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1

Introduction

J.R. Medina, R.L. Romero y G.A. Pérez

Synthetic petroleum-based polymers have been widely
used in a variety of packaging materials; however,
because of its poor biodegradability, the waste disposal
have resulted in severe environmental pollution. An

alternative could be the use of edible or biodegradable
packaging materials, with similar properties to those
of synthetic materials, to preserve food quality while
preventing waste disposal problems. Among the
renewable biopolymers used as a raw material to
obtain biodegradable films, there are polysaccharides,
proteins and lipids, all of them derived from plant or
animal sources (Cazón et al. 2017).
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One of these biopolymers is chitosan which
is obtained from deacetylation of chitin and is
capable to form films with high mechanical strength,
good adhesion as well as bacterio- and fungi-static
properties (Sun et al., 2017). Chitosan-based films
have moderate oxygen barrier properties and good
carbon dioxide barrier properties but, due to their
hydrophilic nature, they are susceptible to changes in
their functional characteristics due to adsorbed water
(Aguirre-Loredo et al., 2017).
Many strategies have been followed to improve
the barrier and mechanical properties of chitosanbased biodegradable packaging films. One way to
reduce water vapor permeability is the use of essential
oils (EOs). The hydrophobic nature of essential oils
could be exploited to prepare chitosan films with
improved barrier against water vapor while preserving
the properties of the essential oils (Hafsa et al., 2016).
Other way to reduce water vapor permeability is
the addition of layered silicates nanoparticles (e.g.
sodium montmorillonite) to improve the end-use
properties such as barrier and mechanical properties
(Abdurrahim, 2019). Usually, the silicate layers in
MMT are organized into stacks kept together by van
der Waals forces. To obtain polymers with improved
properties, it is necessary to break the attractive forces
between the layers, thus allowing the polymer to
penetrate the clay structure. The final structure will
have high tensile properties and low water vapor
permeability. Because of their high surface area, clay
particles impart unique combination of physical and
chemical properties to make these nanocomposites
attractive for films and coatings in several industrial
processes (Bertolino et al., 2016).
Nonetheless, little is known on the effect of
changing the order of addition of components
in the film formulation process. Although some
researchers have used different addition order of film
components, Abdollahi et al. (2012) used aqueous
acetic acid solution of chitosan prepared and mixed
with clay solutions, tween and rosemary essential
oil. Dias et al. (2014), studied solutions containing
tocopherol, montmorillonite and chitosan. Lee et al.
(2018) prepared aqueous solution of chitosan, with
glycerol, nanoclay and cinnamon essential oil. These
researchers did not investigate the order of aggregation
of components. A previous research (Romero-Bastida
et al., 2015) found that the order of aggregation of
MMT and glycerol in starch films can modify the
film properties because there is a competition for the
active sites in the montmorillonite layers; the first
component entering to the clay gallery can modify the
1244

final film properties. Therefore, the aim of this study
was to evaluate the effect of the order of incorporation
of MMT on the properties of chitosan films with
essential oils intended for the protection of fruits and
vegetables.

2

2.1

Materials and methods
Materials

High-molecular weight chitosan, with a degree
of deacetylation of 90% (CH) and sodium
montmorillonite (MMT-Na, 682659) were purchased
from Sigma Aldrich (USA). Glycerol (G7757)
was obtained from Baker (USA), polyoxyethylene
monooleate (Tween 80) was obtained from Hycel
(México) and essential oils (cinnamon and thyme)
were purchased from doTerra (México).

2.2

Film preparation

Films were prepared by dissolving CH in 1% (v/v)
aqueous acetic acid solution at 1% (w/v), stirring at
40 °C until complete dissolution. Two methods were
used to prepare the films. The difference between the
methods was the order in which the components were
added. In method 1 (M1), sodium montmorillonite
(MMT) at 10% w/v. was subjected to ultrasonic
homogenization (Bransonic 1510R_MTH) during 1 h
at 80 W, before added to chitosan film solution and
stirred for 1 h. Glycerol at 25% (w/v) was added as
a plasticizer and tween 80 at 0.2% (w/v) was added
as a surfactant. The solution was mixed for 30 min
at 40 °C. Cinnamon essential oil (CEO) or thyme
essential oil (TEO) were added at 1.5% (v/v). Finally,
the solution was homogenized using an Ultra-Turrax
homogenizer (T25, Ika-Werke, Germany) at 7000 rpm
for 5 min to decrease the drop size of the oils. For
film formation, 110 ml of the solution were cast onto
acrylic plates (540 cm2 ) and dried at 40 °C during
20 h to allow solvent evaporation. Films made by
M1 were identified as CH1C or CH1T for cinnamon
or thyme essential oil films, respectively. For method
2 (M2), glycerol and Tween 80 were first added to
chitosan solution and stirred for 30 min at 40 °C. Then,
essential oils were added and homogenized during 5
minutes at 7000 rpm. Next, sonicated MMT was added
and stirred for one hour. Lastly, solutions were cast
onto acrylic plates and dried as mentioned before.
Films made by M2 were identified as CH2C or CH2T
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for cinnamon or thyme essential oil films, respectively.
The dried films were peeled and stored until further
analysis. Control film did not have neither MMT nor
essential oils.

2.3

Film characterization

2.3.1

X-ray diffraction (XRD)

The crystalline structure of the chitosan polymer and
the MMT clay in the film was determined using a
diffractometer (Rigaku, Miniflex 600) with an X-ray
tube with Cu radiation Kα(λ= 1.54 A°) with linear
focus (40 kV and 15 mA). The scattering 2θ angle
ranged from 2 to 40° with a step size of 0.01 at
a scanning rate of 4°/min. The basal spacing of the
silicate layer (d001) was calculated using the Bragg’s
diffraction equation: λ = 2d sin θ, where λ is the
wavelength of the X-ray diffraction (0.15406 nm), d
is the spacing between diffraction lattice planes and θ
is the measuring diffraction angle.
2.3.2

Thickness measurement

Thickness was measured using a manual micrometer
(Fowler, USA). Measurements were performed at ten
random points on the film surface.
2.3.3

Fourier
(FTIR)

transform

infrared

spectroscopy

IR spectra were obtained using a IR spectrometer IR
(Shimadzu Prestige-21. Kyoto-Japan), equipped with
an attenuated total reflectance (Kyoto, Japan) cell.
The spectra were recorded in absorbance units and
the wave number ranged from 4000 to 400 cm−1 .
Each sample was scanned 20 times for spectrum
integration at a scanning resolution of 2 cm−1 using
the WinBomem Easy software.
2.3.4

Scanning electron microscopy (SEM)

2.3.5

Water solubility, expressed as percentage, was
determined from the dry matter of the film following
the method described by García et al. (2004). Samples
were cut into rectangles (2 x 3 cm), kept in a desiccator
with silica gel for 7 days, and weighted. Subsequently,
films were immersed in 80 ml of deionized water, kept
at 25 °C for one hour under agitation. After this time,
the dry matter was determined using an oven at 105 °C
until constant weight. Solubility was calculated using
Equation 1.
S olubility =

Mi − M f
∗ 100
Mi

(1)

where Mi is the initial weight and M f the final weight.
2.3.6

Contact angle

The contact angle was measured using the sessile
drop technique with a 5 µl drop of distilled water.
The images were obtained with a MicroView 10-800X
digital microscope and the ImageJ® software was
used to calculate the contact angle.
2.3.7

Mechanical properties

Tensile strength (MPa) and elongation at break (%) of
the films were evaluated. Tensile tests were performed
using a texture analyzer (TA Plus, Lloyd Instruments).
Rectangular samples (100x10 mm) were cut from the
films according to the ASTM method D882-02. Film
samples were conditioned at 57% RH for 72 h before
testing. The initial distance between grips was 60 mm
and the cross-head speed was 1 mm/s. Al least 10
samples were measured for each film. Tensile strength
(TS) was calculated dividing the maximum peak force
by the initial cross-section area of the film. Similarly,
the percentage of elongation (%E) was calculated
dividing the change in length at the break point by the
initial length of the film times 100.
2.3.8

The morphology of the firms was examined using
a scanning electron microscope (JEOL JSM-5410LV.
Tokyo, Japan). For the SEM analysis, the samples
were cut to an adequate size and placed on a
cylindrical copper support (1-cm diameter). The
samples were coated with gold to facilitate conduction
and prevent the accumulation of charge under electron
bombardment. The analysis of the sample was
performed under high vacuum conditions.

Water solubility

Water vapor permeability (WVP)

WVP test was conducted following the ASTM E96-66
method. Films were conditioned at 57% RH for 72 h
before testing. A stainless-steel cup (55 mm height
and 65 mm in diameter) was used as a permeability
device. Each film was sealed over a circular opening
of the cup containing a saturated solution of NaCl
(75% RH). The permeability cell sealed with the film
was placed on the plate of the analytical balance
inside a permeability chamber containing silica gel
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(0% RH). The cup allowed a transfer area of 53 mm
in diameter and the temperature in the whole chamber
was controlled at 30±0.5 °C. Data was automatically
recorded every 30 min during 6 h. The water vapor
transfer was determined from the weight loss of the
permeation cup as a function of time. The coefficient
of the straight line, obtained by linear regression, was
considered as the flux of water vapor. Water vapor
transmission rate (WVTR) was calculated dividing the
flux by the transfer area. The water vapor permeability
was calculated dividing the WVTR by the difference
of water vapor pressure in both sides of the film times
the thickness of the material. All tests were conducted
in triplicate.

2.3.9

Statistical analysis

Results are expressed as mean ± standard deviation
(SD). Differences between samples were analyzed
using analysis of variance (ANOVA) with Sigma
STAT. Where significant differences were present,
a Tukey pairwise comparison of the means was
conducted to identify where the sample differences
occurred (P < 0.05).

3

3.1

Results and discussion
X-Ray diffraction

The XRD patterns of the MMT and the
nanocomposites are shown in Figure 1. Peaks
represent inter-layer spacing values yielding
information about the morphology of the analyzed
material.

Characteristic peaks of pristine MMT (2θ= 6.91°)
are shifted to different angles in the films prepared
following the method 2 (CH2C 2θ=4.86° and CH2T
2θ= 4.98°). This behavior could indicate that polymer
chains of the chitosan penetrated between the clay
layers and forced apart the platelets, thus increasing
the gallery spacing. The distance d001 of pure clay
(1.28 nm) is typical of hydrated Na-montmorillonite
and it is lower than the distance observed in the peaks
of nanocomposites made from CH2C and CH2T (1.81
and 1.77 nm, respectively), indicating an intercalated
nanocomposite as mentioned by other researchers
(Xu et al., 2006; Tang et al., 2009). Heydari
et al. (2013) studied nanocomposites formed with
starch/glycerol/ MMT and mentioned that obtaining
partially or fully exfoliated nanocomposites depends
on formulations and methods of film preparation. A
broad peak was observed in films prepared following
the method 1 (CH1C, CH1T); this could indicate
a partial delamination of the clay resulting in an
exfoliated structure. Besides, in method 1, chitosan
was in contact only with montmorillonite for one
hour, enough time to enter the gallery, open the
structure and promote its delamination. On the other
hand, in method 2, chitosan and glycerol were added
at the same time and it is not clear which one
of the two compounds reached a better interaction
with MMT and how the clay galleries could have
been modified. According to Chen and Evans (2005),
many polymers, when uptaken by MMT, produce an
expanded structure with d001 values of about 1.8 nm.
Similar results were observed in the present study
when the method 2 was used, suggesting that there is
a competition for active sites in MMT. The adsorption
and intercalation of glycerol into clay galleries is well
known and it has been studied for many years (Tang
et al., 2008). In fact, glycerol used as a plasticizer in
method 2, could have prevented the entry of chitosan
molecules into the lamellar spaces of MMT and may
have covered the entire inter-layer space.

3.2

Fig. 1. XRD patterns of montmorillonite and chitosan
nanocomposites prepared following two methods
using essential oils.
1246

FTIR analysis

FTIR was used to investigate the changes in chitosan
films structure on a short-range molecular level
and to identify the potential interactions among
the components. Figure 2a shows typical chitosan
FTIR spectrum that has been reported with bands
corresponding to distinct functional groups. All
spectra exhibited the characteristic two strong bands
of the amide groups at 1564 and 1417 cm−1 ascribed
respectively to the C=O stretching and NH bending
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modes (Wang et al., 2005).

(CHC in the Figure 2a) indicating a strong interaction
between CEO and chitosan. This behavior may be
due to a formation of a linkage between phenolic
compounds present in the essential oils and chitosan.
This behavior was also reported by Shen and Kamdem
(2015) for chitosan film with citronella essential oil
and cedar wood oil.
For chitosan-MMT films, absorption bands of
adsorbed molecular water appeared at 1630 and 3400
cm−1 . The broad band found at 3100 cm−1 is due to
overlapped -OH, MMT and -NH groups in chitosan.
The signal observed at 2900 cm−1 is attributed to CH bands. The CH film exhibited a strong absorption
band between 3000 and 3500 cm−1 that corresponded
mainly to the stretching vibration of free hydroxyl and
to the asymmetric and symmetric stretching of the NH bonds. In this study, FTIR spectra of films prepared
following the both methods (Figure 2b, 2c) have little
differences only that the double peak in the range of
1000 cm−1 became one.

3.3

Fig. 2. FTIR spectra of chitosan film (CH),
chitosan/glycerol film(CHG), chitosan/MMT film
(CHM), chitosan/cinnamon essential oil film (CHC)
or chitosan/ thyme essential oil (CHT) (a), and its
nanocomposites made by method 1 (b) and method 2
(c).
The shoulder at approximately 1555 cm−1 in films
with no added glycerol (CH), is assigned to the-NH+3
−OOCCH3 interactions. An indicator for interaction
between chitosan film with glycerol could be seen at
2847 cm−1 that could be due to stretching of C-H
(Devandi et al., 2016). The bands appearing at 2930
and 2870 cm−1 in the spectrum of CH film are due to
stretching vibrations of the C-H bond in CH2 and CH3
groups, respectively, as mentioned by Abdolahi et al.
(2012). These peaks became sharper when essential
oils were added, especially when CEO was added

Film microstructure

Figure 3 shows SEM images of the surface and crosssection of chitosan and chitosan-based nanocomposite
films. The structure of pure chitosan films was
compact and the surface was smooth with no pores
or cracks (Figure 3a). When MMT and CEO were
added, the films showed a rougher surface (Figure
3c). Also, cinnamon essential oil appears to be more
compatible with the chitosan matrix than the thyme
oil (Figure 3b). Similar behavior was reported by
Wang et al. (2011), who studied chitosan films added
with cinnamon and clove bud oil. The authors found
that films added with clove oil exhibited a phase
separation but films containing cinnamon essential
oil showed a uniform structure. The cross section of
chitosan films with cinnamon essential oil revealed the
sheets stacked in compact layers (Figure 3d), showing
small droplets of CEO incorporated uniformly into
the matrix. With these results it could be expected a
low WVP values of films elaborated with MMT and
CEO following the method 1. Hoseini et al. (2009)
mentioned that the incorporation of essential oils into
chitosan films resulted in a loss in the compactness
of the structure, and this effect is more accused with
cinnamon essential oil in comparison with thyme and
clove oils. However, in the current study, chitosan
films with MMT and TEO (Figure 3f) exhibited a
less compact structure than chitosan films added with
MMT and CEO (Figure 3d), probably because of the
incorporation of MMT into the formulation.
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Fig. 3. Scanning electron microscopy images of
surface and cross-section respectively: chitosan
control film, (a, b) chitosan film with cinnamon
essential oil (c, d) and chitosan film with thyme oil
(e, f) using method 1.

3.4

Solubility

Solubility is a very important film property that
measures the resistance to water. Figure 4 shows the
solubility percentages of composite films added with
EO.

A decreasing in solubility was observed when
cinnamon essential oil was used (CEO). Similar
results have been reported by Ojagh et al. (2010) for
chitosan films incorporated with CEO. The authors
explained that CEO formed covalent bonds between
the functional groups of chitosan chains decreasing
the availability of hydroxyl and amino groups to
form hydrogen bonds with water molecules. Other
researchers indicated that a high cross-linking of
chitosan chains with essential oils leads to a matrix
with low affinity to water (Adbollahi et al. 2012).
Solubility reduction of films incorporated with EOs
could be due to an increase in the hydrophobic
nature and influenced by the loss of free functional
groups (amino and hydroxyl). The low water affinity
of films added with the two EOs is important
for their application as a coat in food products
with high moisture contents like fresh fruits. Also,
the incorporation of MMT into the chitosan film
significantly decreased (p < 0.05) the solubility values
only when method 1 was used. The solubility of
control film (33%) in this study is lower than the
40% value reported by López-Mata et al. (2015).
The solubility values for chitosan films obtained
using method 1 (24%) were lower than those found
by Nuñez-Gastelum et al. (2019) using moringa oil
extract (33%), maybe because in this study there was
a combination of essential oils and montmorillonite.
Differences in results could be due to differences
in chitosan properties, which vary depending on the
source, deacetylation degree, and molecular weight.
Moreover, solubility could also be influenced by
the presence of the plasticizer used during the film
preparation process and the functional groups in the
chitosan chains (Park et al., 2002).

3.5

Fig. 4. Solubility of chitosan film nanocomposites with
essential oils made by two methodologies.
1248

Contact angle

Contact angle is defined as the angle between the
substrate surface and the tangent line at the point
of contact of the liquid droplet with the substrate.
The contact angle is a good indicator of the relative
hydrophobicity or hydrophilicity of a substrate (Rivero
et al., 2012). When a water droplet is placed on
a polymer surface, an attraction occurs between the
molecules in the water and the polymer surface. The
strength of the attraction depends on the properties of
the solid. A lower contact angle between the polymer
and water means that they have a strong attraction;
therefore, water adhere better to the polymer (Handojo
et al., 2009).
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Fig. 5. Photograph of a drop of water in the surface of chitosan films elaborated with (a) MMT, (b) glycerol, (c)
MMT, glycerol and cinnamon essential oil using method 1(CH1C), (d) MMT, glycerol, and cinnamon essential oil
using method 2(CH2C).
Although chitosan film is a hydrophilic material,
its wettability could be affected when blended with
other material. Heydari et al. (2013) measured contact
angle in cornstarch films and concluded that by
changing the filmogenic formulation, contact angle
varies when using glycerol or MMT. In this study,
contact angle decreased when using glycerol (Figure
5b). It means that the presence of glycerol increased
the hydrophilicity of the film. Adding Na-MMT
into the formulation (Figure 5a), the surface of the
biopolymer became hydrophobic and the contact angle
increased. Similar behavior was observed with CH
films when using glycerol or MMT showing contact
angle values of 32.4° and 66.5° for glycerol and MMT,
respectively. The behavior observed in the solubility
test are confirmed with the wettability of films using
method M1 (Figure 5c) and method M2 (Figure 5d).
Contact angles were 61.47° and 47.04° for M1 and
M2, respectively. In this way, the sequence of the
component addition had an important effect on the
hydrophilicity of films because in method M1 chitosan
is first interacting with MMT then glycerol and
finally with the essential oils. In method M2 chitosan
interacted first with the glycerol and the behavior is
driven by the hydrophilic properties of glycerol. In
a previous study, (Romero-Bastida et al., 2015) the
authors hypothesized a competition for active sites

between the polymer and the clay that resulted in
different film properties depending of the adding order.

3.6

Mechanical properties

Mechanical properties data of chitosan and
nanocomposites are shown in Figure 6. Results
have a high standard deviation but still, statistical
differences between treatments were detected. This
could be explained by the way the samples were
cut or maybe because there was some heterogeneity
in the films. Results indicate that TS (Figure 6a)
increased significantly by incorporating MMT and
CEO into the formulation of films prepared following
the method 1. This behavior could be explained
because cinnamon essential oil is more compatible
with chitosan than thyme essential oil, as a more
homogeneous structure was observed in SEM images.
These results are in agreement with those reported by
Ojagh et al. (2010), who found that incorporating CEO
into chitosan films increased tensile strength values
significantly (p < 0.05). The authors mentioned that a
strong interaction between the polymer and the CEO
resulted in a cross-linking effect, which decreased the
free volume and the molecular mobility of the polymer
observed as a compact structure in SEM photographs.
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mechanical properties. The exfoliation morphology of
MMT in method 1 (as seen in XRD) provides a better
reinforcement in the structure that caused greater
tensile strength. Similar results (T= 20 MPa) was
found with other nanoparticles like titanium dioxide
in chitosan films to reinforce their structure as those
found by Gonzalez-Calderón et al. (2019). The high
values in %E (Figure 6b) observed in chitosan films
with TEO using method 2 may be explained by a more
open structure shown in SEM images. Differences in
methods can also be appreciated in film thickness
as values of 0.042 and 0.043 mm were obtained for
CH1C and CH1T, respectively, prepared following the
method 1; meanwhile, thickness of 0.065 and 0.062
mm were obtained for CH2C and CH2T, respectively,
using the method 2. Thickness results indicate a
more compact or a wider structure for M1 or M2,
respectively.

3.7

Fig. 6. Mechanical properties of chitosan film and its
nanocomposites using two methods.

Hosseini et al. (2009), found that chitosan films
incorporated with thyme essential oil showed a
loose texture similar to a sponge-like structure.
They postulated that the loose structure observed in
these films may be caused by the thyme essential
oil components disrupting the ordered structure of
the chitosan polymers explaining the lower tensile
strength values of this films when compared to films
with CEO. Peng and Li (2014), investigated the
physical and mechanical properties of chitosan films
with different essential oils: thyme, cinnamon, lemon
and their combinations. The authors mentioned that
the interactions in the matrix varied with each kind of
EOs. Moreover, the chitosan composition, plasticizer
presence and the emulsification method also had an
important effect on the mechanical properties of the
films, thus resulting in the variation in mechanical
properties, having the best results when CEO was
used. Although MMT promoted a rougher structure
when method 1 was used, the surface of the film
was smoother than the one that used method 2.
It means that a better dispersion of MMT (and
CEO) in the matrix occur and resulted in enhanced
1250

Water vapor permeability

Water vapor permeability indicates the rate at which
water molecules are transferred through the film.
The WVP values of chitosan and chitosan-based
nanocomposite films are shown in Figure 7. The
lowest values were found in films prepared following
the method 1. The inclusion of MMT and EOs
decreased WVP by 32% compared with control
films. The results obtained in this study for films
with cinnamon oil and MMT (4.5 X 10−11 g/m s
Pa) are lower than those reported by Ojagh et al.
(2010) when using cinnamon oil in chitosan films
(10.1 X 10−11 g/m s Pa). Probably because they used
only essential oils in the film and in the current study, a
synergic effect of clay and EO could have taken place.

Fig. 7. Water vapor permeability of chitosan and
chitosan nanocomposite films using two preparation
methods.
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Essential oils might increase the hydrophobic
character of the film and, on the other hand, the
presence of ordered dispersed clay layers decreased
WVP by creating a tortuous path through the polymer
matrix (Rhrim et al., 2006; Tang et al., 2009). This
behavior is similar to that reported by Abdollahi
et al. (2012) for films based on chitosan, MMT
and rosemary essential oil. Other researchers indicate
that the hydrogen and covalent bonds between the
chitosan chains and EO molecules could limit the
amount of groups available to form hydrogen bonds
with water decreasing WVP values (Siripatrawan and
Harte, 2010). The low values of WVP agrees with
the results found in mechanical properties in which a
higher tensile strength was found when using method
1. Conversely, higher values of WVP of films made
with method 2 agrees with higher values of elongation
because of a more open structure found in SEM.
In this study, although the films have the
same components, the preparation method 1 allowed
obtaining the lowest WVP values mainly because
MMT was added first favoring a strong interaction
with the polymer. This hypothesis was supported
by FTIR spectra showing the interaction of chitosan
functional groups with MMT in the presence of EO.
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