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Nanocrystalline cellulose (NCC) reinforced chitosan-based biodegradable films were prepared by solution
casting. The NCC content in the films was varied from 1 to 10% (dry wt. basis). It was found that the
tensile strength (TS) of the nanocomposite films with 5% (w/w) NCC content was optimum with an
improvement of 26% compared to the control chitosan films. Incorporation of NCC also significantly
improved barrier properties. Water vapor permeability (WVP) of the chitosan/NCC films was decreased
by 27% for the optimum 5% (w/w) NCC content. Swelling studies revealed a decrease in water uptake of
the NCC-reinforced chitosan films. Analyses of thermal properties showed no significant effect of NCC
whereas X-ray diffraction studies confirmed the appearance of crystalline peaks in the nanocomposite
films. Surface morphology of the films was investigated by scanning electron microscopy and it was found
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that NCC was dispersed homogenously into chitosan matrix.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Global environmental concern, regarding the use of non-
biodegradable petroleum-based packaging materials, has been
encouraging researchers, industries and governments in the quest
for alternative materials made from natural biopolymers. Bio-
based packaging is made from raw materials originating from
natural sources, such as starch, cellulose, chitin or biodegrad-
able synthetic polymers such as, polycaprolactone and polylactic
acid (Arumugam, Tamareselvy, Venkata Rao, & Rajalingam, 1989;
Chandra & Rustgi, 1998; Ciesla, Salmieri, & Lacroix, 2006; Le Tien
et al.,, 2000). Despite great improvements, the use of natural poly-
mers for food packaging has been limited because of the poor
barrier properties and weak mechanical properties of the film
(Rhim & Perry, 2007). For these reasons natural polymers were
either blended with other synthetic polymers or chemically mod-
ified to enhance these features (Giannelis, 1996; Khan, Hugq, et al.,
2010; Weber, Haugaard, Festersen, & Bertelsen, 2002). Some of the
limited mechanical and barrier properties (water vapor, oxygen
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permeability, etc.) of biopolymers can be significantly enhanced
by the use of reinforcing fillers to create nanocomposite films.
Nanocomposite films extend the food shelf-life, and also improve
food quality as they can serve as carriers of some active substances,
such as antioxidants and antimicrobials (Sorrentino & Gorrasi,
2007).

Chitosan, a natural linear polysaccharide consisting of 1,4-linked
2-amino-deoxy-[3-pD-glucan, is a partially deacetylated derivative
of chitin, the second most abundant natural polysaccharide after
cellulose. Chitosan is non-toxic, biodegradable, biofunctional, bio-
compatible and was reported by several researchers to have strong
antimicrobial and antifungal activities (Darmadji & Izumimoto,
1994; Kim et al., 2011; No, Meyers, Prinyawiwatkul, & Xu, 2007;
Rabea, Badawy, Stevens, Smagghe, & Steurbaut, 2003). Chitosan
films have been successfully used as a packaging material for the
quality of preservation of foods (Jo, Lee, Lee, & Byun, 2001).

Cellulose, another natural linear carbohydrate polymer chain
consisting of D-glucopyranose units joined together by [3-1,4-
glycosidic linkages, is the most abundant biopolymer and can
be found in wood, cotton, hemp among other sources. Cellu-
lose nanocrystals, also called nanocrystalline cellulose (NCC) can
be extracted from cellulose sources after the cellulose fibers are
digested by a controlled acid hydrolysis process. NCC is a highly
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crystalline nanometer sized rod-like particle that is obtained as
a stable aqueous colloidal suspension. This NCC was extracted
from softwood bleached kraft pulp with an acid hydrolysis pro-
cess inspired from the literature (Beck-Candanedo, Roman, & Gray,
2005). This type of NCC was found to exhibit an average length
of 110nm long for a 5-10nm width (Revol, Bradford, Giasson,
Marchessault, & Gray, 1992). The use of sulfuric acid in the hydrol-
ysis process, leads to a more stable dispersion than the one using
hydrochloric acid due to the grafting of sulfate groups on the sur-
face of the NCC that stabilizes the NCC suspensions by electrostatic
repulsion (Beck-Candanedo et al., 2005). NCC was shown to rein-
force polymers due to the formation of a percolation network
that connects the well dispersed NCC by hydrogen bonds (Favier,
Chanzy, & Cavaille, 1996). It was shown that the presence of NCC
reinforcing fillers in the polymer matrix provides superior perfor-
mances such as mechanical properties, barrier properties leading
to the next generation of biodegradable materials (Azeredo et al.,
2010; Cao, Chen, Chang, Muir, & Falk, 2008; Dieter-Klemm et al.,
2009).

The objective of the present research was to evaluate the effect
of NCC incorporation on the mechanical, barrier, thermal and
structural properties of chitosan-based biodegradable films. The
mechanical properties of the films were measured to evaluate the
films tensile strength (TS), tensile modulus (TM), and elongation at
break (Eb). The barrier properties of the films were investigated by
carrying out water vapor permeability tests and swelling properties
were monitored by the water uptake of the nanocomposite films.
Fourier Transform Infrared Spectroscopy (FTIR) was used analyze
the interaction between chitosan and NCC. Surface morphology of
the NCC reinforced chitosan films was investigated by scanning
electron microscopy (SEM).

2. Materials and methods
2.1. Materials

Chitosan (high mol. weight, degree of deacetylation: 88-89%)
was purchased from Kitomer Biotech (Riviére-au-Renard, QC,
Canada). NCC (prepared as a dry redispersible powder in water)
was produced in the FPInnovations pilot plant NCC reactor (Pointe-
Claire, QC, Canada) from a commercial bleached softwood kraft
pulp according to a procedure modified from the literature (Dong,
Revol, & Gray, 1998).

2.2. Film preparation

Chitosan (1%, w/v) was dissolved in 2% aqueous acetic acid solu-
tion. A dilute aqueous NCC suspension (0.1%, w/w) was prepared
by dispersing the NCC powder in distilled water for 3 h, under
vigorous magnetic stirring at room temperature, followed by ultra-
sonication in a water bath for 30 min. The NCC suspension (1-10%,
w/w in the dry chitosan-based nanocomposite film) was mixed
with the chitosan solution and homogenized at 23,000 rpm for
2min with a high shear mixer (IKA T25 digital Ultra-Turrax dis-
perser, IKA Works Inc., Wilmington, NC, USA). Films were then cast
by applying 10 mL of the NCC/chitosan suspension onto Petri dishes
(100 mm x 15mm) and air-dried for 24 h, at room temperature at
35%relative humidity (RH). Dried nanocomposite films were peeled
off from the Petri dishes and stored in polyethylene bags at 35% RH
prior to characterization. The thickness of the films was ~20 pm.
Pure NCC films were prepared by casting from a 1% NCC suspension.

2.3. Mechanical properties of the films

Tensile strength (TS), tensile modulus (TM) and elongation at
break (Eb) of the films were measured by using Universal Testing

Machine (model H5KT, with a 1 kN load cell, Tinius-Olsen, Horsham,
USA). The samples were cut using ASTM procedure D 638-99 and
the film thickness was measured using a Mitutoyo Digimatic Indica-
tor (Type ID-110E; Mitutoyo Manufacturing Co. Ltd., Tokyo, Japan)
at five random positions along the film.

2.4. Water vapor permeability test

The WVP test was conducted gravimetrically using ASTM
procedure 15.09:E96. Films were mechanically sealed onto
Vapometer cells (No. 68-1, Twhing-Albert Instrument Co., West
Berlin, NJ, USA) containing 30 g of anhydrous calcium chloride to
create a 0% RH storage condition). The cells were initially weighed
and placed in a Shellab 9010 L controlled humidity chamber (Shel-
don Manufacturing Inc., Cornelius, OR, USA) maintained at 25°C
and 60% RH for 24 h, then the amount of water vapor transferred
through the film and absorbed by the desiccant was determined
from the weight gain of the cell. The assemblies were weighed ini-
tially and after 24 h for all samples. WVP is calculated according to
the combined Fick and Henry’s laws for gas diffusion through films
as follows:

P _ xAw
WVP(g mm/m~ day kPa) = AAP
where Aw is the weight gain of the cell (g) after 24 h, x is the film
thickness (mm), A is the area of exposed film (31.67 x 10~4 m2),
and AP is the differential vapor pressure of water through the film
(AP=3.282kPa at 25°C). WVP is expressed in g mm/m? day kPa.

2.5. Gel swelling property

The test samples were first dried at 37 °C for 12 h in an incubator
and then accurately weighed. The dried films were then immersed
in distilled water for 1-8 h. The wet weight of the films was mea-
sured by taking out the films from the water and blotting with
a filter paper to remove the surface adsorbed water followed by
immediately weighing the films (Jin, Song, & Hourston, 2004). The
water uptake or swelling property of the films was calculated by
the following equation:

s {WS—Wd

}xwo
d

where, S is the percentage of water absorption of the films at equi-
librium; W5 and Wy are the weights (in g) of the samples in the dry
and swollen states, respectively.

2.6. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the films were recorded using a Spectrum
One spectrophotometer (Perkin-Elmer, Woodbridge, ON, Canada)
equipped with an attenuated total reflectance (ATR) device for
solids analysis and a high-linearity lithium tantalate detector. Spec-
tra were analyzed using Spectrum 6.3.5 software. Films were stored
at room temperature for 72 h in a desiccator containing saturated
NaBr solution to ensure a stabilized atmosphere of 59% RH at 23 °C.
Films were then placed onto a zinc selenide crystal, and the analysis
was performed within the spectral region of 650-4000cm~! with
64 scans recorded at a 4 cm~! resolution. After attenuation of total
reflectance and baseline correction, spectra were normalized with
a limit ordinate of 1.5 absorbance units.

2.7. Thermo gravimetric analysis (TGA)
Thermogravimetric analysis of the films was carried out using a

TGA 7 (Perkin Elmer, CA, USA) analyser. Experiments were carried
out under nitrogen atmosphere (40 cm Lmin~1). The weight of the
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film samples varied from 6 to 8 mg, scanning range was maintained
to 50-600°C and the heating rate was 10°C min~!.

2.8. X-ray diffraction (XRD)

For XRD analysis, film samples were folded several times to
increase the sample thickness. Samples were analyzed between
260=5° and 30° with step increment 20 =0.02° in a D8 Discover X-
ray Diffractometer (Bruker AXS Inc., Madison, MI, USA) using a Cu
Ko (40kV/35 mA).

2.9. Scanning electron microscopy (SEM)

Film samples were prepared by dropping in liquid nitrogen a
5mm x 5 mm sample piece that was previously cut from the cen-
ter of the sample film. The sample piece was allowed to equilibrate
in the liquid nitrogen prior to being fractured with a prechilled
razor blade held in a vice grip. The samples were deposited on an
aluminum holder and sputtered with gold/palladium alloy (depo-
sition rate of 30 s equivalent to coating thickness of approximately
50A) in a Hummer IV sputter coater (Anatech Ltd, Alexandria,
VA). SEM photographs were taken with a Hitachi S-4700 FEG-SEM
(Hitachi Canada Ltd., Mississauga, ON, Canada) at a magnification
of 40,000x, at room temperature. The microscope was equipped
with an X-ray detector model 7200 (Oxford Instruments) with a
resolution of 1.36eV at 5.9 keV.

2.10. Statistical analysis

An analysis of variance (ANOVA) and multiple comparison tests
of Duncan’s were used to compare all the results. Differences
between means were considered significant when the confidence
interval is smaller than 5% (P < 0.05). The analysis was performed
by the PASW Statistics 18 software (SPSS Inc., Chicago, IL, USA).

3. Results and discussion

3.1. Mechanical properties of the NCC reinforced chitosan-based
films

The effect on the tensile strength of NCC incorporated in
chitosan-based films was observed as a function of the NCC load-
ing ranging between 1 and 10% (w/w) of the final dry weight
of the film (Fig. 1a). The TS of pure chitosan films was found
to be 79MPa and the reinforced films with addition of 1, 3, 5
and 10% (w/w) NCC increased the TS values up to 86, 92, 99 and
98 MPa respectively (P < 0.05). The increase corresponds to a gain
in TS of 8.8, 16.5, 25.3 and 24% compared to the control sample
respectively. It turns out that the optimum NCC loading to get
the best TS value ranges between 3 and 5% (w/w) after which
the TS value tends to plateau. The increase in the TS values of
the NCC-reinforced chitosan films can be attributed to two factors
such as, (1) the favorable nanocrystal-polymer interactions and
(2) the reinforcing effect occurred through effective stress trans-
fer at the nanocrystal-polymer interface. The interaction between
the anionic sulfate groups of NCC to the cationic amine groups
of chitosan might favor a good interface between the matrix and
the filler. This may lead to high TS values of the nanocompos-
ite films (De Mesquita, Donnici, & Pereira, 2010). On the other
hand, a mean field mechanical model may be adopted to explain
the reinforcing effect of NCC observed in the current study. The
mean-field model is based on the concept that the nanocrystals are
homogeneously dispersed in the polymer matrix, but there is no
interaction between the nanocrystals (Favier et al., 1996). The high
mechanical strength of the nanocomposite films may results from
efficient load transfer to the nanocrystal network, leading to more
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Fig.1. (a)Effect of NCC content in the tensile strength of the chitosan films. (b) Effect
of NCC content in the tensile modulus and elongation at break (%) of the chitosan
films.

uniform stress distribution and minimization of the stress con-
centration area (Kanagaraj, Varanda, Zhil'tsova, Oliveira, & Simdes,
2007). Beyond 5% (w/w) NCC, the TS values plateau suggesting that
the addition of more NCC above this threshold concentration does
not help to improve the TS. The reason for the value to plateau may
be due to the potential aggregation of NCC particles after a certain
concentration is reached, which results in no further improve-
ment of mechanical properties. Li, Zhou, and Zhang (2009) reported
excellent reinforcing properties of the cellulose nanocrystals and
obtained almost a 41% increase in the TS of the chitosan films
due to the incorporation of 15-20% (w/w) nanocrystals. The cellu-
lose nanocrystal length and width reported in this manuscript was
400 nmin length and 24 nm in width, which is almost 4 times longer
than the NCC used in the current study. This could be the reason
why such a high nanocrystal loading (15-20%, w/w) was required to
reach the percolation threshold and reinforce chitosan. Jalal Uddin,
Araki, and Yasuo Gotoh (2011) reported the fabrication of polyvinyl
alcohol (PVOH) nanocomposites reinforced with varying concen-
trations of cellulosic nanocrystals (0-30%, w/w) and have found
that 5% (w/w) nanocrystal concentration is the optimum in terms
of mechanical strength. Incorporation of cellulose nanocrystals
also improved the mechanical strength of alginate nanocomposite
fibers (Urefla-Benavides, Brown, & Kitchens, 2010). Fig. 1b shows
the effect of the NCC content on the TM and Eb (%) of NCC-reinforced
chitosan films. The TM value of the pure chitosan film was found
to be 1590 MPa. The incorporation of 1% NCC caused a significant
(P<0.05) increase of TM (2264 MPa), which is an increase of more
than 43% than the control chitosan films. At 5% NCC content, the
TM value was found to be 2971 MPa, which corresponds to an
increase of 87% compared to pure chitosan films. After 5%, the
TM values of the films reach a plateau similar to the TS values as
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Fig. 2. Effect of NCC content in the water vapor permeability of the chitosan films.

reported above. Filler-reinforced films usually tend to become more
brittle as the concentration of the reinforcing particles increases
(Cyras, Manfredi, Ton-That, & Vazquez, 2008; Lee et al., 2004; Rhim,
2011). This behavior is also common for nanocomposite films. The
increased TM values of the NCC reinforced chitosan films may be
attributed to the increased stiffness of the films by the addition of
NCC. Urefa-Benavides et al. (2010) reported 123% increase in the
TM of the calcium alginate fibers due to the incorporation of 10%
(w/w) cellulose nanocrystals. Azeredo et al. (2009) and Jalal Uddin
et al. (2011) have also reported an increase of TM values due to the
addition of cellulose nanocrystals. Thus, NCC particles acted as a
good reinforcing agent in chitosan films. The Eb value was found to
be 8.58% for the pure chitosan film and 6.28,4.87,3.98 and 3.95 for 1,
3,5and 10% (w/w) of NCC addition respectively. After 5% NCC incor-
poration, the Eb values tend to a plateau which follows the similar
trend as the TM values. Li et al. (2009) also observed a decrease in
the Eb values of chitosan films from 20 to 6% due to the incorpora-
tion of cellulose nanocrystals. Such adecrease in Eb values indicated
that the incorporation of NCC into the chitosan matrix resulted in
strong interactions between filler and matrix, which restricted the
motion of the matrix and hence decreased Eb (Azeredo et al., 2010;
Azizi Samir, Alloin, Sanchez, & Dufresne, 2004).

3.2. Water vapor permeability

The effect of NCC concentration on the WVP of the chitosan
films is illustrated in Fig. 2. The values of WVP decreased with the
increase in NCC content, from 3.31 g mm/m?2 day kPa for the pure
chitosan film down to 2.23 g mm/m? day kPa for the 10% loading
of NCC. It is clearly observed that NCC had a great impact on the
reduction of WVP values of chitosan-based films. The presence of
cellulose nanocrystals is thought to increase the tortuosity in the
chitosan films leading to slower water vapor diffusion processes
and hence, to a lower permeability (Azeredo et al., 2010). Water
vapor more favorably diffuses through the amorphous areas of the
polymer matrix, so the degree of crystallinity is also of importance
in the permeability behavior of the nanocomposite (Rhim, Hong,
Park, & Ng, 2006). Azeredo et al. (2009) reported that the WVP
of mango puree films improved significantly with the addition of
cellulose nanocrystals. Paralikar, Simonsen, and Lombardi (2008)
have also reported reduction in the WVP of PVOH films due to the
addition of 10% (w/w) cellulose nanocrystals.

3.3. Gel swelling property

Fig. 3 illustrates the effect of NCC incorporation on the swelling
percentages that corresponds to the water uptake of chitosan films.
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Fig. 3. Effect of NCC content in the swelling property of the chitosan films.

Presence of NCC significantly reduced the swelling percentage (S),
of chitosan films. After 1h, the S value of the pure chitosan films
increased to 195%, whereas the S values of the nanocomposite
films were only 123 and 108%, for 5 and 10% NCC, respectively.
It was also observed that the S values of the NCC reinforced
nanocomposite films (10% NCC) decreased again by 20% after 8 h
of immersion in water as compared to the control chitosan film.
In the above paragraph, it is reported that WVP of chitosan films
were reduced because of the addition of NCC in chitosan films,
which is in agreement with a decrease in the water uptake of NCC-
containing chitosan films. Water uptake of the nanocomposite films
depends on the nature of the matrix and filler. This phenomenon
of decreased water uptake at equilibrium can be ascribed to the
fact that highly crystalline NCC is less hydrophilic than chitosan
and the formation of strong filler-matrix interactions (Dufresne,
Dupeyre, & Vignon, 2000; Li et al., 2009). In the current study, the
cellulose nanocrystals acted as an interpenetrated network within
the matrix and prevented the swelling of the chitosan films when
exposed to water. Dufresne et al. (2000) and Svagan, Hedengqyvist,
and Berglund (2009) have also reported similar decrease in water
uptake of the nanocomposite films due to the addition of cellulose
nanocrystals.

3.4. Fourier transform infrared spectroscopy

FTIR analysis attempted to characterize the effect of NCC incor-
poration on the chitosan films and to determine the infrared bands
and shifts related to NCC-chitosan interactions. The position of
the peaks of chitosan film spectrum is similar to those described
by different authors (Cao, Dong, & Li, 2007; Chen et al., 2003;
Sionkowska, Wisniewski, Skopinska, Kennedy, & Wess, 2004; Wu,
Zivanovic, Draughon, Conway, & Sams, 2005). The absorption peaks
of the chitosan films (Fig. 4a) are mainly assignable to the stretch-
ing of intra- and intermolecular O—H and —CH,OH vibrations at
3500-3250, overlapped with stretching —NH; (3500-3400cm~1)
and —NH secondary amides vibrations (3300-3280cm™1). Also
2960-2870cm~! corresponds to symmetric and asymmetric C—H
vibrations. Amide I vibrational mode at 1633 cm~! and amide II
at 1538cm~! have also been observed. In the FTIR spectra of
pure NCC films the broad absorption band between 3600 and
3200 cm~! was related to the O—H stretching vibrations (Fig. 4b).
The sharp peak recorded at 3337 cm~! might be attributed to the
O—H vibrations due to intramolecular hydrogen bonding (Li &
Renneckar, 2011). The absorption bands between 3000-2800 cm™!
and 1500-1250 cm~! originated from the C—H and C—Hj, stretching
and bending vibrations, respectively (Nikonenko, Buslov, Sushko,
& Zhbankov, 2000; Wang & Roman, 2011). The absorption band at
1160 is related to C—0—C stretching motion. The strongest bands
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Fig. 4. FT-IR spectra of films based on (a) chitosan, (b) NCC and (c) chitosan +5%
NCC.

across NCC spectra at 1054 and 1032cm~! are assigned to C—O
stretching at C-3 position. Other bands between 800 and 650 cm™!
originated form O—H out of plane bending vibrations (Kondo &
Sawatari, 1996; Nikonenko, Buslov, Sushko, & Zhbankov, 2005).
Now due to the incorporation of 5% NCC to the chitosan matrix,
some differences can be observed in the FTIR spectra of chitosan
films (Fig. 4c). A sharp peak appeared at 3342 cm~!, which was not
present in the control chitosan films. Also the intensity of the band
3342 cm~! increased suggesting occurrence of hydrogen bonding
between chitosan and NCC (Khan, Salmieri, et al., 2010). Other
bands at 1538 and 1340 cm™! had their intensity increased after
NCC addition. Moreover, there was a drastic increase in the inten-
sity of the absorption bands at 1054 and 1032cm~! due to NCC
incorporation. However, other changes introduced by the addi-
tion of NCC are minor, as expected form the low amount of NCC
incorporated (5%, w/w) to make the composite films.

3.5. Thermal property of the films

TGA curves for the films were represented in Fig. 5. NCC films
were very stable during the heating range 50-275 °C, losing only
4.2% of its initial weight. The weight loss for the chitosan, chitosan
with 5 and 10% NCC were 26.7, 27.6 and 27.8%, respectively. For all
the films a major weight loss was found at around 280 °C which is
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Fig. 5. TGA curves for NCC, chitosan, chitosan with 5% and 10% NCC films.
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Fig. 6. X-ray diffractograms of films based on (a) NCC, (b) chitosan and (c) chi-
tosan+5% NCC.

associated to fast volatilization of polymer segments due to thermal
scission of the polymer backbone. All chitosan samples (control,
chitosan with 5% and 10% NCC films) displayed a similar thermal
behavior at the temperature range 280-460 °C and the influence of
NCC on the thermal stability was found to be negligible. So, apart
from a small increase in the heat flow, the effect of NCC addition in
the thermal property of the chitosan films was not significant.

3.6. X-ray diffraction (XRD)

Structural analysis of chitosan films and NCC containing chi-
tosan films was investigated by XRD. Fig. 6 represents the
diffractograms of the pure chitosan film and the NCC reinforced
chitosan films. The diffractogram of NCC films exhibited crystalline
peaks at 260 =16.8° and 20-22.4°. The observed peaks may be due to
the 110 and 2 20 planes of cellulose I, respectively. Shin, Gregory,
and Exarhos (2007) also reported that characteristic peaks for cellu-
lose I were in the range of 260 =14.50°, 16.65° and 22.80°. Chitosan
films showed a characteristic sharp peak at around 26=13° and
a broad halo at 20=20-23°. The sharp peak at 26 =13° indicated
a hydrated crystalline structure, whereas the broad halo indicated
an amorphous structure of chitosan (Ogawa, Hirano, Miyanishi, Yui,
& Watanabe, 1994; Wang, Shen, Zhang, & Tong, 2005). Due to the
incorporation of NCC into chitosan, an increase in peak intensity at
20 =13° was observed. Also, the characteristic broad halo of amor-
phous chitosan at 20=20-23° super-positioned with the sharp
peak of NCCat 20 =22°. Asharp peak at 20 = 25° was observed for the
chitosan samples with 5% NCC content sample. This diffractograms
suggested that NCC reinforced chitosan films exhibited a combina-
tion of amorphous and crystalline peaks (Bodin et al., 2007). The
increase of peak intensity of the chitosan films may result from the
transcrystallization effect. Transcrystallization can be defined as
orientation of crystals of a semicrystalline matrix perpendicularly
to the cellulose nanocrystals (Helbert & Chanzy, 1994). Gray (2007)
reported crystallization of polymer matrix preferentially nucle-
ated by cellulose nanocrystals, leading to a transcrystalline layer
around the nanocrystals. The improvement of barrier properties of
NCC-reinforced chitosan films might be attributed to the presence
of crystalline regions in the films. The higher the degree of crys-
tallinity, the lower the permeability of the films (Rhim et al., 2006).
Finally, XRD supported both the mechanical and barrier properties
improvement of chitosan films due to the addition of NCC.

3.7. Surface morphology of the films

Scanning electron microscopy (SEM) was employed for mor-
phological inspection of the films. SEM reveals the homogeneity
of the composite, the presence of voids, the dispersion level of
the nanoparticles within the continuous matrix, the presence of
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Fig. 7. SEM image of the surface of (a) NCC, (b) chitosan, (c) chitosan +5% NCC and (d) chitosan +10% NCC films.

aggregates and the possible orientation of nanoparticles. Fig. 7
represents SEM micrographs of the fractured surface of the (a)
NCC, (b) chitosan, (c) chitosan with 5% and (d) 10% NCC films.
The surface of the chitosan films (Fig. 7b) was found quite smooth
which indicated better film homogenization of chitosan in aque-
ous media. By comparing the micrographs of chitosan (control) to
that of the nanocomposite films, cellulose nanocrystals appeared
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like white dots in the chitosan with 5% and 10% NCC films. These
shiny dots could correspond to the transversal sections of the
cellulose nanocrystals (Azizi Samir, Alloin, & Dufresne, 2005).
Nanocomposite films with 5% NCC content (Fig. 7c) exhibited a
homogeneous and dense structure, indicating a proper dispersion
of NCC into chitosan matrix. The improved mechanical properties
of the nanocomposite films with 5% NCC content can be attributed
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Fig. 8. SEM image of the cross-section of (a) NCC, (b) chitosan, (c) chitosan+5% NCC and (d) chitosan +10% NCC films.
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to this homogeneous structure of the films. However, the surface
became rougher with the increase in NCC content (Fig. 7d) and
aggregation of NCC can be observed. An increase in the concentra-
tion of white dots was also observed. Azizi Samir et al. (2005) also
reported the concentration of the white dots is a direct function of
the cellulose nanocrystal composition in the composite. Fig. 8 rep-
resents SEM micrographs of the fractured cross-section of (a) NCC,
(b) chitosan, (c) chitosan with 5% and (d) 10% NCC films. It is clear
that addition of NCC caused changes in the film microstructure,
since the non-reinforced films (Fig. 8b) exhibited a smooth surface
with few cracks, as expected for a homogeneous material. Addition
of 5% NCC did not affect the microstructure of the chitosan films
adversely (Fig. 8c) and no bubbles or roughness appeared due to
the addition of NCC. On the contrary, addition of 10% NCC (Fig. 8d)
led to a rough surface, with increasing density of crack deflection
sites that resulted in increasing amount of ripples and ridges as NCC
concentration increased. Also, formation of some pores or bubbles
(probably formed during the drying process) due to trapped air was
noticed. Finally, the SEM clarifications have allowed supporting the
enhanced mechanical and barrier properties of chitosan films due
to the addition of NCC.

4. Conclusions

It was observed that NCC acted as a good reinforcing agent in
chitosan and only 3-5% of NCC loading gave the best TS values.
Improvement of the mechanical properties was due to the forma-
tion of a percolating network and strong filler-matrix interaction.
Incorporation of only 5% NCC increased the TM of the chitosan films
by 87%. NCC also improved the barrier properties of the chitosan by
reducing the WVP and swelling property. A 27% reduction of WVP
was obtained due to only 5% NCC incorporation. Surface morphol-
ogy of the nanocomposite films revealed a homogeneous structure
indicating proper dispersion of the NCC into the chitosan matrix.
Overall, NCC reinforced nanocomposite films due to their excellent
mechanical and barrier properties should have a promising impact
in food packaging over the coming years.
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