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a b s t r a c t

Fruit purees, combined or not with polysaccharides, have been used in some studies to elaborate edible
films. The present study was conducted to evaluate tensile properties and water vapor barrier of
alginate-acerola puree films plasticized with corn syrup, and to study the influence of cellulose whiskers
from different origins (cotton fiber or coconut husk fiber, the latter submitted to one- or multi-stage
bleaching) on the film properties. The whiskers improved the overall tensile properties (except by
elongation) and the water vapor barrier of the films. The films with coconut whiskers, even those
submitted only to a one-stage bleaching, presented similar properties to those of films with cotton
whiskers, despite the low compatibility between the matrix and the remaining lignin in coconut
whiskers. This was probably ascribed to a counterbalancing effect of the higher aspect ratios of the
coconut whiskers.

� 2011 Elsevier Ltd.

1. Introduction

Edible films from several film-forming biopolymers have been
studied and used in food packaging to reduce the need for non-
biodegradable petroleum-derived polymers. The elaboration of
edible films from fruit purees has been recently studied (Azeredo
et al., 2009; McHugh & Senesi, 2000; Rojas-Graü et al., 2006,
2007; Senesi & McHugh, 2002). Such application of fruit purees is
related to the presence of film-forming polysaccharides in their
composition, such as pectin and starch (Kaya & Maskan, 2003), and
is an interesting way of combining the mechanical and barrier
properties of those polysaccharides with the sensory and nutri-
tional properties of the fruit.

Biopolymers used in edible films usually have poor mechanical
and barrier properties when compared to petroleum-based poly-
mers. Several composites have been developed by adding rein-
forcements (fillers) to biopolymers to enhance their performance
and applicability. Fillers with at least one nano-sized dimension
(nanofillers or nanoreinforcements) have better interfacial adhe-
sion with the polymer matrices, when compared to the respective
micro/macroscopic reinforcements. A uniform dispersion of nano-
fillers leads to a very large matrix/filler interfacial area, changing

the molecular mobility, the relaxation behavior, and the conse-
quent thermal and mechanical properties of the resulting nano-
composite (Ludueña, Alvarez, & Vasquez, 2007). High aspect ratio
fillers, because of their high specific surface area, are particularly
interesting, providing great reinforcing effects (Azizi Samir, Alloin,
& Dufresne, 2005; Dalmas, Cavaillé, Gauthier, Chazeau, &
Dendievel, 2007).

Cellulose crystals with nano-sized diameters, commonly
referred to as whiskers, can be isolated from cellulose microfibrils
(Azizi Samir et al., 2005; Azizi Samir, Alloin, Sanchez, & Dufresne,
2004). They have been used to elaborate low cost, lightweight,
and very strong nanocomposites (Azizi Samir et al., 2005;
Bhatnagar & Sain, 2005; Helbert, Cavaillé, & Dufresne, 1996).
Cotton fiber has been one of the cellulose sources of choice for
extraction of whiskers, because of its very high cellulose contents.
Cellulose accounts for more than 95 g/100 g of the dry weight of
mature cotton fiber, and the cotton fiber wall contains no lignin
(Kim & Triplett, 2001). On the other hand, unripe coconut husk is an
abundant and cheap agroindustrial byproduct in Brazil, which
requires new end uses (Rosa et al., 2009). Coconut husk fiber is rich
in lignin, which hinders fiber separation by acid hydrolysis; so,
partial delignification (bleaching) of coconut husk fiber is required
in order to help fiber separation and further whisker extraction
(Rosa et al., 2010).

The objectives of this study were: (a) to characterize an edible
film obtained from acerola puree and alginate plasticized with corn
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syrup, in terms of tensile properties and water vapor barrier; and
(b) to evaluate the effects of incorporation of cellulose whiskers
(CW) from cotton or, alternatively, from coconut husk fibers
submitted to different bleaching levels, on tensile and water vapor
barrier of films.

2. Materials and methods

For the alginate-acerola puree (AAP) film formulation, 100 g of
acerola puree (AliPolpa, Aquiraz, CE, Brazil, with a total solid
content of 6.4 g/100 g) were added with 1.6 g sodium alginate
(Grinsted� FD175, provided by Danisco Brasil Ltda.) and 50 mL of
distilled water. Four grams of corn syrup (Karo, Unilever, São Paulo,
SP, Brazil) was added as both plasticizer and sweetener, since
acerola films without a sweetener would be too acid. The propor-
tions of the ingredients were based on preliminary tests.

Cellulosewhiskers from cotton fibers (Ct-CW)were extracted by
a 90-min acid hydrolysis, according to Cranston & Gray (2006) and
adapted by Rosa et al. (2010). A sulfuric acid solution (64 g/100 mL
in water) was used, with a fiber-to-acid solution ratio of 1 g:10 mL.
CW from coconut husk fibers were extracted by a 120-min hydro-
lysis preceded by one- (CcO-CW) or multi-stage bleaching (CcM-
CW). Bleaching was carried out according to Wise, Murphy, and
D’Addieco (1946), one- and multi-stage bleaching being defined
by Rosa et al. (2010). Briefly, for one-stage bleaching, 5 g of dried
fibers were heated (60�e70 �C) in 150 mL of water containing 1.5 g
NaClO2 and 8e10 drops of glacial acetic acid. The suspension was
periodically stirred for 1 h, cooled in an ice bath, filtered and
washed in cold water. For multi-stage bleaching, this procedure
was repeated three more times under the same conditions. In the
end, the bleached pulps were treated with 0.05 mol equi/L nitric
acid solution for 1 h at 70 �C, sieved in a 120 mm mesh sieve and
washed extensively in water. The CW suspensions were then
concentrated to 4e5 g/100 g.

The dimensions of the CW (diameter, length, and the resulting
aspect ratio) weremeasured from TEM images, carried out by using
a CM12 scanning-transmission electron microscope (STEM, FEI Co.,
Inc., Hillsboro, OR, USA) operating in the bright field mode at 80 kV

(Rosa et al., 2010). Digital images were captured with the STEM’s
associated XR41 CCD camera system (AMT, Danvers, MA, USA). Data
were collected using Image Pro Plus 6.3 (Media Cybernetics, Inc.,
Bethesda, MD, USA) and analyzed using Microsoft Excel 2003.

Nine nanocomposite films were produced by adding each of
three concentrations (5, 10 or 15 g/100 g, on a dry basis) of each of
the three types of CW suspensions (Ct-CW, CcO-CWor CcM-CW) to
the AAP film formulation. The concentrations were defined as the
ratio between the solid matter content of the CW suspensions and
the solid matter content of films (including alginate, acerola puree,
and corn syrup).

For all film formulations, the mixtures were firstly homogenized
for 60 min at 200 rpmwith a magnetic stirrer (Fisatom 752A, Aaker
Solutions Ltda., Porto Alegre, Brazil) at 50 �C, and then in a cell
disruptor (DES500, Unique Group, Indaiatuba, SP, Brazil) for 18 min
at 90 W. The mixture was vacuum degassed by using a vacuum
pump V-700 (Büchi Labortechnik AG, Flawil, Switzerland) at
30 mbar for 45 min, then cast on 0.3 � 0.3 m glass plates and
leveled with a draw-down bar to a thickness of 1.2 mm. The films
were placed on a lab bench (24 �C � 1 �C, RH 76% � 2%) for 24 h to
dry. A test was carried out by immersing films in CaCl2 solutions
with different concentrations (2e4 g/100 mL) in order to obtain
crosslinked sodium alginate with better water resistance, but the
resulting films were salty, so this step was eliminated. Then,
samples were cut and detached from the surface. Prior to film
properties determination, the detached, free-standing films were
conditioned for 24 h at 25 �C in desiccators containing MgNO3
saturated solution (50% RH). The water vapor permeability (WVP)
determination, with eight replicates, was based on the method
E96-80 (ASTM, 1989) at 24 �C and 85% RH, using silica gel as the
desiccant material, and at least seven measurements within a 24-
hour period. Tensile properties of 100 mm � 15 mm film strips
(with five replicates) were measured according to D882-97 (ASTM,
1997), in an Emic DL 2000 Universal Testing Machine with a load
cell of 500 N, initial grip separation of 0.05 m, and crosshead speed
of 10 mm/min (1.67 � 10�4 m/s). Five replicates were used for each
treatment. Analyses of variance (ANOVA) were carried out for all
responses, in order to verify which of them were significantly
affected by CW type and/or concentration. Depending on the
results for each response, appropriate difference tests were applied
to study differences among CW concentrations (Tukey tests) and/or
CW types (Dunnett tests).

3. Results and discussion

The plain AAP film presented the following properties: tensile
strength, 3.16 MPa; elongation at break, 28.26%; Young’s modulus,
15.35MPa;watervaporpermeability, 3.19�10�13 kgmPa�1 s�1m�2.
The strength andmodulus of the films were higher when compared

Table 1
Dimensions of CW as determined from TEM images.

Type Diameter (D, nm) Length (L, nm) Aspect ratio (L/D)

CcO-CW 5.5 � 1.5 194 � 70 39 � 14
CcM-CW 5.3 � 1.3 210 � 78 42 � 16
Ct-CW 12.0 � 4.0 114 � 55 10 � 5

CcO-CW: cellulose whiskers from coconut fiber submitted to one-stage bleaching;
CcM-CW: cellulose whiskers from coconut fiber submitted tomulti-stage bleaching;
Ct-CW: cellulose whiskers from cotton fiber. Values expressed as means � standard
deviations.

Table 2
F values resulting from ANOVA for physical properties of the films.

Properties Source of variation

CW type CW concentration CW type � concentration interactions

TS F 1.15 F 50.64 F 0.30
p 0.33 p <0.01 p 0.93

EB F 0.06 F 54.10 F 0.31
p 0.94 p <0.01 p 0.93

YM F 0.13 F 151.11 F 0.34
p 0.88 p <0.01 p 0.91

WVP F 2.61 F 65.49 F 0.55
p 0.08 p <0.01 p 0.77

TS: tensile strength; EB: elongation at break; YM: Young’s modulus; WVP: water vapor permeability.
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to those observed for mango (Azeredo et al., 2009) but lower than
those reported for peach (McHugh & Olsen, 2004), alginate-apple
(Rojas-Graü et al., 2007) and mango (Sothornvit & Rodsamran,
2008) fruit puree films. The water vapor permeability of the AAP
film was lower than those reported for other fruit-based films in all
above-mentioned studies, which apparently suggests a better
moisture barrier of the film in the present study when compared to
those, although the test was conducted under different conditionse
for example, an air-circulating system was not included as in the
previous studies. Then, some caution is neededwhen comparing the
present results with those mentioned in the beginning of this para-
graph, since the lack of air circulation may retard moisture transfer,
thus possibly leading to an underestimation of the WVP.

The dimensions and aspect ratios of the CW incorporated to the
nanocomposite films are presented in Table 1. The CW from
coconut fibers had lower diameter and higher lengths when
compared to those obtained from cotton fibers, and their resulting
aspect ratio was about four times higher.

The tensile properties and WVP were not significantly affected
by CW type or CW type � concentration interaction (Table 2). So,
the effects of CW from coconut husk fiber (submitted to one- or
multi-stage bleaching) on tensile properties and water vapor
permeability of the films were similar to those of CW from cotton
fiber. The films with cotton CW had probably a better filler-matrix
compatibility, because of the absence of lignin in the cotton fiber
wall (Kim & Triplett, 2001). Although lignin has been reported to
improve matrix-fillers adhesion and mechanical properties of
hydrophobic matrices such as rubber (Alexy et al., 2008) and pol-
y(lactic acid) (Graupner, 2008), this seems not to be true for
hydrophilic matrices such as alginate-acerola puree, because of the
relatively high hydrophobicity of lignin. In fact, Baumberger et al.
(1998) reported incompatibility between lignin and a starch
matrix. In this study, the incompatibility of the (hydrophilic) matrix
and the remaining lignin present in CW from coconut fibers was
expected to impair the film tensile and barrier properties. On the
other hand, the much higher aspect ratios of the CW from coconut
husk fibers probably counterbalanced those negative effects.

Differently from CW type, the effect of the CW concentration on
all properties was highly significant (Table 2). So, Tukey tests were

carried out to study the differences among films with different CW
concentrations (Tables 3e6).

Tukey tests for tensile properties (Tables 3e5) indicate that
increasing the concentration of any CW suspension resulted in
films with increased tensile strength and Young’s modulus, but
lower elongation at break. The most dramatic changes occurred in
modulus, which increased by 200% or more by incorporation of CW
at 10e15 g/100 g. Other authors have reported remarkable effects of
CW on modulus of polymer matrices (Bhatnagar & Sain, 2005;
Helbert et al., 1996; Ljungberg et al., 2005). According to Helbert
et al. (1996), such a great effect is ascribed not only to the geom-
etry and stiffness of the whiskers, but also to the formation of
a fibril network within the polymer matrix, the cellulose fibers
being probably linked through hydrogen bonds. Some studies have
described the effects of CWon improving both modulus and tensile
strength (Ten, Turtle, Bahr, Jiang, & Wolcott, 2010) but hindering
elongation of films (Jiang, Morelius, Zhang, & Wolcott, 2008;
Ljungberg et al., 2005; Roohani et al., 2008; Siqueira, Abdillahi,
Bras, & Dufresne, 2010). Such a behavior indicates that the whis-
kers incorporated into the matrix strongly interacted with the
biopolymer matrix, restricting its chain motion (Lu, Weng, & Zhang,
2004).

Fig. 1 presents representative stressestrain curves obtained
from films without CW (control) and with CW from one-stage-
bleached coconut fibers (CcO-CW, 10 g/100 g). Both curves exhibit
typical brittle behavior, characterized by a linear-elasticity to frac-
ture, but it is possible to observe the positive effects of the CW on
strength and modulus of the films, although the elongation has
been reduced.

Table 6 indicates reduction in water vapor permeability of the
films from increasing the concentration of any CW suspension,
corroborating other studies which reported enhanced water vapor
barrier of films by cellulose nanoreinforcements (Azeredo et al.,
2009, 2010; Paralikar, Simonsen, & Lombardi, 2008; Sanchez-
Garcia, Gimenez, & Lagaron, 2008; Svagan, Hedenqvist, & Ber-
glund, 2009).

Tables 3e6 indicate that, in most cases, the performance of the
films added with CW at 10 g/100 g was not significantly different

Table 3
Tensile strength (MPa) of films (means � standard deviation).

CW (g/100 g) CW types

Ct-CW CcO-CW CcM-CW

0 (3.16 � 0.61) b (3.16 � 0.61) b (3.16 � 0.61) b
5 (3.63 � 0.07) b (3.86 � 0.23) b (3.29 � 0.49) b
10 (4.72 � 1.42) ab (5.19 � 0.60) a (4.94 � 0.47) a
15 (5.91 � 0.45) a (6.10 � 0.31) a (5.65 � 0.40) a

Ct-CW: cellulose whiskers from cotton fiber; CcO-CW: cellulose whiskers from
coconut fiber submitted to one-stage bleaching; CcM-CW: cellulose whiskers from
coconut fiber submitted to multi-stage bleaching. Values at the same column fol-
lowed by the same letter are not significantly different (Tukey, p < 0.05).

Table 4
Elongation at break (%) of films (means � standard deviation).

CW (g/100 g) CW types

Ct-CW CcO-CW CcM-CW

0 (28.26 � 2.88) a (28.26 � 2.88) a (28.26 � 2.88) a
5 (19.32 � 1.85) b (18.52 � 1.38) b (18.08 � 1.15) b
10 (16.60 � 4.03) b (18.00 � 2.14) b (17.74 � 1.20) b
15 (19.44 � 1.84) b (18.22 � 1.70) b (18.39 � 2.71) b

Ct-CW: cellulose whiskers from cotton fiber; CcO-CW: cellulose whiskers from
coconut fiber submitted to one-stage bleaching; CcM-CW: cellulose whiskers from
coconut fiber submitted to multi-stage bleaching. Values at the same column fol-
lowed by the same letter are not significantly different (Tukey, p < 0.05).

Table 5
Young’s modulus (MPa) of films (means � standard deviation).

CW (%) CW types

Ct-CW CcO-CW CcM-CW

0 (15.35 � 1.68) b (15.35 � 1.68) c (15.35 � 1.68) d
5 (39.83 � 10.59) a (38.25 � 3.06) b (38.30 � 3.67) c
10 (46.70 � 5.57) a (45.74 � 4.10) a (43.45 � 2.27) b
15 (48.10 � 3.60) a (50.58 � 3.12) a (50.16 � 1.82) a

Ct-CW: cellulose whiskers from cotton fiber; CcO-CW: cellulose whiskers from
coconut fiber submitted to one-stage bleaching; CcM-CW: cellulose whiskers from
coconut fiber submitted to multi-stage bleaching. Values at the same column fol-
lowed by the same letter are not significantly different (Tukey, p < 0.05).

Table 6
Water vapor permeability (�10�13 kg m Pa�1 s�1 m�2) of films, at 24 �C/75% RH
(means � standard deviation).

CW (%) CW types

Ct-CW CcO-CW CcM-CW

0 (3.19 � 0.47) a (1.15 � 0.47) a (1.15 � 0.47) a
5 (2.50 � 0.45) b (2.42 � 0.39) b (2.14 � 0.39) b
10 (2.28 � 0.31) bc (2.20 � 0.33) bc (2.09 � 0.22) b
15 (1.67 � 0.42) c (1.83 � 0.31) c (1.47 � 0.17) c

Ct-CW: cellulose whiskers from cotton fiber; CcO-CW: cellulose whiskers from
coconut fiber submitted to one-stage bleaching; CcM-CW: cellulose whiskers from
coconut fiber submitted to multi-stage bleaching. Values at the same column fol-
lowed by the same letter are not significantly different (Tukey, p < 0.05).
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from that of films with the highest whisker concentration used
(15 g/100 g), suggesting that the CW addition at 10 g/100 g is
probably more interesting from the economic point of view.

4. Conclusions

The incorporation of cellulose whiskers to alginate-acerola
puree films improved their water vapor barrier, as well as tensile
strength and modulus, indicating that the whiskers improve the
film applicability as edible packaging. Cellulose whiskers obtained
from coconut husk fibers have shown to be comparable to those
from cotton fibers in terms of their positive effects on the film
properties, in spite of their remaining lignin, probably because of
their higher aspect ratios when compared to those from cotton
fibers. The films can be used as edible coatings for several foods
such as fresh fruits and vegetables, extending their shelf life.
Moreover, alginate-acerola films without cellulose whiskers can be
consumed as snacks, since such an application does not require
great mechanical or barrier properties.
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Fig. 1. Representative stressestrain curves from alginate-acerola puree films without
CW (control, continuous line) and with CW from coconut husk fibers submitted to one-
stage bleaching (CcO-CW at 10 g/100 g, dotted line).
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