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Abstract
Edible coating can improve fruits shelf life and, consequently, reduce their waste. Chitosan, which pre-
sents a potential for chemical modifications and capacity to form films, can be an alternative for coating
due to its biocompatibility, biodegradability, and antimicrobial properties. Chitosan film can be obtained
through casting method presenting suitable mechanical properties, such as resistance to traction and
elongation, ability to adhere to surfaces and selective permeability to gases, such as O2 and CO2.
However, it is highly permeable to water vapor, which can limit its potential coating use. The properties
of chitosan films can be improved through the formation of composites by inserting nanoclays as mont-
morillonite in the polymeric matrix. The objective of this study was to develop and characterize chito-
san/montmorillonite nanocomposites for fruit coating aiming for future applications in the field of smart
packaging. Nanocomposites were characterized by its microstructure, thermal, mechanical, and physico-
chemical properties. X-ray diffraction analysis indicated changes in crystallinity with the insertion of mont-
morillonite. Nanocomposites became more transparent and significantly reduced its water permeability
rate with 0.5% w/w montmorillonite addition. Elastic rigidity and tensile strength of the films were improved.
Chitosan/montmorillonite nanocomposites demonstrated the potential to improve the storage time of
Williams pears.
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Introduction

Edible coatings have shown potential in the conservation
and increase of fruits shelf life. Their functions are to
protect the fruits against mechanical, physical, and chem-
ical damages and avoid the development of microorgan-
isms. Materials used as coatings are biodegradable and
edible as proteins, polysaccharides, lipids, or their combin-
ation (Dhall, 2013; Díaz-Montes and Castro-Muñoz, 2021;
Jafarzadeh et al., 2021; Otoni et al., 2017;

Zambrano-Zaragoza et al., 2018; Zubair et al., 2021).
Polysaccharides-based coatings are the most studied such
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as chitosan (CH) (Contreras-Oliva et al., 2012; Ojeda et al.,
2021; Özdemir and Gökmen, 2017; Riaz et al., 2021; Sultan
et al., 2021; Vieira et al., 2016), hydroxypropyl methylcel-
lulose (Aman Mohammadi et al., 2021; Klangmuang and
Sothornvit, 2018; Sousa et al., 2021; Vieira et al., 2020),
pectin (Naqash et al., 2021; Panahirad et al., 2020;
Priyadarshi et al., 2021), and carboxymethyl CH (Ali
et al., 2021; Yaradoddi et al., 2020; Zhou et al., 2021).

CH is a biopolymer obtained from the deacetylation of
chitin, which is one of the most abundant materials in
nature, alongside lignin, after cellulose (Joseph et al.,
2021; Kasaai, 2009; Másson, 2021). Main source of
chitin is the crustacean exoskeleton, but it can also be
found in fungi, protozoa, green microalgae, and insects
(Másson, 2021; Van Den Broek et al., 2015). Chitin is a
polymer linear chain composed of β-(1,4)-2-acetamido-
2-deoxy-D-glucopyranose units, being highly acetylated
and water insoluble (Másson, 2021). CH chain is the
result of chitin deacetylation process, formed by β
(1,4)-2-amino-2-deoxy-D-glucopyranose units and has a
deacetylation degree that varies from 70% to 95%
(Kasaai, 2009; Másson, 2021). This biopolymer is insoluble
in the most common solvents, including water. Solubility is
only possible at aqueous solutions with pH lower than its
pKa, which varies from 5.5 to 6.5. At specific methods,
such as acidic medium that presents low pH, amino
groups (−NH2) become protonated (−NH3

+), causing an
electrostatic repulsion among CHn molecules, weakening
hydrogen interactions and favoring chemical–component
interactions (Kaur and Dhillon, 2014; Kusmono and
Abdurrahim, 2019; Pandey and Mishra, 2011). In addition,
it possesses an antimicrobial property that is proportional to
its degree of deacetylation (Ahmed et al., 2021; Amor et al.,
2021; Fei Liu et al., 2001; Ke et al., 2021).

CH films show suitable characteristics for application as
edible coatings on fruits by having great adhesion to sur-
faces, suitable mechanical properties, besides being bio-
degradable and nontoxic (Ahmed et al., 2021; Amor
et al., 2021; Kaur and Dhillon, 2014; Ke et al., 2021;
Kusmono and Abdurrahim, 2019; Másson, 2021; Van
Den Broek et al., 2015). However, is highly permeable to
water vapor, which is an important and negative parameter
for fruit coating (Elsabee and Abdou, 2013; Van Den Broek
et al., 2015). Water vapor permeability and mechanical
properties can be improved through the formation of nano-
composites by adding nanoreinforcements such as nano-
clays (Bensalem et al., 2017; Chen et al., 2021;
Giannakas et al., 2014; Hu et al., 2016; Pires et al., 2018).

Montmorillonite (MMT) is the most abundant clay mineral
among smectites. MMT is formed by lamellae, which are
composed of two layers of tetrahedral silica fused to a layer
of octahedral aluminum hydroxide (Nagarajan et al., 2014).
Its structure has continuity in axes a and b and has a parallel
orientation in the (001) crystal planes, resulting in particle
sizes that vary from 0.1 μm to 2 μm. Lamellae have an

irregular profile and can reach 100 nm diameter with ∼1 nm
thickness, which brings out a high aspect ratio (Merinska
et al., 2002; Paiva et al., 2008). Between MMT layers, there
are gaps, where exchangeable cations are found, such as
Na+, in the case of sodium MMT, and also water molecules.
The presence of these components compensates for the nega-
tive charge generated by isomorphic substitution on the lamel-
lae and allows the formation of modified clays (Merinska
et al., 2002). When MMT is dispersed in the polymer
matrix, it forms nanocomposites with intercalated or exfoliated
structures (Elsabee and Abdou, 2013). Because of the poly-
cationic nature of CH, the interaction with MMT can be
established through cation exchange and hydrogen bonds,
promoting a strong interaction between both (Darder et al.,
2003). This interaction is responsible for improving the
mechanical properties of CHn film (Giannakas et al., 2014;
Pires et al., 2018; Vlacha et al., 2016). Furthermore, MMT
nanoplates dispersed in the matrix hind the diffusion of
water vapor molecules, which decreases the film water
vapor permeability (Bumbudsanpharoke et al., 2017;
Giannakas et al., 2014; Lim et al., 2021; Pires et al., 2018;
Rhim, 2011; Vlacha et al., 2016).

Although MMT has not been approved yet for food
applications by the regulatory agencies, it is recognized as
low toxicity material (Wang et al., 2008) and biopolymer/
MMT nanocomposites have been applied as edible coatings
(Cortez-Vega et al., 2014; Pinto et al., 2015; Pires et al.,
2018; Rohini et al., 2020; Souza et al., 2019; Xu et al.,
2018; Yan et al., 2019).

Therefore, the aim of this work was to develop and char-
acterize CH/MMT nanocomposites for potential use as fruit
coatings. As a possible application, the nanocomposites pro-
duced were applied to Williams pears (Pyrus communis) and
their weight loss and visual appearance were evaluated. This
fruit is climacteric and shows an increase in its respiration
rate, ethylene production, and weight loss by respiration
and transpiration at postharvest period that contributes to its
short shelf life (Chitarra and Chitarra, 2005). These kinds
of fruits have a smooth and shiny surface which could
present high wettability or the presence of surface charges.
Thus, a strong interaction between coating and fruit peel is
required to achieve a good surface coverage. Li et al.
(2012) showed that CH coating on Yali pears delayed the
senescence induced by bruise damage of the fruits.

In this sense, CH/MMT nanocomposites that combine
hydrophilic behavior, improved barrier, and mechanical
properties are being proposed to be studied as candidates
for pears coating.

MATERIAL AND METHODS
Material

Materials used were CH with medium molecular weight and
86.7% deacetylation degree (Polymar, Brazil), sodium
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MMTe (Southern Clay Products, USA), and acetic acid
(Sigma Aldrich, Brazil). Williams pears (Pyrus communis)
were purchased at the local market.

Elaboration of nanocomposites films

The synthesis of nanocomposites started by adding 1.0% w/
w CH in acetic acid solution (1.0% v/v) followed by hom-
ogenization at an Ultra-Turrax mixer (IKA T25, Germany)
at 1000 rpm for 5 min. Then, the prepared solution was cen-
trifuged at 10000 rpm during 10 min to remove any insol-
uble material. Separately, the adequate concentrations of
MMT were dispersed in acetic acid solution (1.0% v/v)
and subjected to a probe sonicator (Branson, USA) for 10
min at 40 W. This dispersion was added to CH solution
and sonicated for 5 min at 40 W. Films were formed by
casting and spreading its solution on nonstick plates, fol-
lowed by drying step at 30 °C for 24 h. Nanoclay concen-
trations used were 0.5% w/w (MMT-0.5), 1.0% w/w
(MMT-1), 2.0% w/w (MMT-2), and 4.0% w/w (MMT-4)
based on CH weight. A film composed exclusively by
CH was developed for comparison purposes.

Characterization of nanocomposites

Scanning electron microscopy (SEM). The morph-
ology of the films produced was observed under an SEM
microscope JSM 6510 (JEOL Ltd, Japan), operating at 10
kV. The analysis was carried out on the top surface and
on the cross-section surface of the films, after fracture by
liquid nitrogen bath. Both surfaces were submitted to gold
metallization.

Energy dispersive spectroscopy (EDS) was performed
for MMT-0.5 to evaluate the chemical composition of the
agglomerations observed.

Fourier transform infrared spectroscopy (FTIR). FTIR
spectra were obtained with a Vertex 70 spectrometer
(Bruker, Germany) by attenuated total reflectance mode
(ATR), at room temperature. The spectra were measured
in the range of 400 cm−1– 4000 cm−1, with a resolution
of 4 cm−1. FTIR was used to evaluate the chemical interac-
tions between CH and the nanoclay.

X-ray diffraction (XRD). Powder XRD measurements
were performed on the obtained film samples using a
LabX XRD-6000 diffractometer (Shimadzu, Japan) operat-
ing with Cu-Kα radiation (1.5428 Å), at 30 kV, 30 mA. The
diffraction intensity was detected in the 2θ range from 3° to
30°, at a scan rate of 1°/min.

Bragg’s law (equation (1)) (Bragg, 1912; Bragg et al.,
1913) was used to evaluate the possible process of intercal-
ation between CH chains and MMT lamellae, by

calculating the distance between nanoclay layers.

nλ = 2d sin θ (1)

where “n” is the diffraction order equal to a whole number
of wavelength (1 was used); “λ” is the length of monochro-
matic radiation (Cu-Kα radiation); “d” is the interplanar dis-
tance in a given structure (basal spacing); and “θ” is the
Bragg diffraction angle.

Thermal analysis. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were per-
formed. The effect of MMT addition on thermal stability
of CH was analyzed by TGA. The measurements were per-
formed with a Q500 (TA Instruments, USA) thermoanaly-
ser. Samples of 5 ± 1 mg were heated from room
temperature to 600 °C at a rate of 10 °C/min, using syn-
thetic air at a rate of 60 mL/min. The dynamic thermal
behavior of the samples was analyzed using heat flow
DSC. The measurements were performed with Q100 (TA
Instruments, USA) calorimeter from room temperature
to 300 °C at a rate of 10 °C/min, using nitrogen gas at of
60 ml.min−1.

Film thickness. The thickness of nanocomposites pro-
duced was measured with a micrometer (IP65, Mitutoyo)
at 10 points randomly chosen. The mean values were calcu-
lated and used to evaluate the mechanical properties.

Water solubility. Gontard et al., 1994 methodology was
adapted for water solubility measures. Samples of 2 cm
diameter were dried at 55 °C for 24 h. After this period,
the initial weight was measured, and the samples were sub-
merged in 30 mL of distilled water for 24 h. Subsequently,
the samples were dried again at 70 °C for 24 h. After this
process, the insoluble material weight was determined,
and the results were expressed as percentage in relation to
the initial weight.

Water vapor permeability rate (WVPR). Gravimetry
using ASTM-E-96-00 (ASTM, 2000b) took place to deter-
mine WVPR. Amber recipients with perforated caps were
used as permeability cells. These cells contained silica gel
and circular specimens of 10.6 mm diameter were placed
between the recipient and caps. Cells were placed at her-
metic desiccators containing distilled water at 19 ± 1 °C
for 240 h. Every 24 h, weight gain measures were per-
formed (Guimarães et al., 2015). WVPR was estimated
by linear regression between weight gain (g) and time
(days). The slope of this curve corresponds to the amount
of water vapor diffusing through the film. The determin-
ation was made according to equation (2) and the result
expressed in g/m2.day (Guimarães et al., 2015).

WVPR = g
t × A

(2)
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in which “g/t” corresponds to the slope of the line obtained
by linear regression between weight gain (g) and time
(days) and “A” is the permeation area of each specimen
(m2).

Water vapor permeability was calculated from equation
(3) and was expressed in units of g.mm/KPa.h.m²
(Guimarães et al., 2015).

WVP = WVPR × e

ps ×
Hr
100

( )
− ps ×

Hri
100

( ) (3)

in which “WVPR” is the water vapor permeability rate
(equation (1)); “e” is the specimen thickness (mm); “Hr”
is the relative humidity inside the desiccator containing
water (100%); “Hri” is the relative humidity inside the per-
meation cell containing silica gel (0%) and “ps” is the water
vapor saturation pressure (KPa) at test temperature (T),
which was calculated by equation (4) (Tetens, 1930).

ps = 0.6108 e
17,27 ×T
T+237,3 (4)

The evaluation of this property was extremely important to
define the optimal nanoclay concentration that should be
used for the application desired.

Mechanical poperties. Mechanical properties were per-
formed at a DL 3000 (EMIC, Brazil) universal testing
machine. Tensile strength and Young modulus were calcu-
lated according to ASTMD882-09 (ASTM, 2000a). 10 spe-
cimens of each treatment, with 15 mm width and 100 mm
length, were submitted to traction test at 10 mm/min
speed with 10 kgf charge. The tensile strength calculation
was made through the ratio between maximum force and
the cross-section area of the specimen. The elastic
modulus was calculated from the slope at the linear
region of the stress versus strain curve measured.

Wettability and surface energy. Surface properties of
nanocomposites and pears were estimated by contact
angle measurements using the sessile drop method at a
Krüss DSA25E (Krüss, Germany) goniometer. Samples
of 1 cm width and 4 cm length were measured and, for
the pear surface, an epicarp piece was cut very carefully.
Distilled water was used as drops and the contact angle
was measured after 2 s of contact between the sample and
the drop. Surface energy was performed by Owens,
Wendt, Rabel and Kaelble (OWRK) method using the
Advance–Drop Shape software for three different solvents.

Optical properties. Optical transmittance of nanocompo-
sites was measured in a UV-VIS Lambda 25 (Perkin Elmer,
USA) spectrophotometer, with a double-beam of tungsten
and deuterium source and accuracy of 0.1 nm. Film
samples were cut and placed directly on the equipment.

Measurements were performed using the transmittance
mode at the range of 400 to 700 nm.

Williams Pears coating

From water permeability rate results, 0.5% w/w MMT con-
centration was defined as the ideal concentration to be used
for nanocomposites formulation.

Coating solutions were prepared using the same method-
ology previously proposed, using CH and 0.5% w/w of
nanoclay. First, pears were sanitized in a sodium hypochlor-
ite solution (100 ppm) for 20 min. For coating, Williams
pears were immersed into the coating solution for 2.5 min
followed by drying stage for 1 h at room temperature. In
the second step, to guarantee a uniform coating of the
entire surface, the immersion procedure was repeated fol-
lowed by the drying stage overnight at room temperature.

After the drying process, both coated and uncoated pears
(control – C) were stored at room temperature, for 15 days.
During these days, every 24h, all pears underwent visual
inspection and weight loss control to verify the possible
success of the developed methodology. The results were
expressed in percentage in relation to the initial weight of
pears.

Statistical analysis

The software Sisvar 5.0 (Ferreira, 2015) was used for stat-
istical analysis of data obtained. The Scott-Knott test was
applied to evaluate significant differences among the treat-
ments developed.

RESULTS AND DISCUSSION
Characterization of nanocomposites

Scanning electron microscopy (SEM). The top surface
of CH film showed up quite homogeneous, while the sur-
faces of nanocomposites presented heterogeneous charac-
teristics. From 0.5 to 2.0% w/w MMT concentrations, the
top surface did not show significant morphological modifi-
cations. For MMT-4, the heterogeneity was quite evident
and detectable. It was possible to observe the coexistence
of different phases, those containing only CH and others
containing dispersed MMT (Figure 1).

By analyzing the fracture surfaces, it could be observed a
homogeneous morphology for CH film while for MMT-0.5,
MMT-2, and MMT-4 nanocomposites agglomerates could
be detected, indicating a heterogeneous morphology.
These clusters are particles and lamellas of MMT dispersed
into the CH matrix that increases in quantity with the
increase of MMT concentration (Figure 1 (e) to (g)).

To elucidate the chemical nature of agglomerations,
energy dispersive spectroscopy (EDS) was performed at
different regions that presented clusters. MMT general
formula is Mx (Al4−xMgx) Si8O20(OH)4, with M being
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the exchangeable cation (Santos, 1989). MMT spectrum
measured corroborates all its characteristic elements
(Figure 2(a)), with Na being the exchangeable cation. Si,
O, Mg, Al, Fe, and Ca peaks appeared with low intensity,
indicating its low concentration. In addition, it may also
indicate that these elements could be present in the form
of exchangeable cations both in the gallery and on the
surface of the clay (Paiva et al., 2008). The prominent
peak of carbon is related to the support material used to
perform the analysis. For nanocomposites, it was possible
to detect both CH and MMT elements. Si, Mg, and Al
refer directly to clay while N refers directly to CH. Other
elements as C and O refer both to CH and to MMT. To illus-
trate, Figure 2b shows the spectrum obtained for treatment
with lower concentration of nanoclay (MMT-0.5). Through
this spectrum, it could be seen that even for low concentra-
tions of clay used within the polymer matrix, it was possible
to detect its characteristic elements.

The results obtained from the measured spectra could be
corroborated through the elemental chemical maps obtained
for MMT-0.5 fracture surface (Figure 2(c)) and through the
elementary ratio calculations for MMT and MMT-0.5
(Table 1) at the cluster region. It is evident through the
chemical maps the increase in the concentration of typical
clay elements at agglomerates regions, such as Si, Al, and
O and its reduction in other regions.

Fourier transform infrared spectroscopy (FTIR). FTIR
was applied to verify which vibrational modes were pos-
sible to be obtained after the nanocomposites synthesis.
From the analysis of the spectrum obtained for CH film pro-
duced free of clay, it was possible to observe bands in the
region of 3200 cm−1 and 2900 cm−1, which are character-
istics of hydroxyl group (OH) and CH bonds, respectively
(Figure 3). Other CH characteristics bands at 1640, 1540,
and 1400 cm−1, assigned to the presence of carbonyl

group (C = O), amino group (NH2) and carboxyl group
(–COO–), respectively, were detected. Also, it was possible
to observe bands at 1150, 1070, and 1015 cm−1 that corres-
pond to CO bonds (Pranoto et al., 2005).

The morphological analyzes of the nanocomposites con-
firmed the presence of clay chemical elements in its struc-
ture and highlighted the formation of agglomerates,
related to clay particles and lamellae, which increase in con-
centration with the increase of the amount of MMT added to
the polymer matrix. Through the analysis of the spectra
obtained for the nanocomposites, the typical CH vibrational
modes are evidenced. It was expected since it is in greater
proportion in the composite (Figure 3). However, the evi-
dence of the interactions between clay and CH can be per-
ceived, even if in a subtle way, through a slight
displacement of the OH band (3200 cm−1) and amino
bands (1540 cm−1) for larger wavenumber values when
MMTwas added. It is also noticed that as MMT contraction
increases, more displaced those bands become. It may occur
due to intermolecular bonds between hydroxyl and amino
groups of CH chains with MMT OH, which tends to facili-
tate the intercalation of MMT lamellae. This behavior has
already been observed in other studies (Darder et al.,
2005; Fiori et al., 2014; Hu et al., 2016; Lavorgna et al.,
2010) and corroborates the results obtained by SEM/EDS.
It is possible that the nanocomposite production process
promotes the intercalation and exfoliation of the clay
layers. This can be made clearer through XRD analysis.

Another fact that could be observed was a slight change
in the vibrational modes related to the carboxyl group band
(1400 cm−1). Also, a slight widening could be perceived for
the carbonyl group band (1070 and 1015 cm−1), as well as
an increase in the intensity of the band close to 1000 cm−1

as the concentration of MMT increases. These alterations
may be related to the occurrence of typical MMT bands
at 990 cm−1 related to SiO bond and around 840 and 726

Figure 1. SEM micrographs from top and fracture surfaces of CH, MMT-0.5, MMT-2, and MMT-4.
CH; chitosan; MMT: montmorillonite; SEM: scanning electron microscope.
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cm−1 related to (Al, Mg) OH (Günister et al., 2007). These
are indicative that, in fact, the interaction between biopoly-
mer and clay has taken place and that an improvement at
mechanical and barrier is possible.

Figure 2. (a) MMT and (b) MMT-0.5 EDS spectra. (c) MMT-0.5 EDS elemental chemical maps.
EDS: energy dispersive spectroscopy; MMT: montmorillonite

Table 1. Comparative EDS elemental rations (wt%) for MMT
and MMT-0.5.

Element MMT (wt%) MMT-0.5 (wt%)

C 27.91 35.02
N 0.00 15.39
O 43.33 35.04
F 0.00 0.00
Na 1.23 0.81
Mg 1.95 0.80
Al 5.93 2.83
Si 16.93 3.98
P 0.06 0.00
S 0.11 0.16
Cl 0.11 0.87
K 0.00 0.10
Ca 0.56 3.31
Ti 0.15 0.24
Fe 1.72 1.44

100.00 100.00

EDS: energy dispersive spectroscopy; MMT: montmorillonite.

Figure 3. FTIR spectra of CH and nanocomposites.
CH: chitosan; FTIR: Fourier transform infrared
spectroscopy.
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3.1.3 X-ray diffraction (XRD). FTIR data suggest a pos-
sible clay intercalation or exfoliation process when produ-
cing nanocomposites. Through XRD it was intended to
elucidate this aspect, confirming the type of interaction
established between CH chains and MMT lamellae. In add-
ition, the nanocomposites crystallinity was evaluated.

CH film exhibited diffraction peaks around 10°, 18°, and
22°, related to (020), (110), and (120) crystallographic
planes, respectively (Figure 4). The position and intensity
of these peaks, in particular (020) and (110), directly
depend on the degree of deacetylation of the polymer
(Anusha et al., 2016; Giannakas et al., 2014; Jampafuang
et al., 2019; Mogilevskaya et al., 2006; Rhim et al., 2006;
Wang et al., 2005; Zhang et al., 2005). The higher this
degree, the lower the intensity of the peaks, and more
accentuated are the shift toward greater angles. This could
be observed and was expected, since the degree of deacety-
lation of the CH used was 86.7%. Furthermore, it was also
notable that the increase in MMT concentration influences
the intensity and width of these characteristic peaks. It
was possible to observe a decrease in the intensity of
these peaks, also related to the degree of deacetylation of
CH, as well as their widening as the concentration of
MMT increased. Thus, in accordance with the SEMmorph-
ology results, the addition of MMT in CH films promotes a
decrease in crystallinity of the films, confirming the occur-
rence of interaction between the materials that compound
the nanocomposites, as indicated by FTIR analysis and
observed by other researchers (Chen et al., 2021;
Lavorgna et al., 2010; Pires et al., 2018). It may be observed
that as the MMT concentration increases, more amorphized
the nanocomposite film became.

From the MMT diffractogram, it was possible to observe
the peak of (001) crystallographic plane, approximately at
6.6°, which corresponds to the basal spacing of 1.33 nm
(Figure 4). The (001) crystallographic plane of MMT can
be expanded by the insertion of molecules between clay

lamellae (Paiva et al., 2008; Ramadan et al., 2010). When
combining MMT with CH, this peak shifted to smaller
angles for MMT-2 and MMT-4 indicating an increase in
the clay basal space. For MMT-2 treatment, this increase-
ment was of 0.46 nm while for MMT-4, was of 0.42 nm .
This increase of the basal spacing for high concentrations
of MMT confirms the hypothesis of the occurrence of an
intercalation of clay structure with CH chains when synthe-
sizing the nanocomposites, thus elucidating the results
obtained by SEM and FTIR.

For lower MMT concentrations, the peak relative to
(001) crystallographic plane were not evidenced, which
suggests the occurrence of disordered intercalated clay
structure or probably exfoliated structure (Pereira et al.,
2017; Wang et al., 2005).

Thermal properties. From TGA, it was observed three
significant degradation stages for CH film as for nanocom-
posites (Figure 5(a)). The first stage detected was in the
range of 25 °C−130 °C that is associated to water evapor-
ation. The second stage detected between 130 °C and
180 °C is related to degradation and deacetylation of CH,
remaining 40% of solid residue. The third one, at higher
temperatures (400 °C–550 °C), coresponds to an oxidative
degradation of the carbonaceous residues that were origi-
nated at the second weight loss.

CH presented the greatest weight loss during the second
stage, as demonstrated by the first derivative of the thermo-
gravimetric curve. It was possible to attest that nanocompo-
sites showed greater thermal stability than CH film, as their
weight loss occurred more slowly. This can be explained by
the formation of carbon–silicate multilayers structures after
pyrolysis, which maintains the clay structure even at high
temperatures. These structures can accumulate on the
material surface and, consequently, prevent the release of
volatile substances formed during the thermal process
(Bumbudsanpharoke et al., 2017; Darder et al., 2003; Hu
et al., 2016; Silvestre et al., 2011; Wang et al., 2005).
The peak deviation for low temperatures of MMT-1 con-
firms the reduction of the structural stability promoted by
clay addition. This reduction in temperature may be
related to a heterogeneous dispersion of silicate tactoids
in the polymeric matrix and to a lower degree of intercal-
ation that could be observed from XRD analysis
(Figure 4). Contrarily, the increase in the degradation tem-
perature for MMT-2 and MMT-4 could be related to higher
degree of intercalation. Evaluating the decomposition tem-
perature that promoted 50% of mass loss, it was observed
that there was an increase in this temperature with the add-
ition of MMT. For MMT-4, the increase reached 40 °C. In
this case, the confinement of polymer chains within the clay
layers tends to slow down the movement of the matrix
chains, resulting in an increase of thermal stability. These
results corroborate what was observed by XRD and FTIR
analysis.

Figure 4. MMT, CH and nanocomposites diffractograms.
CH: chitosan; MMT: montmorillonite.
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DSC analysis showed the presence of two endothermic
peaks for CH (Figure 5(b)). The peak at approximately
89 °C is related to solvent evaporation (acetic acid),
which depends on the drying process of the sample
before the test, while the peak at approximately 189 °C is
related to CH crystallization (Casariego et al., 2009).

When MMT is added, it could be seen that there was a
slight shift to higher temperatures for the first endothermic
peak, that is, solvent evaporation occurs more slowly. The
increase in thermal stability with the addition of particles
can be attributed to a decrease in the diffusion of volatile
compounds through the material as attested by TGA. The
same fact could be observed for peaks related to CH crys-
tallization, with a shift to higher temperatures for nanocom-
posites, showing that there was a change in the CH
crystallization kinetics with the addition of MMT.

The exothermic peak around 288 °C corresponds to the
decomposition of the amino groups of CH. In one scan DSC
analysis, the same behavior was observed by other
researchers (Casariego et al., 2009; Martínez-Camacho
et al., 2010)

So, it was possible to verify that CH film lost solvent
more easily than nanocomposites. As the MMT concentra-
tion increases, higher temperature for removing the solvent

is required, since the shift of endothermic peak occurred
from 89 °C for CH to 95 °C for MMT-4. Ultimately,
these results suggest that nanocomposites present greater
solvent retention capacity and better thermal stability.

Film thickness. The thickness values measured were
0.037 mm for CH, 0.038 mm for MMT-0.5, and 0.039
mm for MMT-1, MMT-2, and MMT-4. Despite the forma-
tion of nanoclay agglomerates, they present themselves
quite small (< 3 μm) and the thickness was not directly
influenced by them. There were no significant differences
observed among treatments. It can be affirmed that, on
average, all films presented the same thickness.

Water solubility. The percentage of soluble matter in the
CH film was 28.6% (Table 2). MMT addition promoted a
decrease in water solubility with a significant difference
(p < 0.05) for clay concentrations of 2.0% and 4.0% w/w.
This fact is explained by the distribution of clay plates in
the matrix, which form strong interactions such as hydrogen
bonds with CH chains, demonstrated by FTIR spectra and
XRD patterns. Thus, it is not possible for water molecules
to break these bonds, which results in the reduction of
water solubility of the films. This same behavior has also

Figure 5. (a) TGA and (b) DSC curves for CH and nanocomposites.
CH; chitosan; DSC: differential scanning calorimetry; TGA: thermogravimetric analysis.

Table 2. Water solubility, water vapor permeability rate (WVPR), Young’s modulus, tensile strength, and elongation at break
of nanocomposites.

Samples
Water solubility
(%)

WVPR (g/
day.m²)

Young’s modulus
(MPa)

Tensile strength
(MPa)

Elongation at break
(%)

CH 28.6 (0.7)a 33.8 (0.2)c 1149 (144)a 21.4 (1.6)a 0.025 (0.004)a

MMT-0.5 26.3 (0.7)a 28.6 (0.4)a 2125 (141)b 25.8 (1.9)a 0.068 (0.007)c

MMT-1 27.1 (1.1)a 30.4 (1.0)b 2108 (105)b 25.3 (1.4)a 0.033 (0.009)b

MMT-2 24.2 (0.3)b 31.0 (0.1)b 2233 (212)b 33.5 (4.1)b 0.033 (0.009)b

MMT-4 24.2 (1.7)b 27.9 (0.6)a 2173 (174)b 30.8 (3.3)b 0.021 (0.006)a

Standard deviation is given in parentheses.
CH: chitosan; MMT: montmorillonite.
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been reported by other authors that worked with MMT and
CH (Beigzadeh Ghelejlu et al., 2016; Casariego et al., 2009;
Souza et al., 2018).

Water vapor permeability rate (WVPR). CH/MMT nano-
composites showed a significant decrease (p < 0.05) for
WVPR (Table 2). It could be observed that there was a
decrease in the WVPR for nanocomposites. This decrease
is expected due to the tortuous path formed by the nano-
plates distribution in the polysaccharide matrix and to the
strong interactions between nanoclay structure and CH
chains, which hinders the passage of water vapor molecules
(Rhim, 2011). However, MMT-4 did not differ statistically
fromMMT-0.5. Possibly, due to the formation of clay exfo-
liated structure for the lowest nanoclay concentration
instead of the intercalated structure detected for MMT-4,
as suggested by XRD analysis. Interactions between
MMT and CH chains have also been observed by FTIR
spectra (Figure 3). Furthermore, the SEM results showed
the distribution of MMT lamellae across polymeric
matrix, hindering the mobility of water vapor molecules
through the film.

Decreasing in WVPR has also been observed by other
researchers that worked with MMT and CH (Beigzadeh
Ghelejlu et al., 2016; Giannakas et al., 2014; Vlacha
et al., 2016).

This property is particularly important for the coating
process because during postharvest, fruit weight loss is
related to the water vapor loss through transpiration. One
manner to decrease the weight loss is to increase the
water vapor barrier of the coating. Thus, considering only
WVPR results, MMT concentrations of 0.5% and 4% w/
w were statistically equal, and the lowest concentration
would be ideal for coating process, because it could minim-
ize possible interactions between nanoclay and the fruit or
even its migration. In addition, it reduces the cost
production.

Mechanical properties. As expected, Young’s modulus
of nanocomposites increased if compared to CH
(Table 2), but there is no proportionality with the increase
in clay concentration. The resistance elastic deformation
depends not only on the MMT concentration but also on
its distribution into the polymer structure. Nanoclays distri-
bution occurred heterogeneously in the CH film, giving rise
to clusters as could be seen in the microstructure (Figure 1).
These ceramic agglomerates offer great resistance to elastic
deformation due to the nature of the silicate bonds.
Therefore, the transmission of stresses along the composite
structure becomes difficult, resulting in a high Young’s
modulus.

For tensile strength, only MMT-2 and MMT-4 showed a
significant increase compared to CH. With 0.5% w/wMMT
addition, it was possible to obtain a more ductile film, that
is, with a high elongation at break. This is due to the low

concentration of the mechanical reinforcing agent, contrib-
uting to the deformation process. Once the MMT concen-
tration is further increased, a decrease of the elongation at
break can be perceived, that is, there is an increase in the
resistance to deformation due to an increase in the concen-
tration of available reinforcing agents. However, MMT-4
did not show a significant difference related to CH.
Possibly, this is due to accentuated intercalation between
clay lamellae and CH chains. When comparing the results
of MMT-2 and MMT-4, a clear difference could be
noticed. Doubling the concentration of reinforcing agents
in the nanocomposite promotes an increase in restrictions
to dislocations movement, which end up accumulating in
certain microregions originating tension points that turned
the material more fragile than plastic and, directly contrib-
uted to a considerable increase of the elastic modulus and,
therefore, decrease of tensile strength and of elongation at
break.

In a general analysis, the improvement of the mechanical
properties could be attested and is related to the strong inter-
actions between the intercalated/exfoliated MMT lamellae
and the polymeric chains by hydrogen and electrostatic
bonds. This relation has also been reported by other
researchers (Bumbudsanpharoke et al., 2017; Chen et al.,
2021; Kusmono and Abdurrahim, 2019). Additionally, it
can also be ascribed to the mechanical strength of the
clay itself due to its high surface area, aspect ratio, and
elastic modulus (Alexandre and Dubois, 2000; Pandey
et al., 2005; Pavlidou and Papaspyrides, 2008).

Contact angle measurement. Fruits surfaces that
present hydrophilic behavior establish strong interactions
with hydrophilic coatings in function of the good chemical
and physical affinity between such surfaces (Assis and
Britto, 2014). From contact angle measurements, it was
possible to determine the kind of surface behavior of the
nanocomposites besides CH and Williams pears surface.
Pears and CH showed up hydrophilic behavior since the
measured contact angle was of 79.7 ± 2.1° and 83.7 ±
0.9°, respectively. This demonstrates that there is a chem-
ical and physical affinity between CH film and pear
surface, indicating a great possibility of success for the
coating. Addition of 0.5% w/w MMT did not significantly
affect the contact angle of the film produced, which pre-
sented the value of 85.3 ± 0.5°. Therefore, CH/MMT
film has great potential for uniformly coating the surface
of pears, due to the chemical affinity between the surfaces.

Pear surface presented a surface energy of 29 29,0 ± 4.5
mN/m, similar to the values obtained for the films which
reached 24.6 ± 3.8 mN/m (CH) and 25.8 ± 6.2 mN/m
(MMT-0.5). This corroborates the results demonstrated by
contact angle measures and, together with the microstruc-
tural and mechanical results, confirms the great potential
of success for the coating.
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Optical transmittance. Last but not least, for the coating
step, the optical transmittance must be evaluated, since
the fruits appearance cannot be changed, and the addition
of clays can affect it.

The best result obtained was for MMT-1 (Figure 6).
MMT-4 also showed improvement, but less than MMT-1
and higher than MMT-0.5. This indicates that the internal
structure of the nanocomposites, related directly to the
clay concentration, is responsible for the passage of light
through the film. As for MMT-2 and MMT-4, there was
an intercalation between the clay lamellae and the
polymer chains, this generated a greater obstruction to the
passage of light, resulting in an absorption and reflection
of it. The result obtained for MMT-0.5 is related to the
clay exfoliation organization, as detected through other ana-
lysis techniques, which facilitated the passage of light as
there are not as many strong interactions between the
polymer matrix and clay chains, as occurs for MMT-2
and MMT-4. Through this result, the addition of 1.0% w/
w MMT is the best concentration for a structural organiza-
tion that allows greater light passage, possibly because it
presents regions of intercalation and clay exfoliation
throughout the entire composite. In the case of MMT-2, is
believed that the developed analysis has reached a region
with many clay clusters with a larger size. That implied in
a greater scattering of light across the film. According to
Zeng et al., 2005, when clay lamellae are well distributed
over the polymeric matrix, the transparency of the film is
not affected, because the particles are smaller than the
wavelength of visible light.

Ultimately, it is necessary to verify the specific behavior
of the film with 0.5%w/w MMT, since that was the defined
optimal concentration for the pear coating. Although
MMT-0.5 did not present the best transmittance result, it
offered a considerable increase in light passing through
the film when compared to CH. Therefore, it can be

affirmed that the MMT-0.5 film is suitable for coating
fruit surfaces.

Williams pears coating

After the characterization of the nanocomposites, MMT-0.5
was chosen for the stage of the preliminary coating tests. To
recap, this treatment presented a microstructure without
large size clusters, low solubility in water, possible exfo-
liated structure, lowWVPR, suitable mechanical properties,
chemical affinity to pears, and adequate light transmittance.
In addition, it was the lowest amount of clay used, which
reduces production costs and minimizes possible migration
into the fruit.

In fact, as expected, after the analysis of mechanical and
surface properties, a homogeneous coating of the fruit was
possible, without cracking, blistering, or bubbles formation.
The aim of this work was to develop nanocomposites with
ceramic reinforcement agents that could be used for the
purpose of coating fruits to reduce their losses by increasing
their shelf life. Once the interactions between the composite
components and their direct effect on the structure of the
nanocomposites were investigated, as well as the properties
that would claim to be possible or not a pear coating with
the films produced, it was decided to preliminarily evaluate
the effect of the optimal treatment to the weight loss of
pears.

Weight loss. An important parameter to evaluate the shelf
life of fruit is the weight loss, which is the result of the com-
bined respiration and transpiration processes (Chitarra and
Chitarra, 2005). Weight loss of the Williams pears is
shown in Figure 7.

In the first nine days of storage, no changes could be
observed among the treatments. After 12 days, a differenti-
ation started to be notable. It was possible to observe that

Figure 6. Transmittance of nanocomposites in the range of
400–700 nm.

Figure 7. (a) Weight loss of Williams pears during 15 days
of storage and (b) visual comparison of the treatments C
(control), CH, and MMT-0.5.
CH: chitosan; MMT: montmorillonite.
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even with the increase of the weight loss, for the pear coated
with the nanocomposite, this increase was reduced. After 15
days of storage, a sharp increase in weight loss could be
observed for the control group while coated pears (CH
and MMT) showed less impact. Moreover, the result pre-
sented by MMT-0.5 was better than that of CH. As previ-
ously observed, MMT-0.5 presented lower WVPR than
CH film, and the weight loss is related to the loss of
water vapor through transpiration. Moraes et al., 2012
observed the same behavior when studying Williams
pears coating with alginate and carrageenan, in which
there was a prominent difference in weight loss after 10
days of storage at 25 °C.

Just out of curiosity, from visual comparison of the treat-
ments (Figure 7(b)), the control group exhibited a visual
change in the color of the pears, modifying from green to
yellow in the first 5 days of storage while the coated
fruits remained unmodified. The incidence of deterioration,
mainly characterized by the appearance of visible fungi,
showed that at the end of 15 days of storage, 60% of the
control pears showed signs of this contamination. For
coated pears with CH, 20% were contaminated by fungi,
while those coated with MMT-0.5, did not show visible
contamination. It was possible to see the degree of degrad-
ation of coated and uncoated fruits after 15 days
(Figure 7(b)), however, further analysis should be per-
formed to check other qualities attributes of pears during
storage, as mentioned before.

CONCLUSION

In this work, the elaboration of CH/MMT nanocomposites
with different clay additions (0.5 to 4 w/w%) was proposed,
as well as the study of their structure, interactions between
the composite components and analysis of properties to elab-
orate a suitable material for Williams pears coating. For this,
a composite that combines hydrophilic behavior, improved
barrier, and mechanical properties are most suitable.

The top and fracture surfaces of the films produced had
their morphology analyzed. It was possible to detect hetero-
geneities only on the top surface of MMT −4, while the
fracture surfaces showed the formation of micrometric
agglomerates that increased in quantity as the concentration
of clay added to the polymer matrix also increased. EDS
analyzes confirmed the chemical composition of clay for
these agglomerates, which are particles and lamellas of
MMT dispersed into CH matrix. An interaction between
MMT and CH chains was observed by FTIR spectra by
(i) a displacement of the hydroxyl amino bands with the
addition of MMT, (ii) changes detected on the vibrational
modes related to the carboxyl and carbonyl group band,
and (iii) alterations in the intensity of the band close to
1000 cm−1 as the concentration of MMT increases. These
modifications are related to intermolecular bonds between

hydroxyl and amino groups of CH chains with MMT OH,
besides the presence of typical MMT bands that directly
influenced the spectra. From XRD analysis, it was possible
to detect an increase in the basal spacing for high concentra-
tions of MMT, and along with FTIR results, it could be con-
firmed the occurrence of an intercalation of clay structure
with CH chains for nanocomposites with higher MMT con-
centrations while for lower ones an occurrence of exfoliated
structure.

These microstructural changes were also possible to be
observed and proven through optical transmittance and
mechanical analysis. MMT-2 and MMT-4 films, that pre-
sented an intercalated structure, were more absorbing/reflect-
ing of light than MMT-0.5 or MMT-1. The structural
organization of reinforcement agents within the polymer
matrix, as well as the interrelationship between the composite
components directly influenced the mechanical properties,
resulting in an improvement of Young’s modulus, tensile
strength, and elongation at break when compared to CH.

Nanocomposites also proved to be more thermally
stable, showed low water solubility and a greater barrier
to water vapor.

Analyzing the results together, the addition of only 0.5%
w/w of MMT was effective to improve the film properties,
in addition to showing hydrophilic behavior as pear surface.
Thus, that was the optimal treatment chosen to initiate the
preliminary coating tests.

The coating of the fruits happened successfully, with no
cracks or bubbles being noticed. After 15 days of storage, it
was observed an increase of weight loss for pears without
coating while coated ones (CH and MMT) showed less
loss. Preliminarily, comparing CH and MMT-0.5, the best
result obtained was for MMT −0.5 which is consistent
with the WVPR presented for this film since it is related
to the loss of water vapor through transpiration. However,
only the reduction in weight loss is not an indication of
an increase of fruits shelf life and further analysis must be
conducted to verify the maintenance of the pear quality
during storage.

Nevertheless, it can be concluded that it was possible to
obtain a nanocomposite that met the objective required. The
nanocomposite composed of CH and 0.5% w/w MMT
showed an improvement of its barrier and mechanical prop-
erties, and it was possible to elucidate its structure. In the
preliminary coating tests of Williams pears, MMT-0.5
was demonstrated to be a potential candidate for application
as fruits coating, but further investigation for its use is
obligatory.
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