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Abstract: Traditional food packaging systems help reduce food wastage, but they also produce
environmental impacts when not properly disposed of. Bio-based polymers are a promising solution
to overcome these impacts, but they have poor barrier and mechanical properties. This work
evaluates two strategies to improve these properties in pectin films: the incorporation of cellulose
nanocrystals (CNC) or sodium montmorillonite (MMT) nanoparticles, and an additional layer of
chitosan (i.e., a bilayer film). The bionanocomposites and bilayer films were characterized in terms
of optical, morphological, hygroscopic, mechanical and barrier properties. The inclusion of the
nanofillers in the polymer reduced the water vapor permeability and the hydrophilicity of the films
without compromising their visual properties (i.e., their transparency). However, the nanoparticles
did not substantially improve the mechanical properties of the bionanocomposites. Regarding the
bilayer films, FTIR and contact angle studies revealed no surface and/or chemical modifications,
confirming only physical coating/lamination between the two polymers. These bilayer films exhibited
a dense homogenous structure, with intermediate optical and hygroscopic properties. An additional
layer of chitosan did not improve the mechanical, water vapor and oxygen barrier properties of the
pectin films. However, this additional layer made the material more hydrophobic, which may play
an important role in the application of pectin as a food packaging material.

Keywords: bilayers; bionanocomposites; montmorillonite; cellulose nanocrystals; pectin; chitosan

1. Introduction

Around 1.7 billion tonnes of food—one-third of all food produced globally—is lost
or wasted along the food chain [1]. Food loss, an issue at the production, distribution and
storage phases, is more significant in developing countries, while food waste, caused at
retail and consumer levels, is more serious in developed countries [2]. Both problems,
together called food wastage, not only represent economic losses but also cause unneces-
sary environmental impacts such as greenhouse gases emissions, water usage and land
occupation and ultimately constitute another barrier to overcoming world hunger [1].

Appropriate packaging can reduce food wastage at almost every stage of the food
chain. Packaging systems are responsible for protection during transportation and the
storage of food products but should also have other characteristics to fight food wastage.
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They must be easy to open, easy to empty, be resealable, contain portions of appropriate
size and provide gas and water vapor barrier properties to the content [3].

Many plastic materials offer the desirable characteristics for packages, most of which
are from petrochemical sources. However, 30% of plastics used for packaging are not
eligible for recycling. This may be due to incompatible polymers, the small size of plastic
parts, multilayered materials or the difficulty of cleaning the organic material [4]. While
increasing the amount and number of materials involved in the packaging helps products
last longer on shelves and in households, it also creates more environmental impacts. This
trade-off between the packaging footprint and food wastage can only be evaluated through
life cycle assessment studies [5].

At best, packaging design should aim simultaneously at decreasing food wastage and
the environmental impact of the package itself [6]. In this sense, biodegradable polymers
represent a major trend in materials that minimize impacts on landfills compared to fossil-
based ones [7]. Bio-based films made of polysaccharides (e.g., chitosan, pectin, cellulose
and pullulan) have been studied for this purpose and are a natural alternative aligned
with circular economy principles. They are biodegradable and can be derived from plant
resources, food industry and agriculture by-products, all of which contribute to reduce
waste in a circular-economy approach [8,9]. These materials offer an appropriate barrier to
oxygen, biocompatibility and are eco-friendly [10]. These properties make them candidates
for their utilization as films and coatings in the food packaging industry [6]. Moreover,
the incorporation of ingredients rich in bioactive compounds (e.g., essential oils, propolis
and protein hydrolysates) into these films and coatings may enhance packaging activity
(i.e., antimicrobial, antioxidant activities), thus delaying food degradation [6,9,11,12]. Out
of these materials, chitosan and pectin have excellent film-forming characteristics [13].

Pectin, a structural non-toxic anionic polysaccharide contained in the cell walls of
many fruits, is used in the food industry as a thickening and stabilizing agent [14]. The
monomer is galacturonic acid containing methylated ester groups [15,16]. The extent of
methylated groups (DE) classifies it as either low methoxyl pectin (DE < 50) and high
methoxyl pectin (DE > 50) [17]. As mentioned, pectin has been studied to produce bio-
based films. The major mechanism of film formation involves the breaking of polymer
segments and the reforming of the polymeric chains by evaporating the solvent, thus
creating hydrophilic and hydrogen bonds [18]. Nonetheless, pectin films face the same
challenge associated with bio-based polymers, especially polysaccharides, which is the lack
of good mechanical properties [19]. Furthermore, although they present a good barrier
to oxygen, their hydrophilic characteristics makes them permeable to water vapor, which
limits their application [20].

One strategy to achieve a better performance in these renewable materials is the addi-
tion of nanomaterials to produce bionanocomposites [21,22]. Nanoparticles (NPs) interact
physically and chemically with polymeric chains to create stronger and reinforced struc-
tures that present improved barrier and mechanical properties. Inorganic nanoparticles,
such as montmorillonite (MMT), and organic NPs, carbon nanotubes or nanocellulose have
been used in many studies as reinforcements to improve the mechanical characteristics of
different biofilms [23]. Among nanoclays, montmorillonite (MMT) is of particular interest.
It consists of stacked silicate sheets with a high aspect ratio (ratio of length to thickness). It
can enhance the mechanical properties of polymeric materials when the nanoclay sheets are
well dispersed and exfoliated in the matrix [18,24]. Cellulose nanocrystals (CNC) are an-
other filler employed in composites. These biopolymeric assemblies have gained attention
due to their unique morphology, low cost and availability [25]. Again, good dispersibility
is paramount for achieving significant mechanical improvements [26].

An alternative strategy used to improve the barrier and mechanical properties of
bio-based polymers is through the combination of two or more biopolymers in blends
or layers [21,27]. The development of multilayered biopolymer films is a recent trend
in the food packing industry, such as the combination of chitosan with different anionic
polymers [28,29], including pectin. Indeed, there are several studies available in the
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literature which show that there is a huge crosslinking potential between chitosan and
pectin. This is due to the strong electrostatic interactions (Figure 1) between the protonated
amino groups of chitosan and the carboxylate side chains of pectin [30]. This cross-linking
imparts barrier and mechanical properties that make this bilayer combination favorable for
food applications.

Figure 1. Electrostatic interaction between chitosan and pectin.

Yet, to the best of our knowledge, there are no studies reported in the literature that
compares the use of nanocomposites with the use of bilayers as strategies to improve the
barrier and mechanical properties of pectin films for food packaging. Thus, this work
aimed to compare these different strategies to improve pectin properties by designing both
bionanocomposites incorporated with inorganic (MMT) or organic (CNC) NPs and bilayer
films, made by adding a polymeric layer of chitosan to pectin. The mechanical, barrier
and optical alterations achieved with these strategies were compared with pristine pectin
and discussed. Finally, the study intends to add knowledge regarding the applicability of
biopolymers for food packaging and whether they are a suitable alternative for traditional
non-biodegradable packaging films currently in use.

2. Materials and Methods
2.1. Materials and Reagents

Commercial pectin from citrus peel (Poly-D-galacturonic acid > 74.0 %) and chitosan
(Poly(D-glucosamine)) with 75% of deacetylation and high molecular weight (31–37 kDa)
were obtained from Sigma-Aldrich (Steinheim, Germany). MMT (Cloisite-Na+) was kindly
supplied by BYK Additives (Wesel, Germany) and CNC (5%–15%) by Nanocrystacell
(Podcerkev, Slovenia). Glycerol and glacial acetic acid were purchased from Alfa Aesar
(Kandel, Germany), while sodium chloride and potassium acetate from Sigma-Aldrich
(Dorset, UK). All water was purified using the Milli-Q system from Millipore (Billerica,
MA, USA).

2.2. Production of Films

Five different formulations were tested in this experiment, namely: pristine pectin film,
pectin + MMT, pectin + CNC, pristine chitosan film (chitosan) and bilayer pectin/chitosan.
The films were produced using the casting method as described below.
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2.2.1. Production of Pectin Film and the Bionanocomposites

The pectin films were produced according to Oliveira et al. (2016) [22] and Souza et al.
(2019) [24]. To produce the filmogenic dispersion (FD), 2.3 wt.% pectin was dissolved in
water with 27 wt.% glycerol (in terms of dry pectin). The dispersion was homogenized
with a T18 Ultra-Turrax disperser (IKA®T18, Staufen, Germany) at 11,000 rpm for 45 min.
MMT and CNC were weighed and added individually to the pectin solution (2.5 wt.% of
each, in dry pectin). The nanoparticles were dispersed with three cycles of 5 min under
agitation (15,000 rpm) followed by 15 min in ultrasound batch (Selecta, Barcelona, Spain).
Each film type (pure pectin, pectin + MMT and pectin + CNC) was cast using 140 mL of
dispersion on glass plates (18 cm × 25 cm) and left to dry at 30 ◦C for 72 h. The dry films
were later detached from the plates and kept in aluminum foils at room temperature for
the analysis.

2.2.2. Production of Pristine Chitosan Film

Pristine chitosan films were produced according to [24]. To produce the FD, 1.5 wt.%
chitosan was dissolved in 1% v/v of acetic acid solution overnight. As a plasticizer, 30 wt.%
glycerol (in terms of dry chitosan) was added to the FD. Then the dispersion was homog-
enized with a high-speed disperser (T18 Ultra-Turrax) at 15,000 rpm for 5 min, followed
by 15 min in ultrasound batch to remove the air bubbles. Then, the CH films were cast
using 140 mL of dispersion on glass plates (18 cm × 25 cm) and left to dry at 30 ◦C for
72 h. The dry films were later detached from the plates and kept in aluminum foils at room
temperature for the analysis.

2.2.3. Production of Bilayer Pectin/Chitosan

The same protocol was used to synthesize both pristine chitosan and pectin dispersion
for the preparation of bilayer films. For the first layer, 100 mL of the chitosan dispersion
was cast on a glass mold and left to dry at 30 ◦C for approximately 24 h. Before the film
was completely dried, 100 mL of the pectin dispersion was poured onto this semi-dried
chitosan film and left to dry at 30 ◦C for 72 h. The dry films were later detached from the
plates and kept in aluminum foils at room temperature.

2.3. Characterization of Films
2.3.1. Scanning Electron Microscopy

The morphology of the film surface was analyzed by scanning electron microscopy
(SEM) using a JEOL JSM-7001F (Tokyo, Japan) piece of equipment with an energy beam
of 15 kV and a working distance of 10 mm. The elemental chemical composition was
evaluated using a coupled X-ray energy dispersive spectrometer (EDS) (JEOL, Tokyo,
Japan). The films’ conductivity was increased by applying a thin layer of gold/palladium
with a Polaron E-5100 (Quorum Technology, Hertfordshire, UK).

2.3.2. X-ray Diffraction

The crystal structure of the films was analyzed using X-ray diffraction (XRD; Bruker D8
ADVANCE Powder Diffractometer) with monochromatic CuKα (target) radiation (1.5405 Å)
at a scan rate of 0.05◦/s.

2.3.3. Water Vapor Permeability

The WVP was measured using the gravimetric method [31]. Two samples of each film
type were put on the top of 45 mm diameter glass cells containing 8 mL of saturated NaCl
solution (relative humidity (RH) of 76.9%), and they were then sealed and placed inside
a desiccator with saturated potassium acetate solution (RH = 22.5%). A fan promoted
circulation inside the desiccator to avoid the formation of a stagnant layer above the films.
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The temperature was kept at 30 ◦C. Water vapor flux through the films was assessed by
weighing the cells at regular time intervals for 5 h. The WVP was given by Equation (1):

WVP = NW × δ/∆Pw (1)

where NW (mol/m2·s) is the water vapor flux, δ (m) is the film thickness and ∆Pw, (Pa) is
the effective driving force (pw2 − pw1). With the relative humidity in and outside the cell,
water vapor pressure (P∗) and considering the diffusion through a stagnant film model,
Equations (2–4) can be applied:

pw1 = RHin × P* (2)

pw3 = RHout × P* (3)

NW = (P/RTZ) × Dw−air × ln(P − pw2/P − pw1) (4)

where P* is the atmospheric pressure (Pa), R the universal gas constant (J/mol·K), T the
absolute temperature (K), z the average height (m) of the gap between the NaCl solution
and the film and Dw−air the diffusion coefficient of water vapor in the air (m2/s).

2.3.4. Oxygen Permeability

Oxygen permeability (OP) was measured according to the method described in [31].
Each film was put between two identical stainless steel chambers that remained at 30 ◦C
through the use of a thermostatic bath. One of the chambers was loaded with pure oxygen
at 0.7 bar and pressure transducers measured the pressure change over time on both sides.
The permeability was given by the following expression (Equation (5)):

(1/β) × ln(∆p0/∆p)=P × (t/δ) (5)

where P* is the geometric parameter of the cell, ∆p the pressure difference between the two
compartments, P (mol·m/m2·s·Pa) the oxygen permeability, t (s) the time and δ (m) the
film thickness. The cell was calibrated using a PDMS film with known permeability.

2.3.5. Optical Properties

Surface color, opacity and transparency were evaluated. The color was measured
according to the L*a*b* color space for five samples using a CR-410 colorimeter (Konica,
Japan). In this system, L* measures perceptual lightness, a* the red–green axis and b* the
blue–yellow axis. The chroma C* (Equation (6)) and the hue angle h◦ (Equation (7)) are the
polar coordinates considering a cylindrical model [24].

C* = (a2 + b2)0.5 (6)

h◦ = atan (b*/a*) (7)

The opacity was assessed by reading the absorbance at 600 nm of three samples using a
UV/VIS spectrophotometer (Spekol 1500, Analytikjena, Germany) through Equation (8) [24].

Opacity = A600nm/δ (8)

where δ is the film thickness (mm). The film transparency was determined by a spectrum
scan from 200 to 900 nm with the same equipment, expressed as transmittance (%).

2.3.6. Contact Angle

The contact angle (θc) is an indicator of the wettability of a surface. Here, the sessile
drop technique was used to measure the contact angle of a droplet of water on the films
(Clegg, 2013). The measurements were done using a goniometer (KSV Instruments, CAM-
100, Helsinki, Finland) with the software CAM 100, in which the angle was given as an
average on both sides of the drop [24].
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2.3.7. Humidity, Swelling and Solubility in Water

Humidity tests were carried out by oven drying at 105 ◦C for 24 h and expressed as g
of water/g of humid material, with samples being weighed on an analytical scale (Mettler
Toledo AB204, Switzerland) with a precision of 0.0001 g [24].

Rectangular specimens of 2 cm × 2 cm dimensions were briefly collected and weighed
on an analytical balance (M1). These samples were then conditioned in a natural convection
oven (WTB binder, Germany) at 70 ◦C for 24 h and then re-weighed (M2).

For the determination of swelling and solubility in water, the dried films with mass
were placed in a Petri dish containing 30 mL of Milli-Q water and stored for 24 h at room
temperature. Water from these dishes was removed after 24 h, and the samples were gently
dried using tissue paper and weighed on an analytical scale (M3). These films were then
re-dried in a natural convection oven at 70 ◦C for 24 h before being re-weighed (M4).

Humidity, degree of swelling and solubility in water (g/100 g of films) were calculated
according to Equations (9)–(11).

%Humidity = ((M1 − M2)/(M1)) × 100 (9)

%Swelling degree = ((M3 − M2)/(M2)) × 100 (10)

%Solubility = ((M4 − M2)/(M2)) × 100 (11)

where M1 is the initial mass of the films, M2 is the dried mass of the film, M3 is the mass of
the films after absorbing water (after 24 h in contact with water) and M4 is the dried mass
of the films after being in contact of water for 24 h.

2.3.8. Thickness and Mechanical Properties

The thickness of the films was measured with a micrometer (0.001 mm, Mitutoyo,
Kawasaki, Japan) at five different points. The modulus of elasticity (E), tensile strength (TS)
and elongation at break (EAB) were measured according to ASTM D882-12 [32]. Strips of
the films (150 mm × 25 mm) were mounted in the tensile grips of the load cell (Autograph
Shimadzu, Sydney, Australia), with an initial gauge length of 50 mm and stretched at
50 mm/min until the breakage.

2.3.9. ATR-FTIR Spectroscopy

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spec-
tra of the films were obtained using a FTIR spectrometer (PerkinElmer Spectrum Two,
Perkin Elmer, Waltham, MA, USA) from 4000 to 650 cm−1 with 1 cm−1 resolution and
32 scans [33].

2.3.10. Experimental Design and Statistical Analysis

The experiments were conducted using a completely randomized design with three replications.
Statistical analysis of data was performed through a one-way analysis of variance

(ANOVA) and, when applicable, the differences among mean values were processed using
the Tukey test. In both cases the Software OriginLab, version 8.5 (OriginLab Corporation,
Northampton, MA, USA) was used. Pristine chitosan film was not included in the sta-
tistical analysis once it had been prepared to be used as a reference in the analysis of the
bilayer films.

All requirements necessary to carry out the ANOVA (namely, normality of data and
homogeneity of variances) were validated. Significance was defined at p < 0.05 and the
results were expressed as the means of the replications ± standard deviation.

3. Results and Discussion

The bionanocomposites and bilayer films were successfully produced using the casting
method. After being dried and detached, they had a transparent and mostly homogeneous
aspect, with an apparent yellowish color (Figure 2).
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Figure 2. Pectin film produced.

3.1. Characterization of Films
3.1.1. SEM and X-Ray Diffraction

The physicochemical results presented in Figure 3 show that it is possible to incorpo-
rate different NPs in the pectin films. Figure 3 shows the used CNC (Figure 3a) and MMT
(Figure 3b) NPs and demonstrates that the CNC NPs have a fiber morphology with an
average length of 200 nm and a thickness of 20 nm, whereas the MMT NPs have a platelet
like morphology with an average diameter size of ~30 nm. The SEM images prove that both
particles are nanometric at least in one of the dimensions. Chemical element composition
analysis of these particles showed the presence of carbon and oxygen (data not shown)
on the organic CNC NPs, whereas the presence of Na, Al and Si, as well as that of O, was
detected on the inorganic MMT NPs (Figure 3b). The XRD patterns of the CNC and MMT
NPs (Figure 3i,j, respectively) agree with those reported in the literature [34,35].

Figure 3 shows the SEM images of a pectin film (Figure 3d) loaded with CNC
(Figure 3c) or loaded with MMT (Figure 3e) NPs. It is observed that the surface mor-
phology of the pectin films did not suffer significant modification through the addition of
the NPs (Figure 3c–e). Although the amount of incorporated NPs in the films was reduced,
it was still possible to detect them on the surface of the bionanocomposite films, as seen in
the magnified figure insets in Figure 3c,e.

The thickness of pectin (Figure 3g), pectin + CNC (Figure 3f) and pectin + MMT
(Figure 3h) films, determined by SEM imaging, revealed that this is close to 40 µm for all
the newly developed films. This observation confirms that the presence of the NPs has not
affected the thickness of the bionanocomposites when compared with pectin alone.

While the chemical elemental analysis of the organic particles in pectin was inconclu-
sive, as both are carbon-based compounds, that of the inorganic particles was thoroughly
accessed by detecting Na, Al and Si (Figure 3k), coincident with the corresponding mor-
phological features (inset in Figure 3e). A detailed analysis was made by X-ray (Figure 3i,j).
The diffractogram of pectin agrees with the as-cast films reported in the literature [36].
When analyzing the diffractograms of the bionanocomposites, the presence of CNC NPs in
the pectin + CNC film (Figure 3i) was confirmed by the presence of two additional bands
detected in the XRD spectrum between 10–20 2theta (Θ); the presence of MMT NPs in the
pectin + MMT film was inconclusive by XRD, most probably due to the low detection limit
of the technique (Figure 3j).
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Figure 3. Physicochemical characterization of the bionanocomposites. Scanning electron microscopy
(SEM) images of the CNC (a) and MMT (b) NPs with the corresponding chemical elemental com-
position presented for the MMT NPs; SEM top-view images of pectin films (d), pectin loaded with
CNC (c), or loaded with MMT (e) and respective SEM cross-section images (f-h), with the corre-
sponding thicknesses; X-ray diffraction (XRD) diffractograms (i,j) of the bionanocomposites and
chemical elemental composition of the pectin film loaded with MMT determined by energy disper-
sive X-ray spectroscopy (EDX) (k). * Inset in magnified Figure 3e correspond to the NPs loaded in
the bionanocomposites.

Due to the different nature of the NPs used in the formulation of the bionanocom-
posites, different chemical analyses were required to prove their incorporation in pectin,
namely EDX for MMT NPs and XRD for CNC NPs (Figure 3).

However, the presence of chemical elements characteristic of MMT NPs was observed
using EDX analysis, which confirms the presence of MMT in P + MMT films (Figure 3k).
The disappearance of the characteristic MMT peak at 2Θ = 7.20 may indicate that the
NPs achieved an exfoliated configuration within the polymer, once there was an enhance-
ment of the basal spacing between the individual MMT layers (inter-lamellar distance
or d001), which enabled the interaction of the polymer chain and the MMT resulting in
this amorphous structure [37,38]. Moreover, the improvement in the film’s barrier and
mechanical properties with the incorporation of MMT was achieved when the NP was in
an exfoliated or intercalated configuration [39], which corroborates the results discussed
in Sections 3.1.5, 3.1.6 and 3.1.8.
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Figure 4 shows the physical characteristics of the bilayer films. It indicates that the
chitosan film has a homogenous morphology (Figure 4a), a thickness of 47 µm (Figure 4b)
and a diffractogram coincident with that reported in the literature by Billah et al. (2020) [40].
The bilayer film, designed by adding chitosan on the top of pectin, as in the bionanocom-
posite films (Figure 3), resulted in unaltered surface morphologies (Figures 3d and 4) either
on the pectin or the chitosan surfaces. The bilayer film exhibits a thickness of around 59 µm
(Figure 3d), corresponding to 34 µm of pectin thickness and 25 µm of chitosan thickness. A
deeper inspection of the interface between the pectin and chitosan interface shows a perfect
interaction with no signs of cracks or porous regions, suggesting that strong electrostatic
and cross-linking interactions were attained on this bilayer film [30]. The analysis of the
FTIR spectra in Section 3.1.2 will help to provide more information about these films and to
corroborate this claim.

Figure 4. Physicochemical characterization of the bilayer films. Scanning electron microscopy (SEM)
top-view images of chitosan (a), pectin and chitosan (b) films, and respective SEM cross-section
images (c,d), with the corresponding thicknesses; X-ray diffraction (XRD) diffractograms (e,f) of the
chitosan and bilayer films, respectively.

In the diffractogram of the bilayer film (Figure 4f), a clear contribution of both the
pectin (Figure 3i) and chitosan (Figure 4e) reflection peaks can be depicted between
5–30 2theta (Θ), proving the successful design of a chitosan–pectin bilayer film.
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3.1.2. FTIR Spectroscopy

Fourier transform infrared spectroscopy is a useful technique for the purpose of evalu-
ating the chemical composition and bonds established between atoms in a material [41].
The characteristic peaks of pectin are depicted in Figure 5. The intensive bands at around
1697 and 1221 cm−1 observed for all pristine pectin film and bionanocomposites are related
to the vibrations of the carbonyl in the methyl ester (COOCH3) [42]. The band around
1606 cm−1 is due to the vibrations of the dissociated carboxyl group (COO−). The nanopar-
ticles did not produce differences in the FTIR spectra of the films (Figure 5), which can be
explained by the small amount of fillers added [33].

Figure 5. FTIR spectra of pectin films (A) incorporated with: (B) MMT and (C) CNC.

FTIR analysis was conducted to validate the effect of the deposition of pectin on
chitosan. On analyzing bilayer films from both sides, no chemical modifications were
observed (Figure 6). One of the sides of bilayer film depicted the spectrum of pure chitosan,
while the pure pectin’s spectrum was observed on the inverted side. The bonding of pure
chitosan and pectin predominates over the interfacial interactions that exist between the
two biopolymers. This can be attributed to the synthesis methodology used to cast these
bilayer films. When pectin solution was poured onto the semi-dried chitosan film, there is
a strong possibility that only interfacial/local interactions took place due to the reaction
between protonated amino groups of chitosan and carboxylate side chains of pectin, which
are responsible only for keeping these two polymers from binding together [43].

FTIR of bilayer films show that the dominated chitosan peaks at around 3256, 1550,
1406 and 1376 cm−1 decreased, confirming the incorporation of chitosan during the for-
mation of pectin/chitosan films. Moreover, it is worth noting that the shifts on the peaks
corresponding to OH (stretch) range from 3256 cm−1 to 3310 cm−1 and the amide groups
peaks from 1617 cm−1 to 1605 cm−1. These shifts are indicative of the ionic interaction
that may have occurred between the anion carboxylate groups of pectin and NH3

+ from
chitosan [44]. Thus, this corroborates the SEM images (Figure 4) that depict the good
interaction of the polysaccharides in this bilayer.
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Figure 6. FTIR spectra of pure pectin (a), chitosan films (c) and bilayer films from both sides
((b) and (d)).

3.1.3. Optical Properties

Color and opacity are crucial parameters for the development of food packing films [45].
They are not only important from an aesthetics point of view, but also for the protection of
food from UV and visible light. The presence of UV light can catalyze oxidation reactions,
which can deteriorate food, reducing its shelf-life and nutritional value [24].

The values of chroma, hue angle and opacity are shown in Table 1. Overall, the color of
the films was not changed due to the incorporation of the NPs, as both the chroma and hue
angle were not affected (p > 0.05). The resultant bilayer film depicts higher chroma (more
saturated color) when compared to individual neat films. This is because of the addition
of chitosan on one side of the pectin film, which enhances the chroma. Moreover, the
interfacial denser region might also be responsible for this higher chroma value reported
for the bilayer.

Table 1. Optical properties of the films.

Film Chroma Hue Angle (◦) Opacity (mm−1)

P 11.3 ± 0.4 A 89.4 ± 0.2 B 1.51 ± 0.28 AB

P + 2.5%MMT 11.9 ± 1.2 A 89.5 ± 1.2 B 1.42 ± 0.28 AB

P + 2.5%CNC 10.8 ± 0.4 A 91.0 ± 0.2 B 2.40 ± 0.73 A

Bilayer 12.6 ± 0.2 A 93.6 ± 0.2 A 1.20 ± 0.14 B

Chitosan 9.1 ± 0.1 99.3 ± 0.1 0.70 ± 0.10

Superscript letters (A,B): different superscripts within the same column indicate significant differences among
formulations (p < 0.05). P: Pectin, MMT: sodium montmorillonite, CNC: cellulose nanocrystals.

The hue angle range was around 90◦, which confirms the yellowish color observed
with the naked eye and previously reported in the literature for pectin powder and films [46].
In the case of the bilayer film, the incorporation of the chitosan layer to the composite
resulted in a hue angle superior to pectin stand-alone films, which means that the resulting
color of the bilayer film was between the color of the chitosan and pectin stand-alone
films, as its hue angle was 93.6◦. Similar behavior have been observed in bilayer films of
Fucopol (a microbial polymer (fucose-rich exopolysaccharide) produced by Enterobacter
A47) and chitosan, where the resulting color of the bilayer was between the initial color of
the stand-alone films used to produce the bilayer [31].

The opacity of pectin films was not affected by the addition of either the NPs tested
(CNC or MMT) nor the chitosan layer (p > 0.05). Despite the non-statistical difference
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between the samples, films with CNC presented a 60% increase in opacity in comparison
to pristine pectin films, which is, however, a trend already reported in the literature when
nanoparticles are included in the polymeric matrices [22,47]. The increase in opacity of
films is undesirable considering that films for food packaging should be transparent [46];
however, our results are in the same order of magnitude as some commonly used synthetic
polymers such as low density polyethylene (3.05 A600/mm) and oriented polypropylene
(1.67 A600/mm), which are considered to be transparent plastics [31,48]. In the case of
MMT, once the montmorillonite layers have smaller thicknesses than the wavelength of
visible light, they do not divert light and are transparent, and thus this does not reflect an
increase in the bionanocomposites’ opacity [38,49].

The increase in opacity with the addition of CNC agrees with the internal transmittance
spectrum, where the presence of these nanoparticles reduced the transparency of the film in
the visible region (data not shown). Neither fillers were able to reduce the transparency in
the UV region, which would be an advantage against the deterioration of food products [38].

Bilayer films presented a resulting opacity which was equal to the average of the
stand-alone films opacities, which corroborates with the other optical properties evaluated,
and is in good agreement with results the literature [31,48].

3.1.4. Contact Angle

Contact angle (CA) measurements were conducted to determine the surface wettability
of the synthesized films and are reported in Table 2. Despite small morphological changes
(Figures 3 and 4), alterations in the CA were depicted. The CNC NPs increased the contact
angle of the films by 3%, but with no statistical significance (p > 0.05), while montmorillonite
caused a 15% increase in this property (p < 0.05). This is an indication that the NPs made
the films less hydrophilic, which is coherent with the reduction in the WVP (Section 3.1.5).
The literature relates the reduction of WVP in bionanocomposite films with the increase of
the contact angle [50].

Table 2. Contact angle, swelling and humidity of the films.

Film Contact Angle (◦) Humidity (%) Swelling (%)

P 62.3 ± 0.7 C 13.5 ± 0.7 A Dissolved
P + 2.5%MMT 76.7 ± 4.5 B 13.3 ± 0.6 A Dissolved
P + 2.5%CNC 65.0 ± 2.8 C 12.2 ± 0.8 A Dissolved

Bilayer 63.8 ± 0.5 C 13.3 ± 0.5 A 278 ± 80
Bilayer inverted 89.5 ± 0.7 A NA NA

Chitosan 93.1 ± 0.1 11.3 ± 0.4 170 ± 16

Superscript letters (A–C): different superscripts within the same column indicate significant differences among
formulations (p < 0.05). P: Pectin, MMT: sodium montmorillonite, CNC: cellulose nanocrystals, NA: Not applied,
bilayer- upper surface pectin, bilayer inverted- upper surface chitosan.

It was observed that chitosan has a higher contact angle when compared to pectin,
which makes chitosan more hydrophobic when compared to pectin. A similar trend was
observed by Farris et al. (2011) [51]. The hydrophilicity of pectin can be attributed to
the presence of water-soluble carbohydrate groups in its backbone chain [22]. For the
bilayer film, each side depicted a contact angle similar to their corresponding stand-alone
biopolymer, pectin or chitosan.

3.1.5. Humidity, Solubility and Swelling Degree

The humidity of all films was the same (p > 0.05). Hence, the inclusion of the nanofillers
or the bilayer with chitosan did not impact the capacity of the matrix to retain water
molecules (Table 2). Despite being statistically insignificant, a slightly decrease of the water
content of the films with the incorporation of either NPs could be observed, which is in
good agreement with the results reported in the literature for pectin film reinforced with
silver nanoparticles [52] or montmorillonite [22].
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The water solubility and swelling index of the synthesized films were evaluated to
study the material’s degradability or resistance under an aqueous environment, and the
capacity to absorb water, respectively [53]. It was found out that pectin was completely
soluble in water (100%), even when the nanoparticles were incorporated (Table 2). This is
due to the presence of water-soluble carbohydrates in its backbone chain [54]. Contrary
to our results, other results from the literature indicate that pectin films may present a
much lower solubility, e.g., 19% [55] or 52% [22], which could be explained by the different
types of pectin used in different studies (and its degree of methylation). On the other hand,
chitosan posed better resistance against water and approximately only 26.8 ± 0.6% of the
polymer was water-soluble after 24 h of contact with water. This resistance can be attributed
to the presence of intermolecular hydrogen bonding between the chains of chitosan. As
expected, bilayer films showed an intermediate (64.1 ± 3.4%) response with regard to water
solubility. Regarding the swelling index, once all pectin films had dissolved during the
assay, Table 2 only presents those result for the bilayer and chitosan films. As expected, the
bilayer films swelled more in water than the chitosan films, and this is due to the presence
of the pectin that bonds well with water; however, this bilayer did not dissolve.

3.1.6. Water Vapor Permeability (WVP)

The barrier properties of food packaging films play a major role in defining the shelf-
life of packed food/products. Reduced permeation of moisture and gaseous vapors across
the packaging is always preferred [56].

Overall, due to their hydrophilic nature, polysaccharide polymers, such as chitosan and
pectin, present high WVP [31]. The WVP of pristine pectin film was 2.15 ± 0.28 × 10−11 mol/m·s·Pa
(Table 3), slightly smaller than the values of pristine chitosan film (2.50 ± 0.13 × 10−11 mol/m·s·Pa)
but within the same order of magnitude. These results are in good agreement with the
reported WVP found in the literature for these polymers. Ferreira et al. (2016) [31]
and Souza et al. (2021) [57] reported WVP values for chitosan films of 4.13 × 10−11

mol/m·s·Pa and 1.54 × 10−11 mol/m·s·Pa, respectively, and Yu et al. (2014) [58] reported
1.03 × 10−11 mol/m·s·Pa for pectin films, which are in the same range of the obtained results.

Table 3. Water vapor and oxygen permeability of the films and comparison with WVP data from
literature.

Film

WVP
O2 Permeability

(10−16 mol·m/m2·s·Pa) ReferenceCondition
(Temperature ◦C/RH%) (10−11 mol/m·s·Pa)

P 30 ◦C/RH 76.9–22.5% 2.15 ± 0.28 B 1.12 ± 0.02 AB This work
P + 2.5% MMT 30 ◦C/RH 76.9–22.5% 1.45 ± 0.13 C 0.82 ± 0.02 B This work
P + 2.5% CNC 30 ◦C/RH 76.9–22.5% 1.39 ± 0.11 C 0.46 ± 0.01 B This work

Bilayer 30 ◦C/RH 76.9–22.5% 2.69 ± 0.13 A 1.68 ± 0.65 A This work
Bilayer inverted 30 ◦C/RH 76.9–22.5% NA NA This work

C 30 ◦C/RH 76.9–22.5% 2.50 ± 0.13 0.28 ± 0.06 This work
P 24 ◦C/RH 0%–100% 3.89 - [22]

P + 2–8% MMT 24 ◦C/RH 0%–100% 2.33–3.35 - [22]
P 25 ◦C/0%–52.8% 0.71 - [59]

P + 2–7% CNC 25 ◦C/0%–52.8% ∼=0.51–0.58 - [59]
P 25 ◦C/0%–100% 2.18 ± 0.40 - [60]

P + CNP 25 ◦C/0%–100% 3.11 ± 0.23 - [60]

Superscript letters (A–C): different superscripts within the same column indicate significant differences among
formulations (p < 0.05). P: Pectin, MMT: sodium montmorillonite, CNC: cellulose nanocrystals, C: chitosan, CNP:
chitosan nanoparticles, WVP: water vapor permeability, RH: relative humidity. NA: Not applied, bilayer- upper
surface pectin, bilayer inverted- upper surface chitosan.

The average values for the WVP of the films with nano reinforcement were significantly
reduced (p < 0.05). The incorporation of MMT and CNC decreased the WVP of the films
by approximately 33% and 35%, respectively (Table 3). However, no significant difference
was observed between the nanofillers tested (p > 0.05), indicating that both nanoparticles
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are suitable to enhance the polymer barrier against water vapor. The decrease in the
permeability shows that the nanoparticles imposed a longer and more tortuous permeation
path for water vapor molecules when diffusing across the polymer matrix [58]. This is
in agreement with the literature, where a decrease in permeability has been predicted
and observed with the addition of a small amount (1%–8%) of nanofillers [26,61,62] (and
some examples in Table 3). Bionanocomposites of pectin and silver nanoparticles (AgNPs)
synthesized by a novel green method using an aqueous extract of Caesalpinia mimosoides
Lamk presented a WVP 8.1% lower than pristine pectin films [52]. Therefore, these NPs
presented a lower impact on the reduction of WVP than in our study. In the work of
Oliveira et al. (2016) [22] (Table 3), pomegranate peel pectin films reinforced with MMT
presented improved WVP with an increase in the percentage of NPs incorporated. Yet,
comparing our results with this pomegranate peel pectin films [22], it is interesting to
note that the incorporation of only 6–8 wt.% MMT, 2-fold the content in NPs used in our
study, allowed for a reduction of the WVP similar (30%–40%) to the one obtained with the
bionanocomposites of the current study.

According to the literature, bilayer films in general represent a more effective bar-
rier against water vapor transfer than composite films [44,48]; however, contrary to what
might be expected, the WVP of bilayer film was slightly higher than the WVP of the
stand-alone films used to produce the bilayer and the bionanocomposites (p < 0.05), de-
spite them being within the same order of magnitude. Blends and bilayers of edible
films with increased WVP in comparison to the stand-alone films have been reported
in the literature, specifically for blends of gelatin/chitosan [62]; brea gum/pectin [55];
caseinate/chitosan [63] and paper coated with a bilayer of caseinate/chitosan [44]. Accord-
ing to Pereda, Aranguren and Marcovich (2009) [63], the high humidity conditions used
during the WVP test (100%–64.5% RH gradient) might affect the interactions between the
biopolymers, causing changes in the microstructure conformation of the blends as a result
of swelling, thus increasing the WVP, which might explain our results. Nonetheless, the
experimental data obtained in the study lies in the same range of the calculated theoretical
value of the permeability of multi-layer films, which can be estimated using the permeabil-
ity and thickness of each individual layer [45]. Indeed, the calculated value of the WVP of
the bilayer films gives 2.28 × 10−11 mol/m·s·Pa, which is between the values of pectin and
chitosan and in agreement with the literature [42,48].

3.1.7. Oxygen Permeability (OP)

The values for the results of OP are reported in Table 3. Polysaccharide polymers,
such as pectin and chitosan, are known for having good barrier properties against oxy-
gen [21], even better than the traditional petroleum-based ones commonly used in the
packaging industry. The nanoparticles incorporated into the films were able to reduce the
bionanocomposites’ OP in 26.8% and 58.9% for MMT and CNC, respectively, but with no
statistical significance (p > 0.05). This result agrees with observations made in previous
studies [61,64,65], and can be attributed to the presence of dispersed particles in the polymer
that create a tortuous path delaying the transport of oxygen through the film [33]. Again,
no statistical difference was observed between the nanoparticles studied (p > 0.05), but
similar to the WVP results, pectin + CNC film presented smaller OP to pectin + MMT film.

A response similar to WVP was observed when the oxygen barrier properties of the
bilayer film were studied. Bilayer films exhibited slightly higher oxygen permeation when
compared to the neat pectin film, although this difference was not statistically significant.
However, the results obtained are still better than fossil fuel-based low-density polyethylene
(8.8 × 10−16 mol·m/m2·Pa·s), which is widely used in food packaging [66].

3.1.8. Thickness and Mechanical Properties

The incorporation of the nanoparticles did not affect the thickness (Table 4) of the
bionanocomposite films produced (p > 0.05), which corroborates with the SEM images
(Figure 3). An increase in the bilayer thickness is also corroborated when compared with the
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bionanocomposites. Although in the same order of magnitude, the values of the thickness
observed with SEM are lower than the ones measured with the digital micrometer, most
probably due to the dehydration caused by the high vacuum used in SEM operation
conditions. Despite this non-statistical difference, bionanocomposites with CNC or MMT
presented a slight reduction in the thickness, which can be correlated with a good interaction
between the polymer and the NPs, which results in a more compact structure [33]. Similar
behavior has been reported by Souza et al. (2018) [38] for bionanocomposites of chitosan
reinforced with sodium montmorillonite, the thickness of which was 5% smaller than
pristine chitosan film. Regarding the bilayer, the thickness slightly increased, as observed
in the SEM images (Figure 4), but also with no statistical significance when compared to
the pectin thickness value (p > 0.05). This trend was also reported for bilayers of chitosan
and gelatin, with the bilayers presenting an increase between 8%–17% in comparison to
stand-alone films, respectively, but also with no statistical significance (p > 0.05) [67].

Table 4. Mechanical properties of the films and comparison with data from literature.

Film Thickness (µm) Tensile Strength
(MPa)

Elongation at
Break (%)

Modulus of
Elasticity (MPa) Reference

P 83.7 ± 3.5 AB 22.3 ± 2.5 AB 4.3 ± 0.3 AB 1027 ± 127 AB This work
P + 2.5%MMT 74.0 ± 7.9 B 24.2 ± 4.2 AB 3.7 ± 0.7 AB 1227 ± 215 A This work
P + 2.5%CNC 67.3 ± 9.7 B 30.8 ± 4.0 A 3.5 ± 1.0 B 1407 ± 178 A This work

Bilayer 93.0 ± 4.0 A 16.7 ± 2.7 B 5.4 ± 0.5 A 779 ± 131 B This work
C 98.2 ± 3.6 8.5 ± 1.5 39.4 ± 2.3 155 ± 25 This work
P - 2.42 6.55 189.53 [22]

P + 2–8%MMT - 3.27–4.25 6.01–5.35 288.6–318.7 [22]
P - 7.12 ∼=20 - [59]

P + 2–7% CNC - ∼=8.00–13.15 ∼=25–40 - [59]
P - 25.9 ± 1.9 35.5 ± 1.7 - [54]

Blend of P + C
(50:50) - ∼=18 ∼=33 - [54]

P - 30.81 ± 1.50 1.79 ± 0.27 - [60]
P + CNP - 46.95 ± 0.36 2.22 ± 0.56 - [60]

Superscript letters (A,B): different superscripts within the same column indicate significant differences among
formulations (p < 0.05). P: Pectin, MMT: sodium montmorillonite, CNC: cellulose nanocrystals, C: chitosan, CNP:
chitosan nanoparticles.

The changes in the mechanical properties of the films were not statistically different
(p > 0.05). Nevertheless, an increase of 38.1% and 37% was observed in the average tensile
strength and elasticity modus, respectively, of the films incorporated with CNC, as well
as a decrease of 22.9% in the elongation at break (Table 4). This effect has been reported
previously and was attributed to the formation of a continuous network of cellulosic
nanoparticles linked through hydrogen bonding [59,68]. Other researchers found similar
results when CNC was added to polysaccharides such as alginate [69] and chitosan [38].

The slight improvement of the mechanical properties of the films with the incorpo-
ration of sodium montmorillonite was not as evident as for CNC, as the average tensile
strength and elasticity modulus only increased 8.5% and 19.5%, respectively, while the
elongation at break reduced 14%. However, again no statistical difference was observed
between the bionanocomposites. It has been established that the type of nanofiller also has
an effect on the properties of films [70], and once this has been taken into account, the small
differences observed in the mechanical behavior of the bionanocomposites might be related
to the nature of the NPs, as MMT is inorganic with platelet like morphology (Figure 3b) and
CNC is organic with fiber morphology (Figure 3a) and a different interaction with the poly-
mer that may result from various structural and arrangement features [70]. As discussed
in the XRD results for bionanocomposites with MMT, the achievement of the exfoliated
configuration can explain this small change, which in fact represents an improvement in
the mechanical properties [18].

The pectin and chitosan responded in opposite ways (Table 4). Pectin was found to be
brittle in nature while the chitosan showed a ductile response (Figure 7).
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Figure 7. Stress–strain curves of pristine pectin (a), bilayer (b) and pristine chitosan films (c).

Deposition of pectin onto chitosan improved the tensile strength by 2-fold while the
Young modulus was improved by 5-fold. In short, bilayer films presented the average
values of the mechanical characteristics of both polymers. Similar improvements were also
observed by Baron et al. in 50:50 chitosan and pectin blend films [54]. While the elongation
at break (EAB) of bilayer film did not show any intermediate values, it was very close to
the neat pectin films. It is possible that this is due to the surface irregularities which serve
as stress concentration points and cause fractures at low strain.

It should be pointed out that these bilayer films behaved as a homogenous system
on the application of stress. No phase/layer separation was observed even upon rupture,
which corroborates with the SEM image in Figure 4.

3.1.9. Exposure to the Use of Nanoparticles in Food Packaging Materials

The aim is that this material is to be used by the food industry in direct contact with
foodstuffs in the context of packaging them, and so it is mandatory to address their safety
and assess whether the inclusion of the nanoparticles pose any risk to the consumers [71].

To evaluate the exposure of consumers to a nanomaterial from a food packaging, it is
fundamental to determine if there is migration of this NP from the food contact material
(FCM) into the food matrix, and if so, the extend of the actual migration [72]. Thus, in
addition to the characterization of the pristine NPs used to produce the packaging, a
further characterization is necessary of both NPs as present in the FCM (on the surface, in
the matrix) and possibly when being released from the FCM (to confirm if they kept the
nanoparticle form or are in solubilized (non-nanomaterial) form) [71,72]. And in the case
of bio-based biodegradable polymers, their hydrophilicity and swelling properties may
enhance the chances of the physical release of the NPs toward the food packaged. In which
case, realistic migration/ release testing needs to be used under conditions that mimic their
practical use without damaging the polymer performance properties [72]. However, this
characterization is not easily done, as the NPs interact with the polymer and further with
the food (in a potential scenario in which the NPs diffuse towards the food), which requires
more robust techniques and steps, limiting this type of study and explaining the lack of
information available [73,74].

The available information so far is mostly related to synthetic plastics, and according
to the EFSA, it was concluded that no significant migration or transfer of the nanoparticles
(carbon black, titanium nitrate, metal oxides and nanoclays) was expected under the defined
conditions of use [72]. Moreover, after the nanoparticle migration, in several cases, they do
not keep the nanoscale form, but are more likely to be solubilized, which reduces the risk
associated with them [10,75].
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For the NPs used in this study, this safety aspect was taken into consideration, as
CNC and MMT are generally reported as safe [71]. Cellulose nanocrystals are reported in
the literature to be non-cytotoxic, non-immunogenic, biodegradable, biocompatible and
environmentally friendly [73]. Yet, size- and concentration may present a dependent effect.
Cytotoxic effects may be induced by either the presence of a substantial proportion of
particles with small sizes (below 50 nm) that might get taken up in high concentrations,
or by larger size particles that can form gel in a suspension when incubated in high
concentrations, which may block the passage of gases through the cell membranes [76].
Therefore, further investigations on CNC toxicity are required in order to have a better
insight for their applications [77]. Regarding the MMT, a study was carried out with
commercial nanoclays (including the unmodified sodium montmorillonite used in this
work—Cloisite®Na+) and the authors demonstrated that Cloisite®Na+ was not cytotoxic
and neither was it mutagenic within the range of the concentrations evaluated (from 0 to
62.5 µg/mL and 7.8 µg/mL to 125 µg/mL, respectively) [78].

3.1.10. Final Remarks

Overall, the strategy to improve the mechanical, optical and barrier properties of bio-
based biodegradable polymers ranges from the inclusion of nanomaterial as reinforcement
to the use of a mixture of polymers in composites as blends or as bilayers. In the specific
case of pectin, it is possible to find good examples, as previously discussed in this paper. It is
important to highlight that the results vary greatly, as the methodologies and materials used
to prepare the films also vary. Currently, it is more common to find in the literature blends of
polymers (such as pectin/PLA [79], Aegle marmelos pectin–chitosan [80], pectin/gluten [81],
pectin/chitosan [82], to mention a few) over bilayers (e.g., brea gum/pectin [55]). From
this point of view, this work evaluated both strategies by using two NPs as nanofillers
and through the use of chitosan/pectin bilayer films. It is important to point out that all
other parameters (such as the type and amount of plasticizer or the percentages of NPs
incorporated) were maintained in order to make the comparison suitable. This systematic
study has never been done, and based in our results, it is possible to suggest as future
research the development of bilayers produced with stand-alone polymers reinforced with
NPs to achieve a material with optimal properties combining both strategies.

4. Conclusions

Bionanocomposite films of pectin with cellulose nanocrystals and sodium montmoril-
lonite were successfully produced. The incorporation of both nanoparticles significantly
reduced the water vapor permeability of the films and increased their contact angle, show-
ing that the fillers had the effect of reducing the hydrophilicity of pectin films. The particles
did not affect the optical properties of the films, which is desirable for packaging purposes.
However, the mechanical properties of the films were not statistically changed with the
addition of the fillers, although the inclusion of CNC seemed to have caused an increase in
the tensile strength and modulus of elasticity of the samples.

Regarding the safety of these materials, more studies are still necessary to evaluate
whether the inclusion of NPs can pose a risk to consumers. However, taking into consider-
ation the small amount of NPs incorporated, it is likely that the materials developed in this
study do not pose a risk to the consumers.

Bilayer films of chitosan/pectin showed a transparent yellowish tint with a stiff
homogenous structure. They presented a water vapor and oxygen barrier and mechanical
properties similar to the pectin films; however, they did not dissolved in water, as in the
case of the pectin nanocomposite films, which allows for their use in packing food with
high moisture content. All the films presented higher oxygen barrier properties than LDPE,
which is widely used in food packaging. So, these bio-based biodegradable films are good
candidates to replace synthetic polymers from non-renewable sources for the packaging of
low moisture content products. These films also have huge potential to be used as an inner
layer for multilayer packaging for high moisture content products.
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Based in on our results, it is possible to suggest as future research the development of
bilayers produced with stand-alone polymers reinforced with NPs to achieve a material
with optimal properties combining both strategies. By comparing the two strategies in the
same study, it was possible to understand that a bilayer option helps to make pectin films
more hydrophobic, which may play an important role in the application of pectin as a food
packaging material, and that the mechanical and barrier properties of pectin-based films
are improved when NPs are incorporated. In addition, it would be interesting to study, in a
future work, if the active properties of the pectin films (e.g., antimicrobial and antioxidant)
would be improved through the incorporation of nanofillers or the development of bilayers.
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