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a  b  s  t  r  a  c  t

Microcrystalline  cellulose  (MCC)  can  provide  improved  properties  when  the  aim  is  the  development
of  biodegradable  packaging  materials.  In  this  work  the  physicochemical  properties  of  polysaccharide-
based  films  (chitosan  and  starch)  with  the  incorporation  of  MCC  and  the  application  of  moderate  electric
field  (MEF)  and  ultrasonic  bath  (UB)  as  treatments,  were  evaluated.  For  each  treatment,  the  thickness,
moisture  content,  solubility,  water  vapor  permeability,  contact  angle,  mechanical  properties,  along  with
its color  and  opacity  were  determined.  The  surface  morphologies  of  the  films were  assessed  by  scanning
electron  microscopy  (SEM).  X-ray  diffraction  (XRD),  Fourier-transform  infrared  (FTIR)  spectroscopy  and
thermogravimetric  analysis  (TGA)  were  also  performed.  It  was  observed  that  the addition  of  different
concentrations  of  MCC  as  well as  the  application  of MEF  are  responsible  for  changes  in  the  properties  of  the
films,  being  this  effect  dependent  on  the  polysaccharide  used.  Chitosan-based  films  were  slightly  yellow,
transparent  and  presented  a more  homogeneous  structure.  The  use  of  MEF  was  efficient  in  decreasing
the  permeability  to water  vapor  in  chitosan  based  films  without  MCC,  as  well  as  in  production  of films
with  a more  hydrophobic  surface.  The addition  of  MCC  promoted  more  opaque,  rigid,  less  flexible  and
less  hydrophobic  films.  Starch-based  films  were  whitish,  with  a  more  heterogeneous  structure  and  the

application  of  MEF  generated  more  hydrophilic  films  with  lower  tensile  strength  and  Young’s  modulus.
The  films  with  MCC  were  more  opaque,  less  flexible  and  less  hydrophilic  than  the  films  without  MCC.
The  composites  presented  good  thermal  properties,  which  increases  their  applicability  as  packaging
materials.  Therefore,  the  incorporation  of  MCC  into  polysaccharide-based  films  as  well  as  the  application
of  MEF  can  be an  approach  to change  the  properties  of films.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

Recently, the demand for products made from sustainable
esources with renewable and biodegradable features has become
n important part of the effort to reduce the impact of food
ackaging on the environment (Souza et al., 2010) being used

o reduce the amount of synthetic materials in the food chain.
n this context, edible films based on biopolymers, as chitosan
nd starch, appear as potential substitutes of petroleum-based

∗ Corresponding author at: PPGCAL/Instituto de Química, UFRJ, Cidade Univer-
itária, Ilha do Fundão, CEP: 21949-900 Rio de Janeiro, RJ, Brazil.

E-mail address: carolcsc@hotmail.com (C.C.S. Coelho).

ttp://dx.doi.org/10.1016/j.carbpol.2017.07.007
144-8617/© 2017 Elsevier Ltd. All rights reserved.
packaging materials, because of their abundant and renewable
availability, non-toxic, low cost, biodegradable and biocompatible
nature (Dehnad et al., 2014; Shankar & Rhim, 2016; Souza et al.,
2009; Shi et al., 2013). However, the development of packaging
materials is still a challenge (Rico, Rodríguez-Llamazares, Barral,
Bouza, & Montero, 2016).

Studies reported that incorporation of microcrystalline cellulose
(MCC) can be done as a compatible reinforcing filler for biopoly-
mers (Ma,  Chang, & Yu, 2008; Rico et al., 2016). The incorporation
of MCC  in starch and chitosan-based films appears particularly

interesting due to the chemical similarities in the polysaccharide
structure, which can lead to a good interfacial adhesion of the
matrix-cellulose, which is crucial to improve mechanical and bar-
rier properties of the developed composites (Celebi & Kurt, 2015;

dx.doi.org/10.1016/j.carbpol.2017.07.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2017.07.007&domain=pdf
mailto:carolcsc@hotmail.com
dx.doi.org/10.1016/j.carbpol.2017.07.007
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ico et al., 2016). In this way, ensure that MCC  is homogeneously
ispersed within the film matrix, it is a challenge that has been
chieved by using ultrasonic technologies such as ultrasonic bath
UB) (Slavutsky & Bertuzzi, 2014). Therefore, the search for new

ethodologies for the preparation of biocomposites should be
ddressed aiming improved film properties. One of the proposals is
he use of electro-heating technology that is also known as moder-
te electric fields (MEF). It is based on the passage of electric current
hrough a sample having an inherent electric resistance, where the
lectrical energy is converted directly into heat and the instanta-
eous heating occurs at a rate which depends on the intensity of
he current passing through the material (Pereira, Souza, Cerqueira,
eixeira, & Vicente, 2010; Souza et al., 2010). This technology has
een used in several applications in food processing as in oper-
tions of blanching, evaporation, dehydration and pasteurization
Sastry & Barach, 2000). Recently, it gained a new interest in the
ood area being applied in film production of proteins and polysac-
harides (Pereira et al., 2010; Souza et al., 2010). There are some
tudies showing significant improvement of various properties of
dible films and coatings with the application of moderate elec-
ric fields (MEF) (García, Famá, Dufresne, Aranguren, & Goyanes,
009; Lei, Zhi, Xiujin, Takasuke, & Zaigui, 2007; Pereira et al., 2010;
ouza et al., 2009, 2010). Nevertheless, there are still no studies on
he application of this technology in chitosan and starch filmogenic
olutions with the incorporation of MCC.

Thus, this study aimed to produce chitosan and starch-based
lms with incorporation of different concentrations of MCC  and
valuate the effects of incorporation under MEF  and UB treatments.
hysical and structural characterization of the produced films, as
ell as the effect of the different MCC  concentrations on the film

roperties were also addressed.

. Materials and methods

.1. Materials

Starch potato was obtained from Sigma-Aldrich Química, S.L
Portugal), and a high molecular weight and deacetylated (95%)
hitosan was obtained from Golden-Shell Biochemical Co., Ltd.
Yuhuan, China). Glycerol (87%) was obtained from Acros Organics
Belgium), lactic acid (98 %) was obtained from Merck (Germany),
nd microcrystalline cellulose (MCC) (Avicel

®
PH-101, 11363; den-

ity is 0.26–0.31 g/cm3, particle size is approximately 50 �m and
he moisture content vary in the range of 3–5%) was  obtained from
igma-Aldrich Química, S.L (Portugal).

.2. Film preparation

The starch film (ST) forming solution was prepared by mixing
tarch (1%, w/v) and water. The chitosan- based film (CH) solutions
ere prepared by dissolving the chitosan (1%, w/v) in a 1% (v/v)

actic acid solution. Both solutions were stirred using a magnetic
tirrer at 400 rpm for 21 h at room temperature (20 ◦C); subse-
uently an appropriate amount of MCC  was added to the solution
0.1 or 0.2%, w/v). Then, the mixture was left under stirring for 2 h
nd the glycerol added at a concentration of 0.25 g/gpolymer and left
nder agitation for 1 h. Two treatments were performed to the film

orming solutions, heating with further dispersion in sonication
ath and moderate electric fields.

.2.1. Ultrasonic bath

The ST and CH film-forming solutions (prepared as was

escribed in Section 2.2) were heated in a shaking water bath
t 70 ◦C during 30 min  under agitation (400 rpm). This procedure
nsured the total dissolution of ST and CH and the formation of a
lymers 174 (2017) 1181–1191

homogeneous dispersion. Temperature progress, during conven-
tional experiment, was  measured with a thermocouple, placed
at the geometric center of the sample volume. The resulting dis-
persion was  kept 45 min  in ultrasonication bath (UB) (Branson
5510 Ultrasonic Cleaners, Frequency: 40 kHz), used to disperse 0.1
and 0.2% of MCC  in the matrix, which were named as CH.UB-0.1,
ST.UB-0.1, CH.UB-0.2, ST.UB-0.2, respectively. Samples that did not
contain MCC  were entitled CH.UB-C or ST.UB-C. At the end, a con-
stant amount of the film-forming solutions (28 mL)  were cast in
acrylic plates (90 mm × 15 mm)  and dried at 35 ± 1 ◦C for 24 h in an
air-circulating oven.

2.2.2. Moderate electric fields
A set of experiments was conducted to determine the effect of

using moderate electric fields (MEF) on the production of CH and
ST −based films with 0.1 and 0.2% MCC  (CH.MEF-0.1 or ST.MEF-0.1
and CH.MEF-0.2 or ST.MEF-0.2, respectively). Samples that did not
contain MCC  were entitled CH.MEF-C or ST.MEF-C.

The heater used consisted of a cylindrical glass tube of 30 cm
total length and 2.3 cm inside diameter; two  Titanium electrodes
with Teflon pressure caps placed at each end of the tube.

The CH film forming solution samples (prepared as was
described in Section 2.2) were treated using a MEF  intensity
of 7.6 V cm−1 with an interval of 6 cm between the electrodes,
which allowed working at constant temperature of 70 ◦C. A mag-
netic stirrer was introduced inside the glass tube to homogenize
the solution and improve heat transfer during the heating cycle.
Temperature was controlled using of a function generator (Agi-
lent 33220A, Penang, Malaysia) connected to amplifier equipment
(Peavey CS3000, Meridian, MS,  USA) and alternating current source
with an electrical frequency of 25 kHz. Temperatures were moni-
tored using a type-K thermocouple (1 ◦C, Omega, 709, USA), placed
at the geometrical center of the chamber through an available
opening. A data logger (National Instruments, USB-9161, U.S.A.)
working with Lab View 7 Express software (National Instruments,
NI Data logger) was  employed to record continuously treatment
temperature. Electrical frequency, voltage applied and current
intensity were measured simultaneously using portable oscillo-
scope (ScopeMeter

®
125/S, 124 Fluke, Everett, WA,  USA).

The same conditions were used for the ST film forming solution
(according described in Section 2.2), but due to its low electrical
conductivity, the experiments were performed in a double-walled
water-jacketed reactor vessel (3 mm of internal diameter and
100 mm height) connected to temperature controlled water bath
(∼70 ◦C). This allowed working at the same electric field as CH
solution, without changing thermal conditions.

2.3. Characterization of the films

2.3.1. Conditioning
All dried films were stored in desiccators at 25 ◦C and 54%

relative humidity (obtained using a Mg(NO3)2·6H2O-saturated
solution) until tests. The moisture content, solubility, water vapor
permeability and thermogravimetric analysis measurements were
performed in triplicate.

2.3.2. Thickness
Film thickness was  measured with a hand-held digital microm-
eter (No. 293-561, Mitutoyo, Japan). Thickness measurements were
taken on each testing sample in ten different randomly chosen
points and the mean values were used for water vapour perme-
ability and mechanical properties determination.
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.3.3. Moisture content
The moisture content was determined gravimetrically using Eq.

1), by drying the films at 105 ◦C in an oven with forced air circula-
ion for 24 h.

C(%) = Mt  − Mf

Mt
× 100 (1)

here Mi and Mf are the masses of initial and dried samples,
espectively. The experiments were performed in triplicate, and
xpressed as the percentage of water removed from the initial mass
ample.

.3.4. Film solubility
The measurement of film solubility (Sol) in water was deter-

ined according to the method reported by Cuq, Gontard, Cuq, &
uilbert (1996), by immersion in water of dried films using Eq. (2).

ol (%) = Mi′ − Mf ′

Mi′
× 100 (2)

here Mi
′

is the initial mass, Mf
′

is the final mass of the sample
nd Sol represent the percentage of film solubility.

Triplicates of each film were cut with a circular mold of 2 cm
iameter, dried at 105 ◦C in an oven for 24 h and weighed. Then the
amples were immersed in 50 mL  of water, sealed with parafilm
nd stirred in an orbital shaker at 60 rpm for 24 h at 25 ◦C. The non-
oluble part of each film was taken out and dried at 105 ◦C in an
ven for 24 h and weighed again in order to determine the weight
f dry matter.

.3.5. Water vapor permeability measurement (WVP)
The measurement of water vapor permeability (WVP) of the

lms was determined gravimetrically based on the ASTM E96-
2 method (Guillard, Broyart, Bonazzi, Guilbert, & Gontard, 2003;
cHugh, Avenabustillos, & Krochta, 1993).

The film was sealed on the top of a permeation cell containing
istilled water (100% RH; 2337 Pa vapour pressure at 20 ◦C) and
laced in a desiccator at 20 ◦C and 0% RH (0 Pa water vapor pressure)
ith silica gel. The cups were weighed at intervals of 2 h during

0 h. The water transferred through the film and adsorbed by the
esiccant was determined from weight loss of the permeation cell.
teady-state and uniform water pressure conditions were assumed
y keeping the air circulation constant outside the test cup by
eans of a miniature fan placed inside the desiccators (McHugh

t al., 1993). The slope of the curve representing the weight loss
ersus time was obtained by linear regression.

.3.6. Contact angle
Contact angle measurements were performed in a face contact

ngle meter (OCA 20, Dataphysics, Germany). The samples of the
lms were taken with a 500 �L syringe (Hamilton, Switzerland),
ith a needle of 0.75 mm  of diameter. The contact angle at the
lm surfaces was measured by the sessile drop method (Kwok &
eumann, 1999). Each measurement was made within 10 s. At least
fteen contact angle measurements were obtained for each sample
t 19.8 (±0.3) ◦C.

.3.7. Optical properties
The color of films was determined with a digital Minolta col-

rimeter (Konica Minolta, model Chroma Meter CR-400, Osaka,

apan). The CIELab scale was used to determined L*, a* and b* color
arameters (Alparslan, Baygar, Baygar, Hasanhocaoglu, & Metin,
014). The opacity (Y) was determined as the relationship between
he opacity of each sample on a black standard (Yb) and the opacity
lymers 174 (2017) 1181–1191 1183

of each sample on the white standard (Yw) (Casariego et al., 2009),
using Eq. (3).

Y (%) = Yb

Yw
· 100 (3)

Where Yb is the black standard and Yw is the white standard. Sam-
ples were analyzed in triplicate, recording five measurements for
replicate.

2.3.8. Scanning electronic microscopy (SEM)
The effect of MCC  incorporation in film was evaluated in

respect to the surface morphology and cross-sectional using scan-
ning electron microscope (SEM) (Nova NanoSEM 200, Eindhoven,
Netherlands) with an accelerating voltage of 10 a 15 kV under vac-
uum conditions. Before analyses, the films were maintained at 20 ◦C
and 54% relative humidity (RH) for 24 h. All samples were mounted
on aluminum stubs using carbon adhesive Tape, and after that were
sputter-coated with gold with thickness of about 10 nm.

2.3.9. Mechanical properties
Tensile strength (TS), elongation at break (EB) and Youngı́s mod-

ulus (YM) were measured with a TA.HD plus Texture Analyzer
(Serial RS232, Stable Micro Systems, Surrey, UK), with a load cell
of 5 kg, following the guidelines of ASTM D 882-02 (2010). Film
strips with a length of 120 mm and a width of 20 mm were used
and the average film thickness was measured with digital microm-
eter (Section 2.3.2). The initial grip separation was  set at 100 mm
and the crosshead speed was set at 5 mm min−1. The tests were
replicated nine times for each sample.

2.4. X-ray diffraction (XRD)

X-ray diffraction patterns of the samples were analyzed
between 2� = 4◦ and 2� = 60◦ with a step size 2� = 0.02◦ in an X-ray
diffraction instrument (Bruker D8 Discover, USA).

2.5. Fourier-transform infrared (FTIR) spectroscopy

The films were characterized by Fourier Transform Infrared
(FTIR) Spectroscopy on a Bruker FT-IR VERTEX 80/80 v (Boston,
USA) in Attenuated Total Reflectance mode (ATR) with a platinum
crystal accessory between 400 and 4000 cm−1, using 16 scans at
a resolution of 4 cm−1. Before analysis, an open bean background
spectrum was  recorded as a blank. The neat films of chitosan and
starch were used as control and each spectrum recorded for the
films with the incorporation of MCC  and different treatments.

2.6. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was  completed with a
PerkinElmer TGA 4000 (PerkinElmer, Massachusetts, EUA). For TGA
analysis about 10–12 mg  of the sample were placed in the bal-
ance system and heated from 20 ◦C to 450 ◦C at a heating rate of
10 ◦C min−1 under a nitrogen atmosphere.

2.7. Statistical analysis

One-way ANOVA was applied to analyze data and when
detected the existence of significant differences between treat-

ments, the averages were compared according to the Tukey test,
adopting the 5% (� = 0.05) significance level. The statistical analy-
ses were performed using SISVAR version 5.6 program (SISVAR

®
,

Brazil).
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. Results

.1. Thickness, moisture content, solubility, water vapour
ermeability and contact angle

Table 1 shows the values of thickness, moisture content (MC),
olubility (Sol), water vapour permeability (WVP) and contact angle
CA) of the chitosan-and starch based films with increasing concen-
rations of MCC  and the UB and MEF  treatments.

The incorporation of MCC  in the chitosan- based films increased
p < 0.05) the film thickness for both treatments, with no differences
bserved between treatments using UB and MEF. The MC  values of
he neat chitosan film decrease significantly (p < 0.05) when 0.2%
f MCC  was added to the films (CH.UB-0.2) (28.20 ± 0.01%). How-
ver, for films treated with MEF  such results were not observed, and
he incorporation of MCC  in chitosan-based films showed no effect
p > 0.05). For film solubility, no significant differences (p > 0.05)
ere observed among all treatments.

The application of MEF  lead to lower WPV  values for chitosan
ontrol films (CH.MEF-C), being these values statistically differ-
nt from the other treatments (p < 0.05). This behavior was  not
bserved when MCC  was incorporated in the chitosan-based films
CH.MEF-0.1 and CH.MEF-0.2).

The hydrophilicity of films can be accessed through the deter-
ination of the contact angle between a water drop and the film

urface. In order to understand the effect of MCC  and treatment (i.e.
EF  and UB) on films hydrophilicity, contact angles were deter-
ined for all the produced films. Results showed that when MCC  is

dded to chitosan-based films, the CA values decreased (CH.UB-0.1,
H.UB- 0.2, CH.MEF-0.1 and CH.MEF-0.2) when compared to the
espective control films (CH.UB-C and CH.MEF-C). However, the CA
alues were higher when the MEF  treatment was applied, forming
ore hydrophobic films (CH.MEF-C, CH.MEF-0.1 and CH.MEF-0.2)

Supporting information Fig. 1).
In the starch-based films the ST.UB-0.1 and ST.UB-0.2 films

howed higher thickness values (0.058 and 0.081 mm,  respec-
ively), that result from the addition of MCC  in the films matrix.
he same behavior was observed for the chitosan-based films; how-
ver, the thickness values were lower when the MEF  treatment was
pplied.

The MC  of the starch-based film increased significantly (p < 0.05)
hen 0.1% of MCC  was incorporated in the films, regardless of the

pplied treatment (ST.UB-0.1 and ST.MEF-0.1). Solubility of starch-
ased films with or without addition of MCC  and regardless of
he treatment applied (UB or MEF) was not statistically different
p > 0.05).

The results showed that ST.UB-0.1 and ST.UB-0.2 films are more
ermeable (p < 0.05) when compared to the ST.UB-C films and to the
lms where MEF  was applied (ST.MEF-C, ST.MEF-0.1, ST.MEF-0.2).
herefore, the ST.UB-C, ST.MEF-C, and ST.MEF-0.2 films presented

ower WPV  values. For starch-based films, the incorporation of 0.1%
CC  leads to significantly higher CA values (p < 0.05). When the
EF  treatment was applied, the CA values decreased significantly

p < 0.05) and thus leading to the formation of more hydrophilic
lms (ST.MEF-C, ST.MEF-0.1 and ST.MEF-0.2) (Supporting informa-

ion Fig. 1).

.2. Optical properties

Table 2 shows the color parameters and opacity values for chi-
osan and starch-based films. For the consumer, the films should be
isually attractive, in order to maintain the acceptance of the prod-

ct when applied (Souza et al., 2009). As shown in Table 2, in CH
lms, the lightness (L), a* and b* values did not change significantly

p < 0.05) after incorporation of MCC  and the applied treatments
UB or MEF).
lymers 174 (2017) 1181–1191

All the films with MCC  were perceived to be slightly opaque
(Table 2 and Supporting information Fig. 2) but only chitosan-based
films with 0.2% MCC  (CH.UB-0.2 and CH.MEF-0.2) exhibited signif-
icantly higher (p < 0.05) values of opacity when compared to the
control film (CH.UB-C and CH.MEF-C, respectively).

In starch-based films the results show that the lightness is
somewhat high (p < 0.05) with addition of MCC and application
of MEF  treatment (ST.MEF-0.1 and ST.MEF-0.2). The a* values did
not change significantly after incorporation of MCC  as well as was
not affected by the applied treatments (UB or MEF). The increase
of b* indicates the intensification of the yellowness of the starch-
based film. The increase of b* values of both treatments with MCC
films were observed, regardless of the treatment applied (UB or
MEF). However, there were no significant differences in b* between
ST.UB-0.1 and ST.UB-C films (p > 0.05). This result shows that the
application of MEF  in films with MCC  had a significant effect on L*
and b* parameters of starch films.

As well as the chitosan- based film, all the starch films with the
addition of MCC  were perceived to be slightly opaque (Table 2 and
Supporting information Fig. 2). Starch-based films with 0.2% and
0.1% MCC  (ST.UB-0.1, ST.UB-0.2, ST.MEF-0.1 and ST.MEF-0.2) exhib-
ited significantly higher (p < 0.05) values of opacity when compared
to the control film (ST.UB-C and ST. MEF-C).

3.3. Scanning electron microscopy

SEM was  used to evaluate the morphology of the films before
and after incorporation of MCC  and after the use of UB and MEF
treatments. As can be seen in Fig. 1a, SEM micrograph of control
chitosan-based film (CH.UB-C and CH.MEF-C) shows a relatively
smooth surface without any phase separation indicating an appro-
priate dissolution of chitosan in the acidic solution (Dehnad et al.,
2014).The chitosan- based films containing different concentra-
tions of MCC  showed a more heterogeneous Surface (Fig. 1(a)
CH.UB-01, CH.UB-0.2, CH.MEF-0.1 and CH.MEF-0.2). This obser-
vation was also verified with the analysis of the cross-sectional
images, where some visible changes were noticed when compared
with the control film. It is clear that the roughness of the surface
of the films increases when MCC  is added to the starch-based film,
these results can be seen in Fig. 1. It can also be noted that the
application of the MEF  treatment has formed starch-based films
with more MCC  in the surface, this fact can be noticed both on
the surface of the film (Fig. 1(a) – ST.UB-01, ST.UB-0.2, ST.MEF-0.1
and ST.MEF-0.2) as well as in the cross-sectional image (Fig. 1(b) –
ST.UB-01, ST.UB-0.2, ST.MEF-0.1 and ST.MEF-0.2).

3.4. Mechanical properties

Table 3 presents the TS, EB and YM values of chitosan and starch-
based films. For the chitosan films, the addition of MCC  was not
effective to increase the TS. The use of MEF  treatment in the prepa-
ration of films increased the TS in CH.MEF-C when compared to
the CH.UB-C (p < 0.05). EB values decreased for film with higher
MCC  content, namely for CH.UB-0.2, CH.MEF-0.1 and CH.MEF-0.2
with exception of the CH.UB-0.1 film. An inverse relationship was
found for the YM values, once these films had the highest values of
YM. However, for the films with MEF  treatment the EB values were
only reduced in case of CH.MEF-0.1 when compared to the CH.UB-C
(p < 0.05), while YM values remained unchanged.

Regarding the starch-based films, the addition of MCC  in both
concentrations lead to a decreasing of the TS values for UB films
(p < 0.05). This pattern was different from the behavior observed

for the chitosan- based films, where the application of MEF treat-
ments resulted in films with lower TS, with or without MCC. The
films with MCC  showed lower values of EB but with application of
MEF  treatment in the starch solution, the ST.MEF-C and ST.MEF-
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Fig. 1. Scanning electron microscopy images of (a) surface at 250× of magnification with scale bar of 400 �m and (b) cross-sectional at 2000× of magnification with scale
bar  of 50 �m for chitosan-based films(CH) and cross-sectional at 5000× of magnification with scale bar of 20 �m for starch-based films (ST) films without and with addition
of  MCC  after treatment with ultrasound bath (UB) and moderate electric fields (MEF).
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Table  1
Values of thickness, moisture content (MC), solubility (Sol), water vapor permeability (WVP) and contact angle (CA) of the chitosan (CH) and starch (ST) based films with
different microcrystalline cellulose (MCC) concentrations (0.1 or 0.2%) after ultrasound bath (UB) or moderate electric fields (MEF) treatments.

Film Thickness (mm) MC  (%) Sol (%) WVP  × 107 (g h−1 m−1 Pa−1) CA (◦)

CH.UB-C 0.069 ± 0.005a 36.56 ± 0.02a 35.95 ± 0.03a 2.26 ± 0.17a 71.94± 1.47a

CH.UB-0.1 0.090 ± 0.002b 41.14 ± 0.01a 33.48 ± 0.03a 2.60 ± 0.05a 64.52± 1.59b

CH.UB-0.2 0.094 ± 0.002b 28.20 ± 0.01b 30.25 ± 0.03a 2.57 ± 0.08a 51.44± 1.96c

CH.MEF-C 0.064 ± 0.008a 39.70 ± 0.03a 34.04 ± 0.04a 1.68 ± 0.16b 103.29± 3.60d

CH.MEF-0.1 0.084 ± 0.004b 39.43 ± 0.02a 32.09 ± 0.01a 2.19 ± 0.24a 91.62± 0.48e

CH.MEF-0.2 0.091 ± 0.004b 37.33 ± 0.01a 30.32 ± 0.01a 2.38 ± 0.15a 75.87± 2.44a

ST.UB-C 0.047 ± 0.002AB 12.04 ± 0.02A 23.06 ± 0.03A 1.43 ± 0.13A 41.68 ± 1.82A

ST.UB-0.1 0.058 ± 0.003C 22.08 ± 0.01B 20.00 ± 0.01A 2.19 ± 0.20B 50.62 ± 1.38B

ST.UB-0.2 0.081 ± 0.001D 10.64 ± 0.02A 20.67 ± 0.03A 2.51 ± 0.06B 48.70 ± 1.36B

ST.MEF-C 0.039 ± 0.009A 12.45 ± 0.04A 23.45 ± 0.07A 1.12 ± 0.25A 24.94 ± 0.84C

ST.MEF-0.1 0.044 ± 0.003AB 28.90 ± 0.01B 18.09 ± 0.03A 1.81 ± 0.16C 31.14 ± 1.04D

ST.MEF-0.2 0.047 ± 0.002B 12.91 ± 0.05A 21.588 ± 0.01A 1.24 ± 0.08A 28.68± 0.57CD

Different letters in the same column indicate a statistically significant difference (p < 0.05), where lowercase letters correspond to chitosan-based films samples and uppercase
letters  correspond to starch-based films.

Fig. 2. Diffractograms of chitosan (A) and starch (B) based films with different microcrystalline cellulose (MCC) concentrations (0.1 or 0.2%) after ultrasound bath (UB) or
moderate electric fields (MEF) treatments.

Table 2
Optical properties of chitosan (CH) and starch (ST) based films with different micro-
crystalline cellulose (MCC) concentrations (0.1 or 0.2%) and ultrasound bath (UB) or
moderate electric fields (MEF) treatments.

Film L* (lightness) a* b* Opacity (%)

CH.UB-C 94.52 ± 0.16a −1.38 ± 0.29a 14.09 ± 3.24a 4.07 ± 0.62a

CH.UB-0.1 94.49 ± 0.18a −1.20 ± 0.12a 13.14 ± 0.64a 5.50 ± 0.43ab

CH.UB-0.2 94.69 ± 0.38a −1.03 ± 0.19a 11.66 ± 1.07a 9.06 ± 2.20c

CH.MEF-C 94.09 ± 0.52a −1.26 ± 0.15a 13.05 ± 1.31a 4.87 ± 0.78a

CH.MEF-0.1 94.25 ± 0.68a −1.19 ± 0.11a 12.88 ± 1.63a 6.75 ± 1.96abc

CH.MEF-0.2 94.32 ± 0.64a −0.95 ± 0.08a 11.50 ± 1.17a 8.40 ± 0.21bc

ST.UB-C 97.11 ± 0.16A 0.19 ± 0.01A 1.97 ± 0.05AB 9.74 ± 0.19A

ST.UB-0.1 97.47 ± 0.11A 0.16 ± 0.04A 2.08 ± 0.01BC 12.46 ± 0.27B

ST.UB-0.2 97.39 ± 0.05A 0.13 ± 0.02A 2.14 ± 0.08C 13.25 ± 0.13B

ST.MEF-C 97.20 ± 0.29A 0.15 ± 0.04A 1.86 ± 0.04A 10.06 ± 0.46A

ST.MEF-0.1 98.12 ± 0.19B 0.21 ± 0.10A 2.03 ± 0.05BC 12.80 ± 0.43B

ST.MEF-0.2 98.08 ± 0.20B 0.17 ± 0.02A 2.04 ± 0.03BC 14.15 ± 1.21B

Different letters in the same column indicate a statistically significant difference
(
u

0
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Table 3
Mechanical properties of chitosan (CH) and starch (ST) based films for increasing
microcrystalline cellulose (MCC) concentrations for ultrasound bath (UB) or mod-
erate electric fields (MEF) treatments.

Film Tensile
strength
(MPa)

Elongation
at break (%)

Young’s
modulus
(MPa)

CH.UB-C 3.05 ± 0.40a 108.21 ± 2.13a 0.02 ± 0.01a

CH.UB-0.1 4.40 ± 0.41ab 112.55 ± 1.97a 0.04 ± 0.02ab

CH.UB-0.2 4.95 ± 0.43abc 64.40 ± 2.29b 0.09 ± 0.02cd

CH.MEF-C 7.36 ± 1.39d 106.78 ± 15.54a 0.05 ± 0.01abc

CH.MEF-0.1 5.55 ± 0.45bcd 63.94 ± 2.78b 0.08 ± 0.01bcd

CH.MEF-0.2 6.77 ± 0.84cd 72.19 ± 6.16b 0.10 ± 0.01d

ST.UB-C 31.70 ± 1.33A 3.07 ± 0.17A 14.51 ± 1.25A

ST.UB-0.1 14.70 ± 1.58B 1.84 ± 0.23B 10.78 ± 0.50B

ST.UB-0.2 14.05 ± 1.22B 1.95 ± 0.04B 9.65 ± 1.0B

ST.MEF-C 7.31 ± 0.53C 4.81 ± 0.19C 3.85 ± 0.83C

ST.MEF-0.1 6.42 ± 0.16C 2.96 ± 0.26AD 4.08 ± 0.46C

ST.MEF-0.2 5.86 ± 1.19C 2.28 ± 0.46BD 4.14 ± 0.90C

Different letters in the same column indicate a statistically significant difference

p < 0.05), where lowercase letters correspond to chitosan-based films samples and
ppercase letters correspond to starch-based films.

.1 films showed higher EB values when compared to ST.UB-C and
T.UB-0.1 films (p < 0.05). The YM was affected by all concentrations

f MCC  increment in the matrix when UB treatment was  applied
ST.UB-0.1 and ST.UB-0.2), decreasing the values of YM (p < 0.05).
he application of MEF  treatments resulted in films with lower YM,
ith or without MCC.
(p < 0.05), where lowercase letters correspond to chitosan-based films samples and
uppercase letters correspond to starch-based films.

3.5. X-ray diffraction (XRD)
Structural analysis of chitosan and starch-based films with and
without MCC, after UB and MEF  treatment was  performed by XRD.
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ig. 2 represents the diffractograms of the CH and ST-based films,
fter UB and MEF  treatment. These patterns are typical of semi-
rystalline materials with an amorphous region and crystalline
eaks.

The XRD diffractograms showed a reflection peak located at
bout 2� = 22.5◦, which is related to the crystalline structure of
ellulose I (Segal, Creely, Martin, & Conrad, 1959) This peak can
e observed for all films with the increase of MCC  content (0.1 or
.2%). In addition, happens an increase of the peak intensity with

ncreased concentrations of MCC.
In Fig. 2a the CH films peaks were evidenced at 2� = 20◦, indicates

he semi-amorphous nature of this polymer and is in agreement
ith other published results (Celebi & Kurt, 2015; Dehnad et al.,

014; Souza et al., 2010). The effect of preparation method on XRD
an be investigated and no significant changes were observed in
he chitosan-based films.

As shown in Fig. 2b, starch films displayed a �-type with
trongest reflections at about 2� = 17◦ and a few smaller reflections
t about 2� = 14.5◦, similar to that reported by Tibolla, Pelissari, &
enegalli (2014) and Li et al. (2016). This can be noticed mainly in

he sample ST.UB-C presented strongest reflections in these peaks.
he diffraction peak about 2� = 17◦ decrease in intensity in the other
lms, and the reflections at about 2� = 14.5◦ disappeared when the
lmogenic starch solutions were treated with MEF. Thus, the appli-
ation of the MEF  changes the diffraction pattern in the starch, and
t is not possible to visualize the peaks that are notorious in the
amples treated by UB.

.6. FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) was  used for the
valuation of possible chemical interactions between MCC  and the
lm matrix (CH and ST) as well as the treatments applied (UB and
EF) and possible modifications in their chemical structure; when

ompounds are mixed, physical bonds and chemical interactions
re reflected by changes in characteristic spectral peaks (Martins,
erqueira, & Vicente, 2012). Fig. 3a shows a comparison between
he FTIR spectra of the CH films with or without MCC  after treat-

ent with UB and MEF. The spectra recorded for the films with
CC  (CH.UB-0.1, CH.UB-0.2, CH.MEF-0.1 and CH.MEF-0.2) were

ubtracted to the spectrum obtained for CH control film, according
o treatments applied. In general, all of the films presented a broad
and between 3500 and 3100 cm−1, attributed to the stretching of
ydroxyl (OH) groups that overlaps the N H stretching vibration

n the same region (Celebi & Kurt, 2015; Khan et al., 2012).
The broad band between 2800 and 3000 cm−1 is attributed to

 H stretching (Cerqueira et al., 2012; Martins et al., 2012; SriBala,
hennuru, Mahapatra, & Vinu, 2016). With the incorporation of
CC  and MEF  treatment was observed a low variation in this band.

he addition of 0.2% MCC  increased the intensity of the bands, while
 different behavior was observed for 0.1% MCC, where the intensity
f the O H stretching vibration was similar to the chitosan- based
lm used as control and all the films UB. The peak approximately
t 1733 cm−1 is reported to be characteristic of a carbonyl group
C O) vibrations, present in the film matrix (Pawlak & Mucha, 2003;

artins et al., 2012).
The FTIR spectrum of neat chitosan-based films showed the

haracteristic saccharide structure peaks at 1030 and 1076 cm−1

ue to the C single bond O stretching and O single bond H bending,
espectively (Celebi & Kurt, 2015; Khan et al., 2012).

Fig. 3b shows a comparison between the FTIR spectra of the ST
lms with or without MCC  after submission of the filmogenic solu-
ion to the UB and MEF; the spectra of the ST-based film control
as used background. In general, all of the films presented a broad

and between 3500 and 3100 cm−1, attributed to the stretching of
ydroxyl (OH) groups that overlaps the N H stretching vibration
lymers 174 (2017) 1181–1191 1187

in the same region. The broad band between 2800 and 3000 cm−1

is attributed to C H stretching vibration (Cerqueira et al., 2012;
Martins et al., 2012; SriBala et al., 2016).

With the application of UB treatment was observed a low varia-
tion in this band with an increase of the bands intensity. The bands
in the region between 1002 and 917 cm−1 observed in all spectra
were assigned to C OH deformation of starch molecules and meth-
ods related to the CH2 group. These bands were also identified in
the spectra of films with MCC.

3.7. Thermal analyses

Fig. 4a and b shows the peak values and the corresponding
weight loss for each event, for CH and ST films, respectively. Ther-
mal  analysis shows that for both polymers (CH and ST films) are
present at least three thermal events. However, for samples with
MCC  a fourth event was  observed. Small differences are observed
in Peak 2 arising from MCC  content in the CH-based films, with a
decrease of the weight loss in films with 0.2% of MCC  (CH.UB-0.2
and CH.MEF-0.2) when compared with the others CH films. There
was no difference in the thermal behavior between the treatments
applied either UB or MEF.

The thermogravimetric curves of starch films subjected to
the different treatments (Fig. 4b) showed essentially the same
behavior, indicating that apparently occurs a similar degradation
mechanism with the temperature. In ST films containing MCC, the
weight loss at peak 1 presents statistically significant differences
(p < 0.05) where a decrease of the weight loss for the film with
0.2% MCC  (ST.UB-0.2 and ST.MEF-0.2) is observed (data not shown).
However, these samples do not exhibit a significantly different
value when compared with ST.UB-0.1 (5.57 ± 0.50, 5.45 ± 0.41 and
6.29 ± 0.78, respectively) (p > 0.05). The difference in weight loss
due to the presence of glycerol (peak 2) is also marked, where a
decrease of the weight loss for the film with 0.2% MCC  (ST.UB-0.2
and ST.MEF-0.2) is observed; nevertheless, these values are not sig-
nificantly different values from the ST.UB-0.1 and ST.UB-C (p > 0.05)
(data not shown).

The peak 3 shows that the addition of 0.1% of MCC  increases the
thermal stability, where a decrease of the weight loss for the film
ST.MEF-0.1 (p < 0.05) is observed.

4. Discussion

The studied materials are proposed for short-lived applications
such as food packaging. For this reason, its behavior at temperatures
close to ambient temperature is interesting. The incorporation of
MCC  in chitosan- based films and starch increased (p < 0.05) film
thickness, results that are in agreement with published works
(Shankar & Rhim, 2016). Also the use of MEF  instead of UB treatment
in starch-based films presents an effect on films thickness (higher
values). Regarding chitosan-based films the type of pretreatment
does not change the values that is in agreement with Souza et al.
(2010) that showed that the thickness of chitosan-based films pro-
duced with the use of electric fields (100 V cm−1 and 200 V cm−1)
did not show statistical differences (p > 0.05) when compared to the
untreated samples.

It was also observed that the addition of MCC  changed the MC
values, being the effect dependent on the biopolymer used. The
interaction between the starch molecules (0.1% MCC) produced a
greater number of sites available for binding water, so these films

showed superior moisture when compared to other starch films.
The decrement of the MC  content showed by of the chitosan film
filled with 0.2% of MCC  can be explained by the better dispersion
of the higher concentration of the particles promoted by UB treat-
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Fig. 3. FTIR spectra of chitosan (A) and starch (B) based films for increasing microcrystalline cellulose (MCC) concentrations after ultrasound bath (UB) or moderate electric
fields  (MEF) treatments.
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ig. 4. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) 

MCC)  concentrations (0.1 or 0.2%) after ultrasound bath (UB) or moderate electric 

ent, thus the formation of hydrogen bonds between the polymers
educed the interaction between the water and the film.

Some authors have reported that poor dispersion of strength-
ning material can lead to the formation of agglomerates of such
aterial, even in low concentration, create some preferential route

or moisture transport, which facilitates the WVP. Shankar & Rhim
2016) showed that the incorporation of MCC  in agar films resulted
n increased WVP  values which may  be due to the bulky struc-
ure of MCC. This was also showed in this work when MEF  was
pplied in chitosan-based films, since only the control films showed

 decrease of WVP. This in agreement with results obtained by
ouza et al. (2010) that showed that WVP  of chitosan-based films
ecreased with increasing field strength values of 100 V cm−1 and
00 V cm−1. Regarding the production of starch-based films con-
aining MCC, application of MEF  resulted in thinner films. Starch
lms with MCC  produced under effects of MEF  presented lower
VP, this result may  be associated with smaller thickness of these

lms.
The CA of the films is a good indicator of the degree of
ydrophilicity and hydrophobicity of film surface. According to
he Slavutsky & Bertuzzi (2014), an increase in the contact angle
ndicates an increase in film hydrophobicity. Quantitative differen-
iation between “hydrophobic” and “hydrophilic” surfaces is based
 for chitosan (a) and starch (b) based films with different microcrystalline cellulose
(MEF) treatments.

on whether the water contact angle is � > 90◦ or � < 90◦, respec-
tively (Ma,  Hu, Wang, & Wang, 2016). Therefore, all samples of
starch films can be considered to have hydrophilic surfaces, pre-
senting values of contact angle below 90◦, and chitosan-based films
CH.MEF-C and CH.MEF-0.1 can be considered to have hydrophobic
surfaces, both presenting values of contact angle above 90◦; these
results not being observed for other chitosan- based films. MCC
is a hydrophilic material, with the presence of hydroxyl groups
on their surface (Thoorens, Krier, Leclercq, Carlin, & Evrard, 2014).
In chitosan-based films, adding MCC  reduces CA values, forming
more hydrophilic films. This might be attributed to the hydrophilic
character of cellulose particles (Reddy & Rhim, 2014). However,
for starch films this result was  different, as adding MCC made films
less hydrophilic. Slavutsky & Bertuzzi (2014) observed a high incre-
ment of the hydrophobic character in starch films when they were
added with cellulose nanocrystals (CNC) obtained from sugarcane
bagasse; according to authors these indicate a strong interaction
between starch chains and CNC with formation of hydrogen bonds
reducing the interaction between water and the film surface. In

these cases, the differences can be related with the high crystallinity
of CNC when compared with MCC  that still presents a high amor-
phous pattern (Bondeson, Mathew, & Oksman, 2006; Li et al., 2009).
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The CA values which lead us to conclude that the presence of
EF  changes the way that the polysaccharides structure is dis-

ributed in the films. Electrical disturbance of MEF  can impose
eorientation of molecules was described elsewhere (Pereira et al.,
016). In this case, these events may  have reduced the exposure
f hydrophilic groups. While for chitosan it seems that MEF  pro-
otes the reorientation of molecules and reduces the exposure of

ydrophilic groups in the surface, for starch films the lower CA val-
es indicate that happens an increase of the exposure of hydrophilic
roups toward the surface.

SEM of the chitosan- based films showed a homogeneous and
andom distribution of the MCC, without pores or cracks, with
ew visible changes compared with the control film and the het-
rogeneous structure of the starch film. Most of the particles are
mbedded rather than pulled out from the chitosan matrix show-
ng a strong interfacial adhesion between the fillers and matrix,
s was observed by (Celebi & Kurt, 2015). Apparently, the MCC
ere covered by the chitosan matrix, showing a good adhesion

etween both. A more homogeneous dispersion of MCC  limits
he formation of agglomerates of the material and promotes the
ellulose-chitosan interactions needed to ensure the voltage trans-
er in enhancing interface polymer/matrix.

It is clear that the roughness of the surface of the films increases
hen MCC  are added to the starch-based film. This suggests that the

ncrease of MCC  concentrations modified the surface microstruc-
ure of the starch-based films, probably due to low compatibility
etween MCC  and starch. The application of the MEF  treatment has
ormed starch films with more MCC  in the surface, which could also
xplain the lower values found for CA.

The addition of the MCC  leads to an increase of b* values of both
reatments in starch-based films, which indicates the intensifica-
ion of the yellowness of the starch film, possibly by MCC  color,
imilar results were obtained when MCC  was incorporated into agar
atrix (Shankar & Rhim, 2016). All the films presented high values

f lightness (L* > 94.09), evidencing the light color.
The addition of MCC  leads to more opaque films. The possible

eason for higher opacity values in films containing microparticles
s due to the fact that mean particle size is much larger than the size
f the interspace in matrix film (Shi et al., 2013) and when the light
asses through these films, much lower extent of light is transmit-
ed through the film. Thus, this property could be interesting for
ood packaging as a barrier against light, which is one of the causes
f degradation of certain foods.

The addition of the highest MCC  concentration studied (0.2%)
o chitosan-based films lead to more rigid films when compared to
ontrol films. This is explained by the incorporation of MCC  that
auses a reinforcement of the matrix attributed to the good filler-
atrix adhesion, how was observed in SEM morphologies, which is

xpected to cause an efficient stress transfer from the matrix to the
ller (Rico et al., 2016). However, these films showed to become less
exible, meaning lower values of EB. Generally, the incorporation
f microcrystals tends to reduce the elongation of the films (Freire
t al., 2008; Lu, Weng, & Cao, 2005). Application of MEF  changed
S films only when comparing the control films. Thus, such films
ave higher ability to withstand tensile stress. Souza et al. (2010)
bserved an increase of TS values for chitosan-based film with MEF
reatments of 100 V cm−1 and 200 V cm−1.

In starch films, the incorporation of MCC  decreased rigidity and
esistance capacity under TS in UB films regardless of the concentra-
ion used. However, when the starch film-forming solutions were
ubjected to application of MEF  these values were lower, possibly
his event can be associated with poor dispersion of microcrys-

als between the film, as noted in SEM images. As reported in
ome studies, homogeneous dispersion in the matrix determines
he effectiveness of the polymer reinforcing material (Azeredo et al.,
009). The addition of MCC  films decreased EB, but the application
lymers 174 (2017) 1181–1191 1189

of MEF  provided control films more flexible at 0.1%, i.e. with higher
values of EB.

Chuayjuljit, Su-Uthai, Tunwattanaseree, & Charuchinda (2009),
reported that the TS of the natural rubber latex sheet reinforced
with MCC  was affected by poor dispersing of MCC  in the matrix
when the concentration was too low or too high. This suggests that
there is a concentration point for MCC  for each type of polymer
matrix in which it is possible to obtain a good dispersion of the
reinforcing material, which reflects an improvement in mechanical
strength material. The particle size is another factor which influ-
ences the effectiveness of the reinforcing material, and the smaller
particle size have a greater surface area, which enhances its abil-
ity to interact with the components of the polymeric matrix for
transferring mechanical force (Eichhorn et al., 2010). Thus, the het-
erogeneity of sizes of MCC  observed in SEM (data not shown) may
be limiting its capacity as a reinforcing material for these films.

The increase in diffraction peak at 2� = 22.5◦ with the addition
of MCC  in CH and ST films suggests an increase in the crystallinity
of films with MCC, consistent with other published works where
this phenomenon was  attributed to the crystalline nature cellulose
derivatives, such as MCC  (Ma  et al., 2005; Tibolla et al., 2014).

The different MCC  contents (0.1 or 0.2%) decreased the typical
starch intensity peak (2�  = 17◦), similar to reported by Ma,  Yu, &
Kennedy (2005), which illustrated a restrained of the retrograda-
tion of starch when cellulose fibers were added into the matrix. The
decreased intensity of peaks at around 2� = 17◦ was verified in films
treated with MEF, which indicates a modification of crystalline
region. This shows that, during the MEF  treatment, a structure with
a different X-ray diffraction pattern was  developed. Similar results
were found by Han, Zeng, Yu, Zhang, & Chen (2009) when apply-
ing pulsed electric fields (PEF). They observed a loss of crystallinity
in the samples treated with 40 kV cm−1 showed by the decreased
intensity of the peaks of the XRD spectra, indicating changes in the
crystalline region.

No significant changes were observed in the FTIR spectra of
chitosan-based films, indicating that cellulose microparticles were
physically incorporated into chitosan in this method. Different
intensities observed among the starch films suggests that the
microparticles of cellulose physically added to the starch caused
changes in the physical structure of the film. The influence of water
content and crystallinity on starch samples was studied by Van
Soest, Tournois, de Wit, & Vliegenthart (1995), that related these
aspects with the 1000 cm−1 infrared band of the hydrogen bond
of the C6 hydroxyl group, observing changes in the band with the
addition of water. According to García et al. (2009), such results
are due to C-OH flexural vibrations which are particularly sen-
sitive to water content and are caused by changes in hydrogen
bonding attributed to variations in the molecular environment of
the primary hydroxyl group in amylose resulting from changes
of intramolecular hydrogen bonding. In addition, both Van Soest
et al. (1995) and García et al. (2009) also observed that the band
intensity at 1022 cm−1 increases with decreasing crystallinity. The
band reported by Van Soest et al. (1995) at 1022 cm−1 appears
at 1012 cm−1 for all films, which shows differences between the
spectra, with less intense peaks in the films ST.UB-0.2, ST.MEF-0.1
and ST.MEF-0.2. In these films, reflection peaks were attributed to
the stronger cellulose crystallinity (2�  = 22.5), as observed in the
samples. XRD analyzes.

The peak values of thermal events for chitosan and starch-
based films with MCC  present four thermal events. The Peak
1 is related with the water evaporation process, a characteris-
tic phenomenon of a polysaccharide with a hydrophilic nature;

the Peak 2 (around 200 ◦C) attributed to the presence of glyc-
erol; the Peak 3 (around 280 ◦C for the CH films and 300 ◦C for
the ST film) related to polysaccharide decomposition (Cerqueira
et al., 2012; Martins et al., 2012; Zohuriaan & Shokrolahi, 2004);
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nd the Peak 4 is attributed to the decomposition of the struc-
ures present in the cellulose observed in all samples with MCC,
n the temperature range of 230–370 ◦C, which is the cleavage
f glycoside linkages of the cellulose, leading to the formation of
O2, H2O, alkanes, and other hydrocarbon derivatives (Elanthikkal,
opalakrishnapanicker, Varghese, & Guthrie, 2010).

The effect of MCC  on thermal stability of CH and ST films was
ot completely evident. This is probably because the decomposi-
ion temperature of MCC  occurs close to that of chitosan and starch.
owever, in starch films the incorporation of 0.1% MCC  increases

he thermal stability of the film, since there was an increase in the
emperature of degradation and a significant decrease in weight
oss (p < 0.05). This may  be related to the good thermal stability of
he crystalline structure for the MCC  and good interaction between

 reduced amount of MCC  and starch. The starch control film treated
ith UB presented a peak of 309.53 ± 1.26 ◦C with a weight loss of

8.90.17 ± 2.20% while starch control film treated with MEF  pre-
ented a peak of 308.35 ± 0.17 ◦C with a 49.58 ± 3.02 to weight loss,
imilar to the results obtained for other starches (Ma et al., 2008;
ico et al., 2016). The application of MEF  showed no significant
ffect on the thermal stability of the films.

. Conclusion

Chitosan or starch films reinforced with microcrystalline cel-
ulose showed to be promising materials for the development of
iodegradable composites. Also, the use of MEF  showed to be a
seful tool for the incorporation of MCC  showing to have influence
n the physical and structural properties of the films. The addition
f MCC  in chitosan films lead to more hydrophilic films, whereas
or starch films the results showed a less hydrophilic behaviour. In
his case the application of MEF  was able to change this behaviour,
ince chitosan films with 0.1% MCC  became hydrophobic (� > 90◦),
hile starch films were even more hydrophilic (� < 90◦). The higher

oncentration of MCC  increased the opacity of the chitosan-based
lms and, in the same way, it significantly altered the mechanical
roperties of the films, generating more rigid films. SEM images
howed morphological changes on the surface of the films, with
ore regular structure in chitosan films, whereas a more hetero-

eneous surface was found in starch films. The application of MEF
howed no significant effect on the thermal stability of the film, but
he addition of 0.1% MCC  in starch films increased the thermal sta-
ility of the film significantly. In this sense the thermal properties
f the films found in this study may  increase their use as packaging
aterials in applications that high temperatures are needed.

The application of MEF  as well as the addition of MCC  are
romising tools for the development of biodegradable chitosan or
tarch-based films.
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