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Abstract

The aim of this work is to design newer material for food packaging applications and to 
valorize the Moroccan marine wastes using chitosan (CS) prepared from exoskeletons of 
shrimps. Biodegradable and uniform nanocomposite films developed from sodium ben-
tonite nanoparticles dispersed in chitosan matrix were carefully studied. The montmoril-
lonite is used as nanofiller, and aqueous acetic acid solution is employed as a medium for 
dissolving and dispersing chitosan and montmorillonite. The existence of dialdehyde chi-
tosan as cross-linking agent was examined. Morphology, thermal behavior, and mechani-
cal properties of the nanocomposite films have been studied using FTIR, TGA, FEGSEM, 
TEM, XRD, and a tensile test. The XRD results indicate the formation of an intercalated 
and exfoliated nanostructure at low bentonite content and an intercalated and flocculated 
nanostructure at high bentonite content. Plastic deformation of the chitosan film is carried 
out using a thermomechanical treatment in the presence of a solvent and a plasticizer. The 
nanocomposite films obtained show a good tensile strength due to the reinforcement of 
chitosan intercalation in the silicate, which is an interesting mechanical property needed 
for food packaging applications. These nanocomposite films made from naturally occur-
ring materials might play an important role in advanced research in food and environ-
mental science.

Keywords: chitosan, food, environment, montmorillonite, sodium bentonite, films, 
nanocomposite, biodegradable
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1. Introduction

The increase in living standards, changing consumer habits, and industrial development led 
to a high consumption of biodegradable plastic materials [1]. One of the best options to reduce 

current packaging waste is the use of biodegradable films that allow the final replacement 
of plastic packaging bags which are not recycled and are thus a pollution source. The pres-

ent research is directed toward the development of biodegradable ecofriendly materials with 

enhanced properties [2]. Chitosan (CS) is a deacetylated derivative of chitin, which is the 
most abundant polysaccharide in nature after cellulose; it is a natural polysaccharide, bio-

compatible, and biodegradable in addition to the antibacterial properties that can be useful in 
many areas as the food packaging industry. Chitosan which consists of a linear (1–4) linked 

2-amino-2-deoxy-D glucan as shown in Figure 1 is a relatively inexpensive material, next to 
cellulose.

Chitin and chitosan are biopolymers having immense structural possibilities for chemical and 

mechanical modifications to generate novel properties, functions, and applications [3, 4], as 
biomedicine [5, 6], pharmaceuticals [7–9], metal chelation [10, 11], and food additives [12] and 

in the fabrication of sensors or biosensors [13].

Chitosan is highly soluble in acid aqueous solution. The positive charge and molecular 
arrangement confer to chitosan’s interesting properties [14]. Figures 2 and 3 illustrate the 

protonation of chitosan which leads to soluble material. Figure 4 shows the simulation of 

protonated chitosan backbone (positive charges of NH3+ onto chitosan polymer) in acid aque-

ous solution. These positive charges cause a mutual repulsion and thus a swelling behavior 

and good solubility of chitosan. The protonation constants pKa of chitosan decrease slightly, 
from 6.3 when the molecular weight reduces. The degree of deacetylation effects on pKa val-

ues. The decrease in degree of deacetylation increases the pKa. The degree of deacetylation 

influenced the balance of hydrophobic interactions and hydrogen bondings on chitosan [15].

In the same way, bentonite clays are also abundant and low-cost natural materials. Sodium 
bentonite is the name for the ore whose major constituent is the mineral, sodium montmo-

rillonite. Montmorillonite is a three-layer mineral consisting of two tetrahedral layers sand-

wiched around a central octahedral layer. Bentonite is rich in montmorillonite (usually more 

Figure 1. Chemical structure of Chitosan.
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than 80%) [16–19]. Bentonite and montmorillonite names are often used interchangeably. 

However, the terms represent materials with different degrees of purity. Bentonite is the ore 
that comprises montmorillonite, inessential minerals, and other impurities.

Figure 2. Protonation of chitosan in acetic acid aqueous solution.

Figure 3. Polymer backbone of protonated chitosan in acid aqueous solution.

Figure 4. Simulation of protonated chitosan backbone in acid aqueous solution.
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When sodium bentonite comes into contact with water, the atoms and molecules dissolve, 
and ions with negative charges develop. These negative charges cause a mutual repulsion and 

thus a swelling within the clay structure. Figure 5 shows the three-layer structure of a particle 

of bentonite and its exfoliation in sodium hydroxide aqueous solution.

The cations residing between the layers of sodium bentonite (Na-BNT or simply BNT) are 

exchangeable with ammonium ions of chitosan. This process converts the hydrophilic surface 

of the layer into a hydrophobic one, thereby improving the compatibility of nanoclay into 
polymer matrix.

The three processes that may occur in chitosan polymer and clay mixture, as shown in Figure 6, 
are intercalation, exfoliation, and conventional distribution. Intercalation is a physical process by 
which a macromolecule like a polymer is inserted in the clay sheets. Such a molecule is flanked by 
two clay layers and is immobilized and shielded. Exfoliation is a delaminating process wherein 
the gallery is expanded from its normal size of 1 nm to about 20 nm or higher. Thus there is a 

clear disruption of the layers which get spatially separated apart bringing about nanoscale dis-

persion in the polymer matrix. Thus exfoliated clays represent true nanomaterials. Intercalation 
and exfoliation of the clays can be accomplished using polymer from its solution or a melt [20].

Chitosan/bentonite composites are economically interesting because they are easy to pre-

pare and involve inexpensive chemical reagents. Nanocomposites prepared from chitosan/

bentonite shape natural films with a great potential and provide physical protection, they 
are biocompatible and biologically active toward microbial growth while being nontoxic and 

biodegradable. These nanobiocomposites obtained by adding nanofillers to biopolymers like 
chitosan result in very promising materials since they show improved properties with preser-

vation of the material biodegradability without eco-toxicity [21].

Although chitosan/clay nanocomposites are very interesting materials, they were not exten-

sively investigated as potential film packaging for food application. Thus, the aim of this work 
is to analyze the role of the chitosan/bentonite ratio, the DDA of chitosan, and a plasticizer 

Figure 5. The three sheet structure of a particle of bentonite.
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specially glycerol in the solution casting process for the achievement of chitosan/clay nano-

composite films. In order to investigate the combined effect of glycerol and unmodified clay 
on the properties of chitosan-based nanocomposites, films containing different amounts of 
clay and glycerol were prepared and characterized with particular regard to structural, ther-

mal, and mechanical properties. Finally, new nanocomposite active films were proposed for 
safe packaging of edibles [22].

2. Material and methods

2.1. Materials

Chitosan (CS) with different degree of deacetylation (DDA) (from 70 to 100%) in powder form 
was prepared in our laboratory from exoskeletons of shrimp waste and purified [23, 24]. The 

chitosan chemical structure is schematically shown in Figure 1. The degree of deacetylation 

(DDA %) was determined by conductimetric titration [20].

Analytical grade sodium periodate ACS reagent, 99.8–100% dry basis, and bentonite were 
purchased from Sigma-Aldrich. Sodium bentonite used in this study was purified accord-

ing to the method reported by H. Sedighi et al. [25]. The bentonite ore was beneficiated to 
improve its montmorillonite content by removing the impurities, generally albite, calcite, 
dolomite, orthoclase cristobalite, and quartz. The crude sample was primarily crushed at the 
size of 2 mm, and 5 g of bentonite powder was added to 100 mL of hot deionized water and 
stirred for 2 h. The separation of the impurities is obtained by a sedimentation process of 

the solution. The settled precipitate is mostly impurities, and the solid collected from the 
supernatant is generally pure montmorillonite. The slurry and solid phases were separated 

by filtration, and the remaining solid was dried at 150°C. All the other chemicals used are of 
analytical grade and used as received.

Figure 6. The three processes that may occur in polymer and clay mixture.
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2.2. Preparation of chitosan film

Chitosan solution was prepared by dissolving 1 g of chitosan powder in 100 ml of aque-

ous acetic acid solution (1%, v/v), under continuous stirring at room temperature for 2 h 
followed by vacuum filtering to remove the insoluble residue. This solution was cast into 
Petri dishes and dried at 50°C for 20 h to evaporate the solvent and form the films. The 
dried films were soaked with an aqueous solution of 0.05 M NaOH to remove residual 
acetic acid, followed by rinsing with distilled water to neutralize, and then dried at room 
temperature.

2.3. Preparation of chitosan/bentonite (CS/Na-BNT) films

Chitosan/Na-BNT (also described as CSBNT) films were prepared using the casting/solvent 
evaporation technique. Firstly, 1% chitosan solutions were prepared by dissolving 1 g of chi-
tosan powder in 100 ml of aqueous acetic acid solution (1%, v/v), under continuous stirring 
at room temperature for 2 h followed by vacuum filtering to remove the insoluble residue. 
Nanocomposite samples were obtained by dispersing selected amounts of bentonite in aque-

ous solution and stirred at 50°C until swelling was completed. After, the dispersion was 
slowly added to the CS solution to reach a final clay concentration of 1, 2, 3, and 5 wt% fol-
lowed by stirring at room temperature for 5 h and then for 30 min at 25°C in ultrasonic bath. 
The amounts of chitosan, clay, and plasticizer used for each sample are listed in Table 1. For 
example, the composite film CSBNT1% is 1% BNT and 99% CS prepared from 1 g chitosan 
and 0.0101 g bentonite.

The nanocomposite solutions were then poured into Petri dishes and dried at 50°C for 20 h to 
evaporate the solvent and form the films. Free chitosan and nanocomposite films plasticized 
with glycerol were obtained by adding glycerol (30% (wt/wt) on solid CS) to the CS solution 

while stirring for 20 min at room temperature.

Following the same procedure used for chitosan films, the dried films were soaked with an 
aqueous solution of 0.05 M NaOH to remove residual acetic acid, followed by rinsing with 
distilled water to neutralize, and then dried at room temperature.

Chitosan/Na-BNT/cross-linker films were prepared using same method of manufacturing 

of chitosan/Na-BNT films. The dialdehyde chitosan was used as cross-linker and pre-

pared according to I. Charhouf et al. [26] method and added after dispersing BNT in CS 

solution.

2.4. Oxidation of chitosan (cross-linker)

2.4.1. Preparation of dialdehyde chitosan

Mix 1 g chitosan ([CS] = 5.34 mM) in suspension with 50 ml HCl (10−3 M) (pH ranging from 4 

to 5) with magnetic stirring. Mix with 1 ml aqueous solution of sodium periodate 0.534 mM, 
P0 = 0.1 (P0 = moles of NaIO

4
 x moles of CS). The reaction was carried out at 4°C in the dark 
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for 30 minutes. After reaction, to eliminate the unreacted periodate, add 1 ml ethylene glycol. 
The oxidized chitosan was washed by distilled water for 4 h and freeze-dried.

The oxidation of chitosan using NaIO4 was well characterized as reported by I. Charhouf 
et al. [26]. In this work, we partially oxidized chitosan with a very few amount of sodium 
periodate. It is clearly seen from Figure 7 that the oxidation reaction leads to opened structure 

of chitosan with dialdehyde functions.

2.5. Characterization and measurements

2.5.1. Infrared spectroscopy (FTIR)

Fourier transforms infrared (FTIR) spectra of the chitosan films and the chitosan/clay films 
were collected using a Tensor 37 FT-IR spectrophotometer (Spectrum 400 Perkin Elmer) oper-

ating in the range of 400–4000 cm−1 at a resolution of 4 cm−1.

2.5.2. Mechanical properties: tensile measurement

Mechanical properties of chitosan/clay nanocomposite were measured with a Universal 

Testing Machine Ludwig mpK, tensile strength (TS), and percentage elongation at break (EL) 
of the films at 25°C according to ASTM D882 standard procedures [27]. The films were cut to a 
dog bone shape with a rectangular midsection (100 mm long x15 mm wide) flaring to 25 mm x 

Sample Chitosan (g)-wt% BNT (g)-wt% Glycerol (g)-wt%

CS 1–100% — —

CSBNT1% 1–99% 1% —

CSBNT2% 1–98% 2% —

CSBNT3% 1–97% 3% —

CSBNT5% 1–95% 5% —

CSG 1–70% — 30%

CSGBNT1% 1–69% 1% 30%

CSGBNT2% 1–68% 2% 30%

CSGBNT3% 1–67% 3% 30%

CSGBNT5% 1–65% 5% 30%

CS: Chitosan, BNT: bentonite, CSBNT1%: Film chitosan/bentonite 1%, CSBNT2%: Film chitosan/bentonite 2%, CSBNT3%: 
Film chitosan/bentonite 3%, CSBNT5%: Film chitosan/bentonite 5%, CSG: Film Chitosan/Glycerol, CSGBNT1%: Film 
Chitosan/Glycerol/bentonite 1%, CSGBNT2%: Film Chitosan/Glycerol/bentonite 2%, CSGBNT3%: Film Chitosan/
Glycerol/bentonite 3%, CSGBNT5%: Film Chitosan/Glycerol/bentonite 5%.

Table 1. Amounts (g and wt %) of chitosan (CS), glycerol (G), bentonite (BNT), used for the preparation of chitosan, 
chitosan/glycerol, chitosan/BNT, and chitosan/glycerol/BNT.
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35 mm sections on each end. The thickness of each sample was measured with micrometer at 

three different locations and averaged. The films were conditioned at 50% RH for 72 h before 
each test. A 100 N load cell was used and the extension rate was set at 5 mm/min [28].

The tensile strength (σ) and percentage of elongation at break (E) were calculated using the 
following equations:

  σ =  F  
max

   / A.  (1)

  E = ∆l /  L  
0
   × 100 % .  (2)

where F maxis the maximum load (N), A is the initial cross-sectional area (m2), ∆l is the exten-

sion of film strips (m), and L
0
 is the initial length (m).

2.5.3. Thermal stability analysis

The thermal properties of nanocomposites and pure chitosan were investigated by thermo-

gravimetric analysis (TGA). Samples were placed in the balance system and heated from 25 
to 600°C at a heating rate of 10°C/min under a nitrogen atmosphere. Three replicates were 
tested for each sample.

Figure 7. Oxidation reaction of chitosan by sodium periodate.
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2.5.4. XRD analysis

The X-ray diffraction analysis of the obtained films was performed by diffractometer with 
Cu Kα radiation (λ = 1.5418 A°) at room temperature. XRD scans were performed on sodium 
bentonite, chitosan films, and chitosan/bentonite films with a 2θ range between 5°-30°, at a 
scanning rate of 1°/min and scanning step of 0.01°.

2.5.5. Morphological analysis

Conventional high-vacuum scanning electron microscopy (SEM) images were also taken to 
visualize the structure of chitosan and oxidized chitosan. Chitosan and oxidized chitosan 

were freeze and dried for 24 h and were sprayed on silicon wafer substrate, then sputter-
coated with gold (Agar Manual Sputter Coater; Marivac Inc., Montreal, QC, Canada), and 
imaged using a Quanta 200 FEG Environmental Scanning Electron Microscope (FEI Inc., 
Hillsboro, OR). Observations were performed at 20 kV using the high-vacuum mode.

The microstructural characterization of nanocomposites was carried out on the following 

samples: CSBNT3%, chitosan/bentonite 3%; CSBNT5%, chitosan/bentonite 5%; CSBNT10%, 
chitosan/bentonite 10%; CSBNT20%, chitosan/bentonite 20%; and CSG, chitosan/glycerol. 
Samples in powder form were coated in epoxy and ultramicrotomed with a diamond knife at 

-100°C. The recovered thin sections were observed at transmission electron microscope (TEM) 
(JEOL 2011) operating at 200 kV and the remaining blocks at field emission gun scanning elec-

tron microscope (FEGSEM) (Hitachi S 4700) at 1 kV after a slight platinum metal deposition.

3. Results and discussion

3.1. Preparation of bionanocomposite films

The intercalation of the cationic biopolymer chitosan into layered silicate clay (bentonite) 

through a cation exchange process results in nanocomposites with interesting structural 

and functional properties. Chitosan/Na-BNT films were prepared using the same method 
of manufacturing of chitosan films. However, Na-BNT was exfoliated in sodium hydroxide 
aqueous solution, purified, and washed prior to be added to chitosan solution. Organic mat-
ter is present in bentonite as intrinsic impurities composed predominantly of humid sub-

stances. Since competitive reactions can take place between the organic matter present in the 
bentonite and the chitosan, the extent of intercalation and polymer/clay interactions can be 
affected. Purification capable of removing of organic matter from bentonite before intercala-

tion is fundamental.

The plasticization action of water molecules on hydrocolloid-based films has been widely 
reported in the literature [29, 31, 32]. In addition to water, the most commonly used plasticizer 
was glycerol (G), thus nearly systematically incorporated in most of biopolymer films [30]. 

Glycerol is indeed a highly hygroscopic molecule generally added to film-forming solutions 
to prevent film brittleness [31, 32]. The interest in use of the glycerol is that it acts as plasticizer 

and reduces the intermolecular forces by increasing the mobility of the biopolymer chains. The 
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Figure 8. The sheets structure of exfoliated bentonite and dispersed in crosslinked chitosan matrix.

glycerol reduces the extent interactions between Na-BNT stacks making it possible to achieve 

a better dispersion of nano-sized filler and can modify the ability of water to swell BNT in the 
aqueous solution, due to the ability to reduce the surface energy of aqueous solution.

In this study as shown in Figure 8, chitosan (CS)/(BNT) nanobiocomposite and chitosan (CS)/
(BNT)/cross-linker films were prepared by the intercalation of chitosan in bentonite to form 
miscible, biodegradable nanocomposite material used as packaging films for food preservation.

Periodate oxidation of chitosan have been relatively little explored, with only a few studies on 
the periodate oxidation reaction and products formed. Recently, Charhouf et al. [33] studied the 

periodate oxidation and the physical characterization of oxidized chitosan more in detail. The 

periodate oxidation of chitosan obviously leads to changes in the chemical structure. The cleav-

age of C2–C3 in chitosan (CS) units leads to the formation of a dialdehyde. Reaction of cross-
linking chitosan and dialdehyde chitosan takes place when dialdehyde group reacts with amine 

moiety of unmodified chitosan as shown in Figure 9 giving a cross-linked material.

The nanocomposite films prepared by casting technique using two inexpensive resources 
available and biocompatible (chitosan and Na-bentonite) were obtained as shown in Figure 10.

The presence of a group like hydroxyl, on the surface of chitosan, facilitates encapsulation 
of essential oils (EOs) or bioactive compound. The nanoemulsions were used to stabilize the 
EOs in the chitosan matrix, without altering its film-forming properties [34]. We investigated 

different emulsion formulations to encapsulate essential oils and to study their effects on the 
in vitro antimicrobial activity against various microorganisms. Figure 11 shows images of 

antimicrobial films casted from solutions containing modified chitosan (2% w/w), dyes, and 
essential oils (0.05% w/w).

Rosemary essential oil, with its warm and penetrating aroma, is one of the most stimulating 
oils used in aromatherapy. Rosemary was one of the earliest plants to be used in medicine, 
as well as for cooking. It has a very strong antiseptic action so it is terrific to use in aroma-

therapy recipes for cleaning. Incorporation of essential oils (EOs) in chitosan films was stud-

ied in order to prepare antimicrobial barriers to be applied to food surfaces. Essential oils 
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were directly incorporated in the chitosan nanocomposite matrix. The EOs were selected by 
their ability to develop antimicrobial synergies against Listeria bacteria (monocytogenes or 

innocua) with chitosan, which is characterized by intrinsic antimicrobial properties.

3.2. Infrared spectroscopy (FTIR)

FTIR spectra of chitosan (CS), bentonite (BNT), and chitosan/bentonite nanocomposite 
(CSBNT) films are displayed in Figure 12. The spectrum of chitosan shows a broad peak at 

3475.80 cm−1 corresponding to amine N–H symmetrical vibration and H bonded O–H group; 

the peaks at 2924.44 cm−1 were assigned to the symmetric and asymmetric –CH
2
 vibrations of 

carbohydrate ring. The absorption peak observed at 1618.79 cm−1 was assigned to (C = O in 

amide group, amide I vibration), 1545 cm−1 was attributed to (–NH
2
 bending of amide II), and 

Figure 9. Crosslinking reaction between chitosan and dialdehyde chitosan.

Figure 10. Images of chitosan/bentonite nanocomposite films casted from solutions containing chitosan (2% w/w) and 
bentonite at various amount of pure clay.
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1390 cm−1 was given to (N–H stretching or C–N bond stretching vibrations, amide III vibra-

tion). The peak at 1116.93 cm−1 corresponds to the symmetric stretching of C–O–C groups. The 

absorption peaks in the range 900–1200 cm−1 are due to the antisymmetric C–O stretching of 

saccharide structure of chitosan.

As can be seen in Figure 12, the FTIR spectrum of BNT shows a peak at 1010 cm−1 that belongs 

to Si-O-Si linkage. In addition, the characteristic absorption peaks are found at around 
3670 cm−1 (stretching vibration of Al-OH and OH), at 3465 cm−1 (stretching vibration of O-H 

and H-O-H groups), at 1638 cm−1 (H-O-H bending vibration), at 933 cm−1 (Al-Al-OH bending 
frequency), and at 509 cm−1 (bending vibration of Si-O).

Figure 12. FTIR spectrum of: Chitosan film (FCSBNT0%), Chitosan/BNT films respectively (FCSBNT3%) and (FCSBNT5%).

Figure 11. Images of antimicrobial films casted from solutions containing modified chitosan (2% w/w) and essential oils 
(0.05% w/w) added as pure rosemary essential oil.
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The FTIR was also used to study the polymer/clay interaction, since a shift in the NH
3
+ vibra-

tion may be expected when – NH
3
+ groups interact electrostatically with the negatively 

charged sites of the clay [35]. Nevertheless, this shift is higher for CSBNT nanocomposite 
film with the lowest amounts of CS, while the chitosan/clay films with the highest amounts of 
biopolymer show a frequency value that trends to that observed in the films of pure chitosan 
(CS). This fact may be related to the –NH

3
+ groups that do not interact electrostatically with 

the clay substrate. The spectrum of CBNT nanocomposite film (Figure 12) shows a charac-

teristic band at 3462.78 cm−1 attributed to hydrogen bonding formation due to the functional 
groups of CS (O-H and N-H groups) and BN (O-H groups) [36, 37]. The intensity of the NH

3
+ 

band also increases for higher amounts of intercalated chitosan. The secondary amide band at 

1645 cm−1 of chitosan is overlapped with the HOH bending vibration band at 1628 cm−1 of the 

water molecules associated to the chitosan/clay films, which are present as in the starting clay, 
as expected for a biopolymer with high water retention capability [38, 39].

3.3. Tensile measurements of chitosan (CS), chitosan/bentonite (CSBNT), chitosan/

glycerol (CSG), and chitosan/glycerol/bentonite (CSGBNT) films

The stress-strain curves of the tested specimens are being presented in Figure 13, while the 
average values along with the standard deviation of Young’s modulus, tensile strength and 
elongation at break of the films on the stress-strain behavior of the chitosan and chitosan/
glycerol films, respectively [40], are shown in Figure 14. The higher strength obtained in the 

case of the CS films can be attributed to more efficient stress transfer between the adjacent 
chains due to the strong electrostatic interactions between the NH

2
 and NH

3
+ groups. The CSG 

specimen presents almost double strength (at yield and break) and elongation at break. Due 
to the lower acidity of the diluted films, a weaker hydrogen bond network was established 
between the amino groups and the glycerol chains. On the other hand, the extensive deforma-

tion strengthening in undiluted systems (CSG) suggests the creation of a long-range order 
and the formation of hydrogen bonding after the addition of glycerol.

The effect of BNT addition on the tensile response of the chitosan and chitosan/glycerol films 
is being depicted. The stress–strain curves of BNT composite films prepared from the 1 w/v% 
chitosan solution is being presented. The addition of BNT results in a pronounced enhance-

ment of the stiffness and a dramatic decrease in the elongation at break of all clay-added sys-

tems. Further addition of BNT leads in intercalated structures which limited the polymer-clay 
interactions and thus their reinforcing ability.

The results on mechanical properties showed the increase in the tensile strength (TS) and elastic 

modulus (EM) of such nanocomposite films can be attributed to the high rigidity and aspect 
ratio of the nanoclay as well as the high affinity between the chitosan and the bentonite. On 
the other hand, the CS/BNT nanocomposites have shown significant decrease in elongation at 
break (EB). This reduction can be attributed to the restricted mobility of macromolecular chains.

In Figure 14, effect of BNT addition is being illustrated for the diluted systems (CS nanocom-

posites). The ductile response of the CS films is maintained after the addition of BNT with 
strength and a relative lower decrease in the elongation at break. The systems with 3 wt% 

BNT presented the lowest enhancement in all mechanical properties.
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Figures 13 and 14 present the combined effect of glycerol and BNT on the tensile response of 
the CS-based nanocomposites. The first observation is that the addition of BNT results in a 
direct reduction of the strength of the chitosan/glycerol. A completely different stress–strain 
behavior is being obtained after the addition of BNT in diluted chitosan/glycerol systems 

(Figure 14). The CS/glycerol-based nanocomposites behave like hyperelastic materials rather 

than like ductile polymers. It is assumed that more water and glycerol are distributed in the 
chitosan network, inducing a very obvious plasticization effect. The extent of hydrated chi-
tosan crystals was confirmed from the intensities of the XRD patterns. It is very interesting 
to note that although the mechanical properties of the unreinforced chitosan are comparable 

before and after the application of the reflux processing, reflux resulted in a fourfold increase 
of the stiffness and strength of the nanocomposite films.

Figure 14. Mechanical properties of chitosan/BNT particles films. Chitosan film (FCSBNT0%), chitosan/BNT films 
(FCSBNT3%), (FCSBNT5%), respectively, and chitosan/glycerol film (FCSGBNT0%), chitosan/glycerol/BNT films 
(FCSGBNT3%), (FCSGBNT5%), respectively.

Figure 13. Stress-strain curves of chitosan film (FCSBNT0%), chitosan/BNT films (FCSBNT3%), (FCSBNT5%), 
respectively.
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3.4. Thermal stability analysis

The thermal stability of the chitosan (CS) and its nanocomposites has been investigated by TGA 
under nitrogen (Figure 15). There are two steps of degradation. The first range (50–200°C) is 
associated with the loss of water, whereas the second range at 270°C corresponds to the deacet-
ylation and degradation of chitosan, and the third step, in the temperature range 450–550°C, 
can be associated with the oxidative degradation of the carbonaceous residue formed during 

the second step.

The nano-dispersed clay in the chitosan matrix exhibits a significant delay in weight loss. 
The nanocomposite forms char with a multilayered carbonaceous-silicate structure, which 
may keep its multilayered structure in the polymer matrix. This high-performance carbona-

ceous-silicate char builds up on the surface during burning, thus insulating the underlying 
material and slowing the escape of the volatile products generated during decomposition. 

The decomposition temperature CS/BNT nanocomposites show higher thermal stability than 

those of the pure CS. The thermal stability of the nanocomposites increases systematically 

with increasing clay.

For nanocomposites containing glycerol, a further degradation step at T≈250°C is observed, 
related to the loss of unbound glycerol, as indicated in Figure 16. Furthermore, it can also 
be observed that the presence of glycerol plasticizer increases of about 20°C the degradation 
temperature for the third step, irrespective of the presence or not of the clay.

3.5. XRD analysis

The XRD patterns of chitosan and chitosan-based nanocomposite films in the range of 5–30° 
are shown in (Figure 17). The basal plane of BNT shows a reflection peak at about 2θ = 8.8°. 
After incorporating BNT within CS, with CS/BNT, the basal plane of BNT at 2θ = 8.8° disap-

pears, substituted by a new weakened broad peak at around 2θ = 12.8°–13.0° (CSBNT3%, 
CSBNT5%). It is suggested that the BNT form intercalated and flocculated structures.

Figure 15. Thermal properties of: Chitosan (FCSBNT0%) and Chitosan/Bentonite films (FCSBNT3%), (FCSBNT5%).
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Figure 17. XRD patterns of: Chitosan (CS), Bentonite (BNT) and Chitosan/Bentonite films (FCSBNT3%) and (FCSBNT5%).

Figure 16. Thermal properties of: Chitosan/Glycerol (FCSG), Chitosan/Glycerol (FCSGBNT0%) and Chitosan/Glycerol/
Bentonite (FCSGBNT3%) and (FCSGBNT5%) films.
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On the base of XRD patterns, it is suggested that the BNT forms intercalated and exfoliated 
structures at higher CS content (CSBNT5%), while decreasing the CS content (CSBNT3%), 
clay layers (BNT) form intercalated and flocculated structures. According to [23], the forma-

tion of flocculated structure in CS/clay nanocomposites can be due to the hydroxylated edge-
edge interactions of the clay layers. Since one chitosan unit possesses one amino and two 

hydroxyl functional groups, these groups can form hydrogen bonds with the clay hydroxyl 
edge groups. This strong interaction is believed to be the main driving force for the assembly 

of BNT in the CS matrix to form flocculated structures.

The XRD patterns of chitosan/glycerol films obtained from 30 w/v% solutions are shown 
in Figure 18. The addition of glycerol results in a pronounced peak at 12.5°. Because of 
the hydrophilic and polycationic nature of chitosan in acidic media, this biopolymer has 
good miscibility which is attributed to the interaction of glycerol molecules with chitosan 

Figure 18. XRD patterns of: Chitosan (CS), Bentonite (BNT), Chitosan/Glycerol (FCSG) and Chitosan/Glycerol/Bentonite 
films (FCSGBNT3%) and (FCSGBNT5%).
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macromolecules. Glycerol favors the chains mobility and thus the chitosan crystallization 
process in the early stage of the post-processing aging the effect of glycerol addition. The 
XRD patterns of chitosan/glycerol/BNT films obtained from chitosan solution are shown in 
Figure 18. The combined addition of glycerol and clays resulted in great enhancement of 

the chitosan crystallinity of the nanocomposite films prepared with 1 w/v% chitosan solu-

tion. This indicates that the presence of clay facilitates the distribution of glycerol within the 

chitosan matrix and the interaction of glycerol molecules with chitosan macromolecules. 

The combined addition of glycerol and clay had an opposite effect in films obtained from 
low content chitosan solution leading to decrease of the XRD peaks intensities. In addition 
a new peak at 18.2° appeared in XRD patterns of all obtained films. This diffraction peak is 
characteristic for chitosan films prepared using acetic acid solution as solvent.

The addition of glycerol favors the opening of the clay galleries resulting in intercalated nano-

composites in comparison to samples without glycerol.

Chitosan/Na-BNT nanocomposites exhibit an intercalated or intercalated/orientated structure 

of clays. In particular, the X-ray diffraction results show that in film without glycerol, the BNT 
stacks lay with their platelet surface parallel to the casting surface. The presence of glycerol, 
on the other hand, enhances the chitosan intercalation in the silicate galleries and hinders the 
flocculation process, leaving the BNT stacks randomly orientated in the space.

3.6. SEM and MET images of chitosan, oxidized chitosan, and bionanocomposite 

materials

The SEM images of chitosan and oxidized chitosan at high vacuum and at different magni-
fications are shown in Figure 19, showing that there is no change of elongated and fibrous 
network of chitosan, but on the surface of oxidized chitosan, we can see a slight degradation 
of some leaves.

3.6.1. FEGSEM analysis

We present in this study the microstructural characterization results obtained on the chitosan/

Na-BNT nanocomposites too. The dispersion and the exfoliation of the clay were observed 

at field emission gun scanning electron microscope (FEGSEM) and transmission electron 
microscopy (TEM).

The results of the observation of the microtome block of chitosan/bentonite (CSBNT3%) and 

(CSBNT5%) samples are presented in Figure 20.

At low magnification, the CSBNT 3% powders were observed, and clusters were found 
grouped into in the epoxy more matte and dark appearance (Figure 20a). Decohesion 
between the epoxy and the sample powders is visible in greater or lesser proportion, prob-

ably due to preparation and cutting. At higher magnification, small clay particles of a few 
hundred nanometers are observed, which are relatively well dispersed in the polysaccha-

ride (Figure 20b). However, a large clay aggregate of about 10 microns was also observed 
(Figure 20c and d).
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At higher magnification, small clay particles similar in size to those observed in the CSBNT 
3% sample are regularly observed with chitosan/BNT 5% as shown in Figure 21.

3.6.2. TEM analysis

Transmission electron microscopy (TEM) images indicated that the silicate layers were dis-

persed in the chitosan matrix. The results of the TEM observation of the chitosan/BNT 3% 
sample show that small particles of clay from less than 100 nanometers to a few hundred 

nanometers are observed at low magnification which is consistent with the FEGSEM observa-

tions. Larger aggregates of clay are also observed but more rarely.

Depending on the level of the clay particles, the leaflets are sometimes well aligned (Figure 22) 

and sometimes of more unstructured appearance (Figure 23). This unstructured aspect of the 

Figure 19. SEM images of (a & b) chitosan and (c & d) oxidized chitosan at different magnifications.
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clay sheets may be a sign of a more advanced level of intercalation. There are also some isolated 

single or double leaflets around other clay particles (Figure 23), which is a clear sign of exfoliation.

As expected, the concentration of clay in the polysaccharide affects the dispersion of the clay. 
The higher the concentration, the poorer the dispersion is obtained which is the effect of the 
greater aggregation of the clay. A good but not always uniform dispersion is observed in 
chitosan/BNT 3% and 5%. Similarly, the concentration of clay also appears to affect the level 

Figure 20. Images of FEGSEM of chitosan/BNT 3%.

Figure 21. Image of FEGSEM of chitosan/BNT 5%.
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of intercalation/exfoliation. Based on MET observations, signs of exfoliation (the presence of 
isolated single or double clay leaflets and more unstructured appearance of the leaflets in the 
particles) are visible in samples of lower clay concentration less than 10%.

4. Conclusion

Natural biopolymer-based biodegradable packaging materials are a new generation of polymers 

emerging on the packaging market, and driven by the perception that biodegradable plastics are 
“environmentally friendly,” their use is predicted to increase chitosan, a natural material that 
has interesting antimicrobial and film-forming activities. Its application in films can contribute to 
food preservation and shelf-life extension. In this study, various films were successfully prepared 

Figure 22. Images TEM of chitosan/BNT 3% (x 500K).

Figure 23. Images TEM of chitosan/BNT 3% (x 600K).
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by the solution casting technique and characterized with particular regard to structural, ther-

mal, and mechanical properties. Films of chitosan/bentonite, chitosan/glycerol/bentonite, and 
chitosan/glycerol/bentonite/essential oil nanocomposites were prepared with purified bentonite 
(BNT), and according to the process used, they might be less expensive than other packaging 
materials.

Exfoliated chitosan/clay nanocomposites of varying clay contents have been successfully pre-

pared with or without the presence of glycerol (plasticizer) and oxidized chitosan (cross-

linker). This approach represents a new route to prepare high-performance nanocomposite 

materials. The oxidized chitosan could partially react with the amine groups on chitosan; as 

a result, high mechanical properties can be obtained. The Na-BNT layers are exfoliated by 
chitosan chains and disorderly dispersed in the chitosan matrix, as confirmed by XRD and 
TEM characterization. The incorporation of a small amount of clay into the chitosan matrix 
results in obvious enhancement in the thermal properties of chitosan. The chitosan/clay nano-

composites retain good mechanical properties. Once the clay is exfoliated and efficiently dis-

persed into the chitosan matrix, the storage modulus and tensile property of the chitosan/clay 
nanocomposites are significantly improved with respect to that of neat chitosan.
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