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a  b  s  t  r  a  c  t

Nanocrystalline  cellulose  (NCC)  reinforced  alginate-based  nanocomposite  film  was  prepared  by  solution
casting.  The  NCC  content  in  the matrix  was  varied  from  1 to  8% ((w/w)  %  dry  matrix).  It was  found  that
the  nanocomposite  reinforced  with  5 wt%  NCC  content  exhibits  the  highest  tensile  strength  which  was
increased  by  37%  compared  to the  control.  Incorporation  of  NCC  also significantly  improved  water  vapor
permeability  (WVP)  of the  nanocomposite  showing  a  31%  decrease  due  to  5  wt%  NCC  loading.  Molecular
interactions  between  alginate  and  NCC  were  supported  by  Fourier  Transform  Infrared  Spectroscopy.
eywords:
lginate
anocrystalline cellulose
anocomposite
iopolymers
orphology

The  X-ray  diffraction  studies  also  confirmed  the  appearance  of crystalline  peaks  due to  the  presence
of  NCC  inside  the  films.  Thermal  stability  of alginate-based  nanocomposite  films  was  improved  after
incorporation  of  NCC.

© 2012 Elsevier Ltd. All rights reserved.
hermal properties

. Introduction

Recent years there have been remarkable developments in the
olymeric packaging films for improving the preservation of pack-
ged foods. These films possess the potential for improving stability
f foods by acting on the food surface, upon contact (Cha, Choi,
hinnan, & Park, 2002). Biodegradable polymers known for many
ecades, these polymers have been ignored mainly because of the

ow cost of synthetic polymers. However the biodegradable poly-
ers could replace synthetic polymers in many applications, thus

educing the problems of disposability of traditional plastics. In an
ffort to produce more environment-friendly materials, renewable
nd biodegradable polymers have been investigated in different
elds. Biopolymer films which contain polysaccharide ingredients
nable us to obtain edible films with good mechanical and water
arrier properties (Briassoulis, 2006).

Alginate is the most widely used material for biopolymeric film.

t is a natural polysaccharide derived from marine plants and its
asic structure consists of linear unbranched polymers contain-

ng �-(1→4)-linked d-mannuronic acid (M)  and �-(1→4)-linked

∗ Corresponding author. Tel.: +1 450 687 5010; fax: +1 450 686 5501.
E-mail address: monique.lacroix@iaf.inrs.ca (M.  Lacroix).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.065
l-guluronic acid (G) residues (Khan et al., 2010, Khan, Huq, Saha,
Khan, & Khan, 2010). The chemical composition and sequence
of the M and G residues depend on the biological source and
the state of maturation of the plant. The stiffness of the three
blocks decreases in the order GG > MM > MG.  Alginate forms a ther-
mally stable and biocompatible hydrogel in the presence of di-
or tri-cations. Alginate is of interest as a potential biopolymer
film component because of its unique colloidal properties, which
include thickening, stabilizing, suspending, film forming, gel pro-
ducing, and emulsion stabilizing (Draget, Braek, & Smidsrod, 1994;
Fabra, Talens, & Chiralt, 2008; Han, Guenier, Salmieri, & Lacroix,
2008; Salmieri & Lacroix, 2006).

Cellulose is a fascinating biopolymer, subject of intensive
research and development and a sustainable raw material. Cellu-
lose has gained interest as a renewable, environmentally friendly,
and cost-effective reinforcing agent for composite materials (Samir,
Alloin, & Dufresne, 2005). Cellulose is a natural homopolymer
composed of d-glucopyranose units which are linked together by
�-(1→4)-glycosidic bonds (Klemm,  Schumann, Kramer, Koth, &
Sultanova, 2009). Nanocrystalline cellulose (NCC) is composed of

rod-like shaped nanoparticles, and it can be referred to nanocrys-
tals, whiskers or nanowhiskers. NCC can be prepared from wood
pulp by controlled acid hydrolysis. The use of sulfuric acid imparts
negative charges to the NCC, thus preventing the NCC particles to

dx.doi.org/10.1016/j.carbpol.2012.07.065
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:monique.lacroix@iaf.inrs.ca
dx.doi.org/10.1016/j.carbpol.2012.07.065
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ggregate. The NCC suspension is very stable over time. These cel-
ulose nanocrystals are featured by an average diameter of 5–10 nm
nd an average length of around 100 nm.  NCC exhibits very interest-
ng properties such as renewable nature, low density, high specific
trength and modulus, large and highly reactive surface which can
e used for grafting specific groups. Thus, NCC is very interest-

ng nanomaterial for production of low-cost, lightweight, and very
trong nanocomposites (Beck-Candanedo, Roman, & Gray, 2005;
abibi, Lucia, & Rojas, 2010).

The main objective of this work was to develop a renewable and
iodegradable alginate based nanocomposite films by incorporat-

ng NCC for food-packaging applications. The effect of NCC loading
n the mechanical, barrier and thermal properties of the alginate
atrix was evaluated.

. Materials and methods

.1. Materials

Sodium alginate (alginic acid sodium salt from brown algae,
uluronic acid content ∼65–70%; mannuronic acid content
5–35%) and calcium chloride (granules) were purchased from
igma–Aldrich Canada Ltd. (Oakville, ON, Canada). Nanocrystalline
ellulose (NCC) was produced in FPInnovations pilot plant reactor
Pointe-Claire, QC, Canada) from a commercial bleached softwood
raft pulp according to a procedure modified from the literature
Dong, Revol, & Gray, 1998).

.1.1. Preparation of alginate based films
An aqueous solution containing 3% alginate (w/v) and 1–8%

w/w) NCC in dry wt relative to that of dry matrix was homogenized
sing a Ultra-Turrax TP18/1059 homogenizer (Janke & Kunkel,
taufen, Germany) at 23 ◦C and 25,000 rpm for 1 min  (Salmieri &
acroix, 2006). Films were cast by pouring 10 mL  of the film form-
ng solution into Petri dishes and allowed to dry for 24 h, at room
emperature and 35% relative humidity (RH). Then the films were
reated with 1% CaCl2 solution and washed several times with dis-
illed water to remove the excess CaCl2 present in the films. The
lms were again dried as described above under the same condi-
ion for 6–8 h and the dried water insoluble films were peeled off

anually using a spatula and stored in polyethylene bags prior to
haracterization.

.2. Mechanical properties measurement

.2.1. Film thickness
Thickness of the films (25–35 �m)  was measured using a Mitu-

oyo digimatic Indicator (Type ID-110E; Mitutoyo Manufacturing
o. Ltd, Tokyo, Japan) with a resolution of 1 �m,  at five random
ositions around the film, by slowly reducing the micrometer gap
ntil the first indication of contact.

.2.2. Tensile strength, tensile modulus and elongation at break
The films were equilibrated in a desiccator containing a

aturated sodium bromide solution ensuring 56% RH at room tem-
erature (21 ◦C) for at least 24 h. Tensile strength (TS), tensile
odulus (TM) and elongation at break (Eb%) of the films were
easured with a Universal Tensile Machine (Model H5KT, Tinius-
lsen Inc., Horsham, PA, USA,) equipped with a 100 N-load cell

type FBB) and 1.5 kN-specimen grips. The dimensions of the rect-
ngular shape test specimen were 60 mm × 15 mm × 0.03 mm (L,
, e) with L the length, l the width and e the thickness as recom-
ended by the standard ISO 14125. Measurements were carried
ut following an ASTM D638-699 method (1999).  Film width was
easured using a Traceable® Carbon Fiber Digital Caliper (reso-

ution: 0.1 mm/0.01′′; accuracy: ±0.2 mm/0.01′′; Fisher Scientific,
ers 90 (2012) 1757– 1763

ON, Canada). UTM parameters were set up for “plastics tensile from
position” test type with the following selections: 25 mm effective
gauge length, flat specimen shape, 1 number of entries, minimum
type. The position rate of machine control was fixed to 1 mm/s.
Y- and X-axes were assigned to load (100 N-range) and position
(500 mm-range) coordinates respectively. TS (maximum stress,
MPa) and TM (modulus, MPa) values were automatically collected
after film break due to elongation, using Test Navigator® program.

2.3. Water vapor permeability

Water vapor permeability (WVP) tests were conducted gravi-
metrically using an ASTM 15.09:E96 method (1983).  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 (0% RH). The cells were placed in a Shellab 9010L
controlled humidity chamber (Sheldon Manufacturing Inc., Cor-
nelius, OR, USA) maintained at 25 ◦C and 60% RH for 24 h. 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 initially and after 24 h for all samples
and up to a maximum of 10% gain. Changes in weight of the cells
were recorded to the nearest 10−4 g. WVP  was calculated accord-
ing to the combined Fick and Henry laws for gas diffusion through
coatings and films, according to the following equation:

WVP  (g mm/m2 day kPa) = x�w

A�P

where x is the film thickness (mm),  �w is the weight gain of the
cell (g) after 24 h, A is the area of exposed film (31.67 ×10−4 m2),
and �P  is the differential vapor pressure of water through the film
(�P = 3.282 kPa at 25 ◦C).

2.4. Gel swelling property

The test film samples were first dried at 37 ◦C for 12 h in an incu-
bator and then accurately weighed. The dried films (1 g) were then
immersed in distilled water (10 mL)  for 1–8 h. The wet weight of
the films was  measured 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. The water uptake
or swelling property of the films was calculated by the following
equation:

S = Ws − Wd

Wd
× 100

where, S is the percentage of water absorption of the films at equi-
librium; Ws and Wd are the weights of the samples in the swollen
and dry states, respectively.

2.5. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the films were recorded using a Spectrum
One spectrophotometer (Perkin–Elmer, Woodbridge, ON, Canada)
equipped with an attenuated total reflectance device for solids
analysis and a high linearity lithium tantalate detector. Spectra
were analyzed using the 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 60%
RH at 25 ◦C. Films were then placed onto a zinc selenide crys-

tal, and the analysis was  performed within the spectral region of
650–4000 cm−1 with 64 scans recorded at a 4 cm−1 resolution. After
attenuation of total reflectance and baseline correction, spectra
were normalized with a limit ordinate of 1.5 absorbance units.
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Fig. 1. (a) Effect of NCC content (w/w%) on tensile strength (MPa) of alginate-based
film,  as a function of NCC content in dry matrix, (b) effect of NCC content (w/w%)
T. Huq et al. / Carbohydrate

.6. X-ray diffraction

For X-ray diffraction (XRD) analysis, film samples were folded
everal times to increase the sample thickness. Samples were ana-
yzed between 2� = 5◦ and 114◦ with angle step size 2� = 0.02◦ in

 D8 Discover X-ray Diffractometer (Bruker AXS Inc., Madison, MI,
SA) using a Co K  ̨ (40 kV/35 mA)  source.

.7. Thermo gravimetric analysis (TGA)

Thermo gravimetric analysis of the films was  carried out using a
GA 7 (Perkin Elmer, USA) analyzer. Experiments were carried out
nder nitrogen atmosphere. The weight of the film samples varied
rom 6 to 8 mg,  scanning range was maintained to 50–600 ◦C and
he heating rate was 10 ◦C/min.

.8. Differential scanning calorimetric (DSC) analysis

Differential scanning calorimetric analysis was carried out using
 Pyris DSC calorimeter (Perkin Elmer). The scanning temperature
as from 50 to 220 ◦C range. The scanning process comprised an

nitial heating followed by cooling and finally a second temperature
can was performed. The heating/cooling rate was 10 ◦C/min, under

 nitrogen atmosphere.

.9. Scanning electron microscopy (SEM) analysis

Film samples were prepared for scanning electron microscopy
y dropping a 5 mm × 5 mm piece cut from the center of the film

nto liquid nitrogen and allowing the piece to equilibrate under the
iquid nitrogen. The film piece was fractured into several smaller
ieces with a prechilled razor blade held in a vice grip. The sam-
les were deposited on an aluminum holder and sputtered with
old–palladium alloy (gold/palladium deposition rate of 30 s equiv-
lent to coating thickness of approximately 50 Å) in a Hummer IV
putter coater. SEM photographs were taken with a Hitachi S-4700
EG-SEM (Hitachi Canada Ltd., Mississauga, ON, Canada) at a mag-
ification of 40,000×,  at room temperature, equipped with an X-ray
etector model 7200 (Oxford Instruments, Abingdon, UK) with a
esolution at 1.36 eV to 5.9 keV.

.10. Statistical analysis

To validate the results obtained during different experimental
rocedure, each analysis was carried out in triplicate in a com-
letely randomized experimental design. An analysis of variance
ANOVA) and multiple comparison tests of Duncan’s were used to
ompare all the results. Differences between means are consid-
red significant when the confidence interval is smaller than 5%
P ≤ 0.05). The analysis was performed by the PASW Statistics 18
oftware (IBM Corporation, Somers, NY, USA).

. Results and discussion

.1. Effect of NCC loading on the mechanical properties of
lginate-based films

The tensile strength (TS) of pure alginate films was  found to
e 57 MPa. Fig. 1(a) shows the effect of NCC content on the TS
f alginate-based films. Incorporation of NCC caused a significant
P ≤ 0.05) increase of TS. With 1% NCC, the TS of the films increased
o 65 MPa, an increase of 14% compared to the native alginate film.

n the other hand, incorporation of 3, 5 and 8% NCC contents raised

he TS of alginate-based films by 25, 37 and 32%, respectively. Here
CC acted as a reinforcing agent in alginate-based films and there-

ore, it imparts higher TS values to the alginate-based films. The
on tensile modulus (GPa) of alginate-based film, as a function of NCC content in
dry  matrix and (c) effect of NCC Content (w/w, %) on elongation at break (%) of
alginate-based film, as a function of NCC content in dry matrix.

improvement of TS attributed due to good interfacial interaction
between NCC and alginate-based matrix because of similar polysac-
charide structures of cellulose and alginate. It was also observed
that the tensile properties of poly (vinyl alcohol)-based composite
films were significantly improved with an increase of NCC loading
(Lee et al., 2009). Similarly Chang, Jian, Zheng, Yu, and Ma  (2010)
reported the reinforcing property of NCC with glycerol plasticized
starch film.

The tensile modulus (TM) value of the alginate-based films was
found to be 1.8 GPa. Fig. 1(b) shows the effect of NCC content on

the TM of alginate-based films. Due to the incorporation of 1% NCC
into the alginate-based film caused a significant (P ≤ 0.05) increase
of TM to 2.0 GPa, which is an improvement of more than 12% than
the native alginate-based films. The highest TM (75% higher than
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the IR bands and vibrations shifts related to NCC-alginate inter-
actions. For native NCC (Fig. 4a), absorption peaks are mainly
assignable to O H stretching vibration at 3600–3200 cm−1 (with
typical sharpening at 3335 cm−1), symmetric and asymmetric C H
ig. 2. Effect of NCC content (w/w%) on WVP  of alginate-based Film, as a function
f NCC content in dry matrix.

hat of the control) was observed for 5% NCC loading. All of the
CC-containing specimens showed higher values of TM than the
ontrol sample. NCC reinforced biocomposite films became more
rittle as the NCC content increases. The increased TM values of
he NCC reinforced alginate-based films may  be attributed to the
ncreased stiffness of the films by the addition of NCC. Khan et al.
2010a,b) mentioned that the mechanical properties, except elon-
ation, were improved significantly by the addition of cellulose
anocrystals to MC-based films. At low content (5%, w/w),  NCC
ould disperse well in the alginate-based matrix, which increases
he mechanical properties (TS and TM)  of the nanocomposite. How-
ver, high content (8%, w/w) of NCC may  be easily agglomerated,
hich actually could decrease the effective properties of NCC and

acilitate to lower the mechanical properties. Fig. 1(c) shows the
ffect of NCC content on the elongation at break of alginate-based
lms. The elongation at break (Eb%) values of the alginate-based
lms were found to be 10%. A significant decrease down to 5% in
he Eb value of the alginate-based films was observed for films hav-
ng a 5% NCC loading, which represents a relative decrease of 44%
ompared to that of the control sample. Chang et al. (2010) also
eported decreased elongations at break with addition of cellulose
anocrystals in plasticized starch-based films.

.2. Water vapor permeability

Fig. 2 shows the effect of NCC concentration on the WVP
f the alginate-based films. The values of WVP  decreased with
he increase in NCC content. The WVP  of control alginate-based
lms (without NCC) was 5.50 g Mm m−2 Day kPa. For all of the
lginate-based films loaded with NCC caused lower WVP  values
ompared to those of the control film (i.e. 4.80, 4.44, 3.80 and
.53 g Mm m−2 Day kPa for loadings of 1, 3, 5 and 8% (w/w), respec-
ively). Thus, a significant decrease of more than 31% of WVP
as obtained due to only 5% NCC incorporation. Azeredo et al.

2009) reported that the addition of at least 10% (w/w)  of cellu-
ose nanocrystals within mango puree-based films was effective to
ecrease WVP  significantly. It was also indicated that after incor-
oration of 10% (w/w) of cellulose nanocrystals, the WVP  of the
ango puree-based films was improved 24% compared to the con-

rol. The presence of NCC is thought to increase the tortuosity in
he alginate-based films leading to slower diffusion processes and
ence, to a lower permeability. The barrier properties are enhanced

f the filler is less permeable than the matrix and has a good disper-

ion within the matrix. Sanchez-Garcia, Hilliou, and Lagaron (2010)
lso demonstrated that after incorporation of 3% (w/w) NCC in car-
ageenan, the WVP  was reduced to 71% compared to the control.
Fig. 3. Effect of NCC Content (w/w%) on swelling of alginate-based film, as a function
of  NCC content in dry matrix.

3.3. Gel swelling property

The gel swelling properties of NCC reinforced alginate-based
films presents in Fig. 3. Incorporation of NCC significantly reduced
the swelling percentage (S) of alginate-based films. After 1 h, the S
value of the control alginate films was  found to be 187%, whereas
due to the incorporation of 5 and 8% NCC, the S values of the com-
posite films were found to be 99% and 111%, respectively. It was
also observed that the S values of the NCC reinforced composite
films (5%, w/w NCC) decreased about 53% after 8 h of immersion in
water than that of the control alginate films. In above experiment, it
is reported that WVP  of alginate-based films were reduced because
of the incorporation of NCC in alginate matrix. So, it was  expected
to decrease the water uptake of NCC containing alginate films. Ma,
Chang, Yang, and Yu (2009) also reported that the addition of low
content of nanoparticles in glycerol plasticized starch could result
in a dispersion that minimized water absorption.

3.4. Fourier transform infrared spectroscopy

FTIR analysis of films attempted to characterize the incorpo-
ration of NCC into alginate-based film matrix by distinguishing
Fig. 4. FTIR spectra of (a) Pure NCC film, (b) native alginate, (c) Alg + 5% (w/w) NCC
and (d) Alg + 8% (w/w) NCC.
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ig. 5. X-ray diffractograms for NCC, Alginate, Alg + 5% (w/w) NCC and Alg + 8% (w/w)
CC.

tretching vibration of aliphatic chains at 2930 cm−1 and bound
ater vibration at 1645 cm−1, as previously described by Khan

t al. (2010a,b).  For native alginate film (Fig. 4b), the absorp-
ion bands at 3600–3200 cm−1 and 1595 cm−1 were assigned to
he O H stretching vibrations and to asymmetric and symmet-
ic COO− stretching vibration, respectively. In addition, peak at
930 cm−1 were ascribed to overlapping symmetric and asymmet-
ic C H stretching vibration of aliphatic chains (Han et al., 2008).
ome differences can be observed after NCC addition into alginate
atrix. Indeed, after addition of 5 and 8% NCC (Fig. 4c–d), a slight

ncrease of typical sharpen peak was observed at 3335 cm−1 related
o O H vibration of crystalline NCC. Also, the intensity and width of
he overall O H band (3200–3600 cm−1) increased with NCC con-
entration, suggesting an increase of hydrogen bonding between
lginate and NCC (Khan et al., 2010a,b). Moreover, typical sharp
and at 3335 cm−1 appeared and increased with the addition of
CC content.

Other bands at 1160 and 1055 cm−1 had their intensity
ncreased after NCC addition. These bands are attributed to typ-
cal cellulosic compounds and are assigned to C O, C C and ring
tructures, in addition to external deformational vibrations of C H,

 OH, C CO, and C CH groups, as already mentioned by Ivanova,
orolenko, Korolik, & Zhbankov (1989).  Overall, FTIR spectra of
CC-loaded alginate films provided qualitative insights into the
ffect of NCC concentration on the position, width and intensity of
R vibrations related to alginate-NCC interactions. Although many
ands from alginate spectra masked typical NCC vibrations, espe-
ially in the 1800–1270 cm−1 fingerprint region (implying bands
elated to the degree of order of cellulosic materials). FTIR analy-
is allowed characterizing NCC-alginate molecular interactions via

 H stretching modes (highly related to the degree of hydrogen
onding) and in the 1160–1050 cm−1 region, more associated to
eformation vibrations of cellulosic compounds.

.5. X-ray diffraction analysis of the films

XRD analysis was performed in order to analyze the structural
roperty of the alginate and NCC reinforced alginate films. Fig. 5
epicts the diffractograms of NCC, alginate, alginate with 5 and
% NCC. The diffractogram of alginate consisted of a broad halo
indicator of amorphous nature) containing a sharp peak at around
� = 20◦ indicating crystalline nature. Similar diffractograms for

lginate has already reported (Fan et al., 2005; Yang, Zhang, Peng,

 Zhong, 2000). In counterpart, the diffractogram of NCC showed
he characteristic peaks at 2� = 16.8◦ and 20–22.4◦ (related to more
rystalline order) and corresponding to 1 1 0 and 2 0 0 planes of
Fig. 6. (a) TGA and (b) derivative TGA curve for Alginate, Alginate + 5% (w/w) NCC
and Alginate + 8% (w/w) NCC Film.

cellulose I, respectively, as already reported by Li, Zhou, & Zhang
(2009) and Shin, Gregory, & Exarhos (2007).  Incorporation of 5
and 8% NCC into alginate resulted in the presence of an additional
peak at 2� = 22◦, relatively to the contribution of NCC that allowed
increasing the crystallinity of the films. However, the characteris-
tic peak of alginate at 2� = 20◦ disappeared for the nanocomposite
with 5% NCC content. This could be due to the formation of a perco-
lated nanocomposite structure through proper dispersion of NCC
into alginate matrix. In a percolated nanocomposite a proper dis-
persion of NCC in the polymer matrix may  result in the eventual
disappearance of any coherent diffraction peak from the matrix.
This phenomenon occurs because the nanocomposite does not
present ordering. The percolated structure facilitates maximum
reinforcement due to large surface area in contact with the matrix,
as evident from the mechanical strength of the nanocomposite
(Favier & Chanzy, 1995). Also, the intensity of the other peaks at
2� = 20◦, 38◦, 64◦ and 77◦ were reduced at 5% NCC content, possibly
due to the effect of resonance generated by percolation. Hence, the
main contribution of NCC to induce a higher level of crystallinity
was observed in the peak at 2� = 22◦ (proportional increase with
NCC content). These results are in agreement with all the results
observed previously that described improvement of mechanical,
barrier and thermal properties as well as chemical interactions
between alginate and NCC determined by FTIR analysis.
3.6. Thermal properties of the films

Thermo-gravimetric analysis (TGA) and derivative TGA  curves
for alginate, alginate with 5 and 8% NCC films are represented
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Fig. 8. SEM images of the fracture surface of alginate film (a), alginate film with 5%
ig. 7. DSC curves for alginate, alginate with 5 and 8% (w/w) NCC films (a) first
eating and (b) second heating.

n Fig. 6a and b. The alginate (control) exhibited a decomposi-
ion process due to the removal of moisture and surface bound
ater starting around 206 ◦C (maximum at 222 ◦C) with a maxi-
um  thermal decomposition occurring at 257 ◦C. Finally a small

hange in mass occurred at 388 ◦C with a total remaining mass
ccounting for 35% (carbonaceous residues). At 5% NCC, the maxi-
um  of the initial decomposition occurred at 223 ◦C, followed by

he second decomposition (maximum at 261 ◦C). The final carbona-
eous content accounted for 36%. At 8% NCC, the maximum of the
nitial decomposition occurred at 227 ◦C, followed by the second
ecomposition (maximum at 263 ◦C). The final mass accounted
or 35%. Hence, the results showed that TGA curves were shifted
oward higher temperatures with NCC content, suggesting bet-
er thermal stability of NCC reinforced films which also indicated
he strong interactions between NCC and alginate matrix. It was
lso reported that the thermal stability was improved after incor-
oration of NCC in chitosan based film and glycerol plasticized
tarch film (Li et al., 2009 and Chang et al., 2010). Derivative curves
Fig. 6b) are in agreement with the results observed for TGA curves
nd clearly indicated the maximum decomposition phase of the
lms with a slowing in thermal decomposition with NCC con-
ent.

The DSC thermograms of alginate, alginate with 5% NCC and
lginate with 8% NCC films are presented in Fig. 7a and b. The first
SC heating cycle shows that all films evolved in similar trends
ut the heat flow was increased with NCC content (especially at
 higher content of NCC). Indeed, a decomposition process was
bserved from around 210 ◦C (for control) to 218 ◦C (for 8% NCC
einforced alginate film). Similar decomposition was observed by
GA analysis. The second DSC heating cycle (Fig. 7b) indicates
(w/w) NCC (b) and alginate film with 8% (w/w) NCC (c).

that the curves did not reveal either crystalline structure or other
transition phase. These observations do not point out any ther-
mal  decomposition. This is most probably due to the degradation
of components during the first heating. Therefore, TGA and DSC
curves showed that the addition of NCC in alginate films con-
tributed to a substantial improvement in their thermal stability up
to 227 ◦C.
3.7. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was carried out for exten-
sive morphological inspection of cross-section in NCC reinforced
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lm. Fig. 8 represents the SEM images of alginate film (a), algi-
ate film with 5% (w/w) NCC (b) and alginate film with 8% (w/w)
CC (c), at 40,000× magnification of the fractured surface (cross-

ection) of the film. From the SEM image of alginate film (Fig. 8a),
t was found that the structure of alginate was composed of inter-
ayer organization, suggesting filamentous (fibrillous) aspect and
o susceptible filling as compared to samples containing NCC (5%
CC and 8% NCC). The structure of 5% NCC reinforced alginate
lm (Fig. 8b) was overall similar to control but interlayers were
rranged more closely, with a finer filamentous aspect. More-
ver the filling structure looked more compact in presence of
CC. The improved mechanical properties of alginate film with
% NCC may  be attributed to this compact unidirectional inter-

ayer arrangement. Similarly, Azeredo et al. (2009) also reported
hat the incorporation of NCC in mango puree film showed a
ompact unidirectional arrangement. For alginate film with 8%
CC (Fig. 8c), the structure was more disorganized (heteroge-
eous) with the presence of fracture, up and down (serration)
hape and less lamellar organization as compared to 5% NCC. These
bservations could be due to the presence of more NCC aggre-
ates inserted into alginate network and suggesting that NCC has
ept much of its original physical properties. Indeed, Chang et al.
2010) reported that higher loading of cellulose nanocrystals did
ot disperse well in plasticized starch-based films. Overall these
EM observations seem to support all structural modifications
nd improvements of mechanical and thermal properties related
o NCC incorporation in alginate films. Analogous SEM images of
CC into polysaccharide matrices were reported by other stud-

es.

. Conclusion

It appears that NCC was well dispersed in alginate matrix.
o, incorporation of small amount of NCC (5%, w/w) signifi-
antly increased the mechanical and barrier properties of the
lginate-based matrix. After incorporation of 5% NCC in alginate
atrix, tensile and barrier properties were improved compared

o the control alginate film. FTIR analysis characterized a molec-
lar interaction between alginate and NCC due to the hydrogen
onding and thermal properties were also improved after incor-
oration of NCC. Overall, it was optimized that small amount
3–5%, w/w) of NCC had a significant impact on the improve-

ent of physicochemical and thermal properties of alginate-based
lms.
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