas 77,
91, and 91% with the addition of 1, 3, and 5 wt % of CNW,
respectively. At higher relative humidity, namely, at 54 and 75%
RH, a similar strong reduction in water uptake is observed as
CNW are added to the carrageenan matrix. In the case of the

Figure 6. Permeability modeling versus volume percent of a dispersed
phase with different aspect ratios L/W and the normalized experimental
permeability values.

Figure 7. Water vapor permeability/percent water uptake ratio at 75% RH
for the various samples with and without glycerol.
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composites with fibers, the water uptake at 11% RH shows a
similar uptake value as for the pure carrageenan, but at 54 and
75% RH the water uptake is clearly smaller than in carrageenan
and rather similar to that in the corresponding CNW-based
composites. Thus, the good morphology and dispersion of the
highly crystalline CNW (as determined and reported elsewhere
(31)) in the carrageenan films produced this significant reduction
in water uptake. The microfibers also reduce to a significant
extent the water uptake but only atmedium-high relative humidity
conditions.

The impact of adding glycerol to the carrageenan films on
water uptake was also determined at different humidity levels.
The water uptake of pure carrageenan was seen to decrease with
the addition of glycerol at low relative humidity, but increased
at higher relative humidity. The same behavior was reported by
Zeppa et al. (46). Thus, glycerol was also reported to decrease
water uptake at low water activity and to increase this at high
water activity. In particular, at low water activity, the decrease in
solvent uptake was attributed to a decrease of available sorption
sites in the presence of the plasticizer. The rationale for this is that
in plasticized films there are interactions between the hydroxyl
groups of the polysaccharide and these of glycerol, and so there
are fewer sorption sites for water binding (39, 46). When CNW
are added, the available free volume is also thought to be filled in
by the highly crystalline nanofiller, hence resulting in reduced
uptakes. That effect seems less efficient with microfibers at low
water activity. At medium-high relative humidity conditions,
water-clustering phenomena resulting in plasticization are thought
to occur, thus increasing the overall water uptake as observed
here (46). This phenomenon is thought to be more favored in the
glycerol plasticized films due to enhanced molecular mobility of
the polymer chains in the presence of the plasticizer and also to
the hydrophilicity of the plasticizer.

Table 3 also shows that films of carrageenan with 10 wt % of
glycerol and with 1, 3, and 5 wt % of CNW present a decrease in
the water uptake at 11%RHof ca. 60, 76, and 47%, respectively,
comparedwith the plasticized carrageenan containing glycerol. In
the case of the water uptake at 54%RH, reductions of 50, 61, and
59% were observed for the films of carrageenan with 1, 3, and
5 wt% of CNW.Water uptakes measured at 75% RH were also
seen to present decreases of ca. 66, 65, and 75% for the glycerol
plasticized films containing 1, 3, and 5 wt%of CNW.At low and
medium water activity, the water uptake reductions are clearly
smaller in the presence of glycerol than in the absence of the
plasticizer. In the case of the composites of carrageenan with
cellulosemicrofibers, an increase inwater uptake at 11%RHwas

seen. On the other hand, at higher humidity conditions, the
microfibers exhibit significantly reduced water uptake, which
becomes similar as this observed for the CNW. The behavior in
water uptake at low humidity conditions does single out the
behavior of the microcomposites containing glycerol, but curi-
ously this is not the case at high humidity and, therefore, the
reproducible barrier performance of the microcomposites in
the presence of glycerol must be related to diffusion.

As expected, the addition of cellulose nanowhiskers was
generally seen to be more efficient in reducing water sorption
across relative humidity in the presence and in the absence of
glycerol due to both the higher crystallinity present in the CNW
and the higher dispersion in the matrix due to the nanosize.
Interestingly, the exhibited water uptake drops are generally
similar to the corresponding water vapor permeability reductions
and, hence, a surprisingly strong contribution to permeability is
anticipated from this solubility indicative factor.

To further study the impact of solubility orwater uptake on the
observed permeability, Figure 7 shows the ratio of water vapor
permeability measured at 75% RH divided by water uptake at
75% RH for the carrageenan films and the nanocomposites
containing CNW and cellulose microfibers with and without
glycerol. This ratio can tell us something about the water
diffusion (D=P/S) in the materials at this high relative humidity
condition. From the results, it is surprising to see that in fact
diffusion seems to be rather constant or to decrease in unplasti-
cized CNW based-biocomposites and to slightly increase in
plasticized CNW based-composites, suggesting that the water
solubility reduction is a strong factor behind the reduction in
moisture permeability in the nanobiocomposites. A higher water
diffusion seems clearer in the microcomposites and especially for
the samples containing glycerol, a fact that again supports the
lower dispersion and/or interfacial interaction and agglomera-
tion of the microfiller in the glycerol-containing samples. These
observations are very relevant because they may provide a better
understanding of the barrier effect of the CNW as based on the
presence of crystalline blocks, which reduce solubility to a
significant extent and, hence, permeability.

Conclusions. As a summary, cellulose nanowhiskers, with
lengths ranging from 25 to 50 nm and cross sections around
5 nm, were prepared from highly purified R-cellulose microfibers
(of 50-100 μm length and 10-20 μm cross section) by acid
hydrolysis and were used to reinforce the water barrier of a
carrageenanmatrix with contents ranging from 1 to 5 wt% using
a solvent casting method. From TGA results, the addition of low
contents of nanowhiskers in the carrageenan films was seen to

Table 3. Percent Water Uptake at 11, 54, and 75% Relative Humidity (RH) for the Carrageenan-Based Materialsa

water uptake at 11% RH water uptake at 54% RH water uptake at 75% RH

carrageenan AB5.12( 0.08 A10.90( 0.29 B17.02( 0.34

carrageenan þ 1 wt % CNW DE1.18( 0.01 D3.49( 0.52 C4.93( 1.29

carrageenan þ 3 wt % CNW E0.45( 0.28 CD4.20( 0.19 C7.54( 0.45

carrageenan þ 5 wt % CNW E0.41( 0.09 CD4.18( 0.19 A7.54( 0.38

carrageenan þ 10% Gly ABCDE3.62( 0.32 A12.41( 0.21 C6.03( 0.62

carrageenan þ 1 wt % CNW þ 10% Gly CDE1.46( 0.04 BC6.13( 0.012 C8.89( 0.62

carrageenan þ 3 wt % CNW þ 10% Gly E0.85( 0.10 CD4.77( 0.39 BC9.19( 2.38

carrageenan þ 5 wt % CNW þ 10% Gly A1.93( 0.89 BCD5.05( 0.93 C6.38 ( 0.84

carrageenan þ 1 wt % fiber ABCD4.71( 0.25 CD4.57( 0.28 C6.05( 0.57

carrageenan þ 3 wt % fiber ABC4.74( 0.42 BCD5.24( 0.15 C6.49( 0.02

carrageenan þ 5 wt % fiber AB5.19( 0.07 BCD5.31( 0.44 C7.48( 0.82

carrageenan þ 1 wt % fiber þ 10% Gly A5.87( 0.50 BC5.87( 0.10 C8.23( 2.13

carrageenan þ 3 wt % fiber þ 10% Gly A5.61( 1.85 B6.97( 0.05 C8.65( 0.80

carrageenan þ 5 wt % fiber þ 10% Gly AB5.45( 0.35 BC6.23( 0.08 C9.70( 1.88

aStatistical analysis by Tukey test is indicated by A, B, C, D, and E.
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reduce to some extent the overall thermal stability of the bio-
polymer, which was reversed by filler agglomeration at higher
loadings and with the addition of the plasticizer glycerol. Addi-
tion of cellulose nanowhiskers to carrageenan resulted in good
dispersion of the nanofiller in the matrix, especially at low filler
contents. However, increasing the nanofiller loading in excess of
3 wt % TEM and water vapor permeability data suggested
that agglomeration of these CNW takes place due to hydrogen-
bonding-induced self-association. Optimum performance in terms
of barrier, that is, a ca. 70% water vapor permeability drop, was
seen to occur at around 3 wt % of CNW. The permeability drop
was chiefly ascribed to a strong reduction in water uptake rather
than a diffusion-driven tortuosity effect. On the other hand, the
addition of the parent cellulose microfibers did also result in
reductions in permeability at low filler loadings, but these were
smaller per filler volume compared to the CNW and were seen
only in the absence of the plasticizer glycerol. The optical proper-
ties of themicrocomposites were detrimentally affected compared
to both CNW-based composites and pure carrageenan. Surpris-
ingly, the addition of glycerol resulted in increased permeability
for the microcomposites due to most likely segregation of the
cellulosic material to the matrix fraction as suggested by optical
microscopy and subsequent agglomeration and creation of pre-
ferential paths for diffusion.

Overall, the main conclusion arising from this study is that
cellulose nanowhiskers obtained by acid hydrolysis can be used
to enhance the water barrier and resistance of carrageenan
and hence can have significant potential in food-packaging
and -coating applications.
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