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ABSTRACT

Cellulose nanofibers were isolated from banana peel using a combination of chemical and
mechanical treatments with different number of passages through the high-pressure homogenizer
(0, 3, 5, and 7 passages). New nanocomposites were then prepared from a mixed suspension of
banana starch and cellulose nanofibers using the casting method and the effect of the addition of
these nanofibers on the properties of the resulting nanocomposites was investigated. The
cellulose nanofibers homogeneously dispersed in the starch matrix ‘increased the glass transition
temperature, due to the strong intermolecular interactions occurring between the starch and
cellulose. The nanocomposites exhibited significantly increased the tensile strength, Young’s
modulus, water-resistance, opacity, and crystallinity as the number of passages through the
homogenizer augmented. However, a more drastic mechanical treatment (seven passages) caused
defects in nanofibers, deteriorating the nanocomposite properties. The most suitable mechanical
treatment condition for the preparation of cellulose nanofibers and the corresponding
nanocomposite was five ‘passages through the high-pressure homogenizer. In general, the
cellulose nanofibers: improved the features of the starch-based material and are potentially

applicable as reinforcing elements in a variety of polymer composites.

Keywords: banana starch, cellulose nanofibers, high-pressure homogenizer, biodegradable

films, mechanical properties.



1. INTRODUCTION

Researchers have sought several alternatives to minimize the environmental impact . of
conventional polymers, including the use of biodegradable polymers. Because starch is abundant,
inexpensive, and degradable, scientists have employed it to produce biodegradable films.
However, to technologically apply starch it is necessary to improve its mechanical and barrier
properties, because starch films are water-soluble, brittle, and difficult to process. Using
nanotechnology to develop films based on polymer nanocomposites containing nanometric fillers
might be a new way to improve the mechanical and barrier properties of a given polymer. The
reinforcing agent constitutes a nanoparticle when at least one of its dimensions is lower than 100
nm. This particular feature provides unique nanocomposites with outstanding properties that are
not seen in conventional composites [1,2].

Among the nanometer-sized fillers, cellulose materials have attracted attention and offer a
highly contemporary research line. Cellulose is an abundant polymer in nature and occurs in
various plants and living-organisms. It is environmentally-friendly, cheap, and biodegradable.
Plant-based cellulose nanofibers have generated a great deal of interest because they display
large surface to volume ratio, high tensile strength, stiffness, and flexibility, and good dynamic
mechanical, electrical, and thermal properties as compared with other commercial fibers [3-5].
The use of cellulose nanofibers as reinforcing elements in matrices improves thermo-mechanical
properties, decreases the sensitivity of polymers to water, and preserves biodegradability. Indeed,
mixing cellulose nanofibers with polysaccharides (such as starch) improves mechanical

properties [6,7].



Because of their annual renewability, agricultural crop residues can be a valuable source
of cellulose nanofibers. Researchers have isolated nanostructures from various agricultural
residues such as the achira rhizomes [8], pineapple leaf [9], soy hulls [10], wheat straw [11], corn
husk [12], coconut husk [13], and sugarcane bagasse [14]. The banana peel waste is a byproduct
of the processing of bananas for food products such as banana chips and baby foods. The edible
part of the fruit constitutes only 12 wt% of the plant; the remaining parts become agricultural
waste and cause environmental problems [15]. Since the banana peel is rich in cellulose, this
material is potentially applicable as reinforcing component in_high-performance composites,
increasing its commercial value and providing a purpose for this byproduct. Agricultural residues
from banana crops such as rachis [16,17] and plant wastes [15,18-20] can be used to produce
nanoreinforcements.

Several methods based on successive chemical and mechanical treatments can extract
highly pure cellulose nanofibers from plant and wood. In high-pressure homogenization,
chemically treated dilute slurries of cellulose fibers are pumped at high pressure and fed through
a spring-loaded valve assembly. As this valve opens and closes rapidly, the fibers undergo a
large pressure drop with shearing and impact forces. This combination of forces promotes high
degree of fibrillation of the cellulose fibers, resulting in homogeneous suspensions with more
individualized fibers [21,22].

Our previous studies showed that chemical treatment followed by high-pressure
homogenization successfully isolates cellulose nanofibers from the banana peel [23,24]. To
investigate the potential use of cellulose nanofibers as reinforcing agents in polymers, starch
polymer nanocomposites containing these nanofibers were produced and characterized. In order

to take full advantage of banana, the pulp was used to obtain the starch that served as matrix for



the films; the peel was employed to isolate the cellulose nanofibers. The resulting
nanocomposites were characterized with respect to their mechanical, barrier, optical, structural,

and thermal properties.

2. MATERIALS AND METHODS

2.1. Materials

The starch was isolated from unripe plantain bananas (mature green) of the variety “Terra”
(Musa paradisiaca), according to the methodology described by Pelissari et al. [25] The
extracted banana starch reached a purity of 94.8%; 35.0 and 50.3% corresponded to amylose and
resistant starch, respectively, in dry basis. All the chemicals employed in this work were reagent

grade.

2.2. Isolation of cellulose -nanofibers

Cellulose nanofibers were isolated from the banana peel bran using a combination of
chemical and mechanical treatments, according to the method described by Pelissari et al. [23].
Firstly, the bran was treated with 5% w/v KOH solution under mechanical stirring at room
temperature for 14 h. The insoluble residue was delignified twice with 1% w/v NaCIlO; at pH 5.0
at 70 °C for 1 h, to ensure effective bleaching of the pulp. A second treatment with KOH solution
under the same conditions as in the first step was performed. Finally, a 1% v/v H,SO, solution at

80 °C for 1 h was added to remove mineral traces and to hydrolyze amorphous cellulose.



In order to improve the dispersion of nanofibers, the latter were submitted to mechanical
treatment in a two-stage high-pressure homogenizer (GEA Niro Soavi, model NS 1001L — Panda
2K, Parma, Italy). Four nanofiber suspensions were obtained at the end of the procedure; the
nanofibers not submitted to homogenization (NO) and those that were passed through the high-
pressure homogenizer three (N3), five (N5), and seven (N7) times. Table 1 shows some
properties of the obtained nanofibers. The concentration of nanofibers in the suspensions (g of
nanofiber/100 g of suspension) was 0.54, 0.48, 0.52, and 0.46 for NO, N3, N5, and N7,

respectively. These data were used to prepare the formulation of the nanocomposite films.

2.3. Nanocomposites production

The nanocomposite films were produced by the casting method under process conditions
established in preliminary tests [26,27]. The process consisted of drying a film-forming
suspension (FFS) that was then applied onto a support. The procedure was according to the
methodology described by Andrade-Mahecha [28], and involved the dispersion of nanofiber
suspension (5 g of ‘nanofibers/100 g of starch) by magnetic stirring for 20 h, followed by
homogenization with an Ultra-Turrax (IKA® Works Inc., model DI 18 Basic, Wilmington,
USA) at a speed of 8,000 rpm for 15 min. The nanofiber suspension was added in a water
solution of 4 g/100 g (d.b.) of banana starch previously stirred for 15 min. The resulting
suspension was homogenized under mechanical stirring for 30 min and heated to the process
temperature of 81 °C. Glycerol (25 g of glycerol/100 g of starch) was added at this point, and the
solution was maintained at this temperature for 15 min. Next, the FFS was sonicated for 10 min,

and 70 g of the solution was poured onto acrylic plates (18 x 21 cm), to achieve a constant



thickness of 85 = 5 um. The nanocomposite films were dried in a chamber with air circulation
under controlled temperature (54 °C) and relative humidity (48%). A control film (without
nanofibers) was produced, to evaluate the effect of the addition of cellulose nanofibers.

The nanocomposite films were conditioned in desiccators under 58% RH, at 25 °C, for 48
h before being characterized for moisture content, mechanical properties, and<water. vapor
permeability. For SEM, XRD, and FTIR analyses, the film samples were cut into small pieces
(20 mm x 20 mm) and dehydrated in a desiccator with silica gel (~0% RH) for 3 weeks before

being characterized.

2.4. Nanocomposites characterization

2.4.1. Scanning electron microscopy (SEM)

The surface and cross-section of the nanocomposite films were analyzed by SEM for
microstructure evaluation. The dried film samples were fractured with the help of tweezers, and
small fragments were obtained. Samples of these fragments were fixed on aluminum stubs by
means of a double-sided tape and were then coated with a layer of gold (Sputter Coater
POLARON, model SC7620), to improve conductivity. The coated samples were viewed under a
scanning electron microscope (LEO, model LEO 440i, Cambridge, England) operating at an
acceleration voltage of 15 kV.

To identify the chemical elements present in the nanocomposites, analyses were carried
out using energy dispersive X-ray spectroscopy (Oxford, model 6070, Cambridge, England)

attached to a field emission scanning electron microscope.



2.4.2. Thickness, density, and moisture content

The thickness of the nanocomposites was measured with the aid of a manual micrometer
(Fowler, model FOW52-229-001, Pennsylvania, USA) with an accuracy of 0.0001mm. The
mean thickness of each film was determined from an average of 10 random measurements.

For determination of the density, samples of each film were cut into 20 x 20 mm squares,
and the thickness of these films was measured (3 random measurements). The film samples were
dried at 105 °C for 24 h and weighed, and the density was calculated as the ratio between the
weight and volume (thickness x area) of the film. The density experiments were accomplished in
triplicate, and the data are reported as mean values.

The moisture content of the films was analyzed gravimetrically, in triplicate, according to

the standard method D644-99 [29], by drying the samples at 105 °C for 24 h.

2.4.3. Mechanical properties

The tensile properties were determined according to the standard method D882-02 [30],
by taking an average of six determinations for each sample, and the results are presented as mean
values. The samples were cut into 25 mm wide and 115 mm long strips by means of a scalpel
and mounted between the tensile grips. The initial grip separation and the crosshead speed were
set at 80 mm and 1.0 mm/s, respectively. The tensile strength (force/initial cross-sectional area)

and the elongation at break were computed directly from the strength x elongation curves using



the Texture Exponent 32 software, and Young’s modulus was calculated as the slope of the

initial linear portion of this curve.

2.4.4. Solubility in water

The solubility (S) values were calculated by employing the methodology described by
Gontard et al. [31]. Initially, three discs (diameter = 20 mm) of each film were stored in a
desiccator containing silica gel (~0% RH) for 48 h. The samples were weighed, in order to obtain
the initial dry weight (W;), and they were then immersed into 50 -mL water containing sodium
azide (0.02% wi/v) at 25 °C for 24 h, under sporadic agitation. After this period, the solution
containing the film discs was filtered, the insoluble matter was dried at 105 °C for 24 h, and the
resulting material was weighed for determination of the final dry weight (Ws). Analyses were
carried out in quadruplicate, and the solubility in water (%) of the films was computed according

to Equation 1:

Wi —w;
S = x 100 (1)

where W; is the initial dry weight of the sample (g), and Ws is the final dry weight of the sample

(9).

2.4.5. Water vapor permeability (WVP)



The WVP was determined gravimetrically by following the standard method E96-00
[32], with modifications, using three different ranges of relative humidity (2 — 33%, 33 — 64%,
and 64 — 90%). The film (diameter = 0.06 m) was placed on the circular opening (area = 0.00196
m?) of a permeation cell and was sealed with sealant ring, to ensure that humidity migration
would occur through the film only. The interior of the cell was filled with a salt solution that
provided the lower relative humidity (2, 33, or 64%, depending on the case), and the system was
stored in a desiccator containing a salt solution that provided higher relative humidity (33, 64, or
90%, depending on the case), at 25 °C. The weight gain of the cells was monitored every 30 min,
for 8 h. Analyses were conducted in triplicate, and the WVP was calculated on the basis of

Equation 2 and expressed in g/m.s.Pa:

WVP =

t “A-AP

(2)

where wi/t is the slope of the line of weight gain (w) as a function of time (t) graph (g/s), o is the
mean sample thickness(m), A is the sample permeation area (m?), and 4P is the difference in

water vapor pressure through the sample for pure water at 25 °C (Pa).

2.4.6. Water uptake

The water absorption Kinetics was determined according to the methodology described by

Dufresne et al. [6]. Nanocomposite films of 20 mm x 20 mm and known thickness, dried at 105

°C for 24 h, were weighed and conditioned at 25 °C in hermetically sealed flasks containing

Na,SO, saturated solution, to ensure a RH of 95%. The samples were removed at desired
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intervals and weighed until the equilibrium state was reached. The water uptake of the samples

was calculated using Equation 3:

Wo
wU =——2x100 3)

where WU is the water uptake (%), W; is the weight of the sample after time t of exposure to 95%

RH (g), and W is the initial weight of the sample (g).
2.4.7. Optical properties

Nanocomposites were subjected to color and opacity analyses using a colorimeter
(UltraScan VIS, HunterLab, Virginia, EUA) in the transmittance mode, with the classification
system of the CIELab and illuminant D65 (daylight) [33]. The gloss was measured with the aid
of a glossmeter (Rhopoint, model Novo-Gloss Lite™, S&o Paulo, Brazil), following the standard
method D523-89 [34]. The gloss values (in gloss units or GU) were obtained in both surfaces of
the film; i.e., the side exposed to air during drying (E) and the side in contact with the support
plate (1), directly from the equipment in two angles of measurement, namely 20° and 60°. Results

are expressed as the arithmetic mean of five measurements on each surface.
2.4.8. X-ray diffraction (XRD)

X-ray diffraction analysis was performed using an X-ray diffractometer (Siemens, model

D5005, Baden-Wirttemberg, Germany) operated at a voltage of 40 kV and a current of 30 mA,;
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the target was Cu. The diffraction data of the samples were collected over an angular range from
5 to 50° (20), at a scanning rate of 1.2%min. The index crystallinity (%) of the nanocomposites
was quantitatively estimated as the ratio of crystalline area to the total area of the diffractogram,
by following the method of Nara and Komiya [35] and using the Origin 8.0 software (OriginLab

Corporation, Massachusetts, USA).

2.4.9. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a spectrophotometer (PerkinElmer, model Spectrum One,
Ohio, USA) fit with a Universal Attenuated Total Reflectance (UATR) device. Analysis was
accomplished in the infrared region, with 16 scans, covering wavenumbers ranging from 4000 to

650 cm™, with a spectral resolution of 4 cm™ [36].

2.4.10. Differential scanning calorimetry (DSC)

The thermal properties of the films were analyzed on a differential scanning calorimeter
(TA-Instruments, model 2920, Pennsylvania, USA) equipped with a cooling system. Prior to the
determination, the samples were weighed (7 — 8 mg) in aluminum pans and conditioned in
hermetically sealed flasks containing a saturated NaBr solution (58% RH) at 25 °C, for seven
days. For the analysis, the sample pans were hermetically sealed and scanned at a heating rate of
10 °C/min over a temperature range of -60 to 150 °C. A sealed, empty aluminum pan was used as
reference for all the DSC runs. The glass transition temperature (Tg) was considered to be the

inflexion point of the base line, caused by the discontinuity of the specific heat of the sample.
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This property was obtained from the thermograms of the samples by using the Universal
Analysis 3.9A software. The DSC measurements were performed in triplicate, and the results are

presented as mean values.

2.5. Statistical analysis

An analysis of variance (ANOVA) and a Tukey test of multiple comparisons with a

significance level of 5% were run using the Statistica 7.0 software (StatSoft Inc, Tulsa,

Oklahoma, USA), to compare the differences between the mean values of the properties of the

banana starch films reinforced with cellulose nanofibers or not.

3. RESULTS AND DISCUSSION

3.1. Nanocomposites characterization

The nanocomposites based on banana starch and reinforced with cellulose nanofibers

isolated from the banana peel presented homogeneous surface with no bubbles or cracks, as well

as good handling characteristics. This means that the films could be easily detached from the

plates without tearing, and that they were not sticky or too brittle.

3.1.1. Scanning electron microscopy (SEM)

13



The scanning electron microscopy of the surfaces and cross-sections of the films can be
seen in Figure 1. Incorporation of cellulose nanofibers significantly changed the microstructure
of the nanocomposites (FNO, FN3, FN5, and FN7) as compared with the control film (FC).
Nanocomposites presented non-homogenous structures; i.e., irregular surfaces. with
imperfections, while the control film displayed a more uniform and smooth surface. Regarding
the cross-section, the nanocomposites exhibited less dense and less homogeneous polymeric
structures with small cracks, as compared with the control film.

Liu et al. [37] studied the structure of the cellulosic nanocrystals, to find out whether the
cellulose microstructure affected the properties of the ordered nanocrystalline phase. The authors
rapidly froze a suspension of cellulose nanocrystals in liquid nitrogen and freeze-dried the
sample, which furnished foam consisting of cellulose nanocrystals; they also produced a dried
film of cellulose nanocrystals using the casting process and characterized both the foam and the
film by SEM. The authors verified that the cellulose nanocrystals were self-aligned layer by
layer, which afforded an ordered layered structure. When the authors sublimated water from the
fibrous network, they obtained foam with ordered, layered, fine micro-sized pore or tube
structure; when the authors evaporated water instead of sublimating it, the pore tube structure in
the cellulose nanocrystals gel networks collapsed, leading to compact nanofiber layers with
ordered fibrous arrangement. Therefore, the cast sample of cellulose nanocrystals became a solid
film rather than porous foam. The microstructures of the banana nanocomposites displayed a
similar behavior, but the presence of other components such as starch and glycerol in the film
formulation culminated in slightly less organized structures consisting of multilayers compacted

along the nanocomposite cross-sections.
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Each nanofiber had a different aspect ratio, surface charge, and crystallinity (data from
Pelissari et al. [23]), as a result of the treatments they underwent during their isolation. These
characteristics may account for the type of interactions between cellulose and polymer matrix
components (starch, glycerol, and water) and culminate in distinct microstructures. Despite the
different structures, the cellulose nanofibers dispersed well in the matrix and did not agglomerate
significantly, indicating structural integrity. This is probably a consequence of hydrogen bonding
interactions between the hydroxyl groups of the components. The starch matrix coated the
nanofibers even after fracture (cross-section), implying that the nanoparticles adhered to the
polymer matrix well.

Cellulose nanofibers submitted to mechanical treatment produced nanocomposites (FN3,
FN5, and FN7) with rougher surfaces than the nanocomposite containing non-homogenized
nanofibers (FNO). The rough areas where nanofibers have been incorporated are more prominent
and distinguished in FN3, FN5, and FN7, as well as the smooth areas of starch matrix.
Considering that nanoparticles became shorter with increasing number of passages through the
high-pressure homogenizer (NO = 454.9 nm > N3 = 395.6 nm > N5 = 375.2 nm > N7 = 335.1
nm; data from Pelissari et al. [23]), the larger number of cellulose nanofibers per unit area in the
films can explain the rougher structures. De Moura et al. [38] also reported similar results for
nanocomposites reinforced with cellulose fibers that were successively passed through a
microfluidizer.

To determine the chemical elements present in the nanocomposites the spectroscopy
analysis by energy dispersive X-ray (EDS) was conducted. The spectra of all the films (Figure 2)
confirmed the presence of carbon and oxygen, as expected (the structures of the polymeric

matrix and reinforcing material consist of these elements). Small amounts of calcium were
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detected in the spectrum of the nanocomposites (FNO, FN3, FN5, and FN7), a result of the
chemical treatment employed during isolation of the nanofibers. Thus, calcium salts can be
formed during the neutralization steps with chemical reagents, and traces of salts may remain

after successive washings of the material.

3.1.2. Thickness, density, and moisture content

The similar thickness values achieved for the films resulted from the strict control of the
dry mass content per unit area of plate of the film-forming solutions employed during the casting
procedure (Table 2). On the other hand, the incorporation of cellulose nanofibers elicited a
statistically significant difference in the density. values obtained for the films, with the control
film presenting higher density than the nanocomposites (p < 0.05; Table 2). The addition of
cellulose nanofibers to the nanocomposites affected the density, as a result of the type of
microstructure observed in the SEM analysis (Figure 1). The micrographs proved that the
structure of the nanocomposites is more open, more porous, and less dense than the structure of
the control film. The incorporation of cellulose nanofibers also reduced the moisture content in
the nanocomposites (Table 2), because the cellulose nanofibers have lower affinity for water as
compared ‘with starch. Muller et al. [39] reported that the moisture content of composites

decreased upon addition of cellulose fibers, as observed in this work.

3.1.3. Mechanical properties

16



Table 3 lists the mechanical properties tensile strength, elongation at break, and Young’s
modulus of the films; Figure 3 illustrates the corresponding stress-strain curves. Compared with
the control film, the tensile strength and Young’s modulus of the nanocomposites increased upon
addition of cellulose nanofibers, whereas the elongation at break decreased. This means that
incorporating cellulose crystallites into the starch matrix results in strong interactions between
cellulose crystallites and between cellulose crystallites and the starch matrix; which restrict the
chain motion of the starch matrix [40]. The typical curves of tensile properties confirmed that the
control film was more flexible; i.e., it had higher elongation at break, and that the
nanocomposites were more mechanically resistant. Other authors detected similar behavior for
the mechanical characteristics of biodegradable films reinforced with cellulose nanofibers [40—
43].

In this study, incorporation of the cellulose nanofibers affected the Young’s modulus the
most; this parameter increased more than 100% upon addition of the N3 and N5 nanofibers.
Helbert et al. [44] attributed this effect to the formation of a fibrillar network within the polymer
matrix, the cellulose nanofibers probably interact through hydrogen bonds.

The tensile strength and Young’s modulus of the nanocomposites improved with
increasing number of passages of nanofibers through the homogenizer, from 0 to 5 passages.
This is because the zeta potential of the nanofiber suspensions rose with mechanical treatment
(NO =-16.1 mV < N3 =-28.4 mV < N5 =-36.6 mV < N7 =-44.1 mV; data from Pelissari et al.
[23]), preventing the formation of aggregates, giving more stable colloidal suspensions with
individualized cellulose fibers, and promoting a strong network of nanofibers inside the material
[6,45]. However, after seven passages through the homogenizer, the mechanical resistance of the

nanocomposites reinforced with these nanofibers diminished. Given that the lower strength and
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stiffness of nanocomposite FN7 is probably due to a brittle fracture, it might be related to the
presence of fiber defects that act as crack initiators, and the cracking might be abruptly
propagated throughout the nanocomposite. During a more severe mechanical treatment, these
defects can be introduced into the nanofibers. Similar results were reported by Nakagaito and
Yano [46] for nanocomposites of kraft pulp impregnated with phenolic resin prepared by high-
pressure homogenization.

Fibrillated nanofibers play a role in halting cracks in the nanocomposites and contribute
to high elongation and strength [4]. In this study, the elongation at break was supposed to be
affected by the aspect ratio of the homogenized nanofibers, because nanofibers with low aspect
ratio are rigid and easy to pull out from the aggregated fibers. The nanocomposites containing
homogenized nanofibers (lower aspect ratio; N3 =29.4, N5 = 20.8, N7 = 15.1; data from
Pelissari et al. [23]) were more brittle than the nanocomposite containing non-homogenized
nanofibers (higher aspect ratio; NO = 42.7; data from Pelissari et al. [23]). Therefore, mechanical

treatment shortens the fibers and reduces the elongation at break [47].

3.1.4. Solubility in water

As well known, starch films are hydrophilic due to the chemical composition of starch
(amylose and amylopectin), where hydroxyl groups and oxygen bonds with water are formed
[48]. Also, the addition of a plasticizer increases the affinity of the material for moisture [49].
Table 4 shows that, except for FN7, all the nanocomposites were less water-soluble (16 — 26%
reduction) as compared with the control film. This may be due to (a) better interfacial bonding

between the nanofibers, as observed in the SEM studies, (b) greater affinity of the matrix for
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water as compared with the nanofibers, and (c) formation of the nanofiber network, which
hinders water diffusion through the matrix [50,51].

The incorporation of nanofibers N7 into the starch matrix did not diminish the solubility
in water. The defects in nanofibers caused by the drastic mechanical treatment, which would act

as crack initiators, probably weakened the nanofiber network inside the material.

3.1.5. Water vapor permeability (WVP)

Table 4 presents the water vapor permeability (WVP) of films in three different gradients
of relative humidity (RH): 2 — 33%, 33 — 64%, and 64 — 90%. Unlike conventional plastics,
biodegradable films are hygroscopic. Different factors affect film permeability; for instance, the
relative humidity to which they are exposed. Studying the WVP of films in different gradients of
RH helps assess how well the films promote or inhibit exchange between the product and the
environment. In other words, we can identify whether the films are potentially applicable as
packaging material [52]. The RH conditions used for film conditioning modify their crystallinity
as well as their mechanical and barrier properties [53].

The nanocomposites had lower WVP than the control film in all gradients (p < 0.05;
Table 4). Reduced WVP elicited by cellulose nanofiber incorporation improved the
characteristics of the nanocomposites, considering the hydrophilicity of the matrix. The lower
WVP in the presence of cellulose nanofibers agrees with results reported in the case of
nanocomposites for packaging applications [42,43,54,55]. Regarding hydrophilic films, WVP is
associated with water adsorption and the water diffusion rate [56]. Considering the tortuous

pathways theory of composite materials [57,58], the diffusivity rate should decreases in the
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presence of the nanofibers, explaining the lower WVP of the nanocomposites. However, the
nanoparticles must be fully dispersed in the biopolymer phase and the fibers, and the biopolymer
must interact strongly. Thus, the lower WVP of nanocomposites with increasing number of
passages through the homogenizer must be due to the fact that the smaller nanofibers were more
properly dispersed and entangled inside the matrix than the longer nanofibers. Lower WVP
results from the better dispersion and formation of a network of interwoven fibers, because the
water molecules have to go through a more tortuous path in the nanocomposites.

The nanocomposite FN5 was less permeable, with WVP reductions of 67, 59, and 77%
compared to the control film, for the three RH gradients (Table 4). FN3 and FN5 became less
permeable when exposed to the high RH gradient (64 — 90%), as compared with the intermediate
RH gradient (33 — 64%). Therefore, these films can be used in products with high moisture
content.

Changes in WVP stemming from the effect of the added filler depend on the size and
aspect ratio of the filler [58]. The micrographs in Figure 1 reveal that the nanocomposites have a

homogeneous matrix, which probably enhanced the ability of the nanofibers to diminish WVP.

3.1.6. Water uptake

The water absorption behavior of nanocomposites was studied at 25 °C and 95% RH.
Figure 4a shows the water uptake for the control film and nanocomposites reinforced with
cellulose nanofibers as a function of time. Two well-separated zones are observed: at lower times
(zone I: t < 150 h), the water absorption kinetics is fast; at times longer than 150 h the water

absorption Kinetics is slow, resulting in a plateau (zone II). In both zones | and II, the
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nanocomposites presented lower water uptake as compared with the control film. Water uptake
at equilibrium, M., decreased with increasing number of passages through the homogenizer; the
nanocomposite FN5 had the lowest M, (24.91%).

Theoretically, Fick’s second law of diffusion (Equation 4) describes water absorption

processes in polymer composites; this law has been employed by several authors [6,40,54,59]:

ac 02C
- Plaxz 4

where C is the concentration at time t, D is the diffusion coefficient, and x is the coordinate in the

thickness direction. The boundary and initial conditions are:

C=0, 0<x<L, t=0
C=C,, x=0, t>0
C=C,, x=L, t>0

Equation 5 gives the general series solution of Fick’s second law for plane sheet
geometry assuming imolecular migration by diffusion, negligible shrinkage, and constant

diffusion at short times:

" ®

where M; and M,, are the water contents in the sample at time t and at equilibrium, respectively;
L is the sample thickness; and D is the diffusion coefficient that can be calculated from the slope

of the linear portion of the curve M{/M., vs t”* (Figure 4b), where R*> 0.99.
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Equation 6 furnishes the sorption coefficient (S):

§=—2= (6)

where m,, represents the mass of solvent taken up at the equilibrium and m, represents the initial
dry mass of the sample.

Table 5 summarizes the typical kinetic parameters (M., D, and S). The diffusivity
decreases from 2.73 x 10" mm?/s for the control film to 1.71 x 107 mm?/s for the nanocomposite
FN5. The high diffusivity of pure starch film stems from its hygroscopic nature, which makes it
prone to water absorption. The diffusivity decreases as a function of the addition of nanofibers,
reducing water diffusion due to hydrogen bonding between the matrix and the fiber phases
within the nanocomposite and increasing tortuosity [60]. Strong hydrogen bonding interactions
between starch and cellulose crystallites decrease diffusivity, because these interactions tend to
stabilize the starch matrix when the nanocomposites are submitted to high humidity. Reduced
water absorption by the film is strongly related to the diminished diffusion coefficient imposed
by the nanofibers and to decreased sorption of the penetrant. However, increasing the number of
passages of the nanofibers through the homogenizer to above 5 slightly augments diffusivity and
the amount of absorbed water (see values for the nanocomposite FN7). Drastic mechanical
treatment may have caused defects in nanofibers, reducing matrix cohesion. The interactions
between starch and cellulose become weaker, which is detrimental to the barrier properties [61].

Nakagaito and Yano [47] also observed a similar behavior.

3.1.7. Optical properties
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All the differences between the control film and the nanocomposites in terms of optical
properties were statistically significant (p < 0.05; Table 6). Based on the L*, b*, and AE* values,
the incorporation of cellulose nanofibers produced darker and more yellowish nanocomposites
with less uniform color than the control film. The parameter a* values were negative and close to
zero for all the films, indicating the absence of characteristic tones of red.

The control film was more transparent than the nanocomposites (Table 6), implying that
reinforcement with nanofibers increases opacity (74 to 90%). This phenomenon may result from:
(a) nanometer size effects due to the presence of solid particles, (b) strong interactions between
the cellulose nanofibers and the starch matrix, (c) high aspect ratio of the cellulose nanofibers,
and (d) random distribution of the nanoparticles in the matrix. Increasing number of passages
through the homogenizer from 0 to 7 raised the opacity values of the nanocomposites slightly,
probably because the homogeneous dispersion of the nanofibers within the composite diminished
film transparency. Bilbao-Sainz et al. [54] found that hydroxypropyl methylcellulose films
reinforced with cellulose nanofibers behave in the same way; Besbes et al. [45] reported reduced
transparency degree  for nanofiber suspensions from alpha fibers with increasing number of
passages through the high-pressure homogenizer.

Figure 5a depicts the appearance of the nanocomposites reinforced with cellulose
nanofibers isolated from the banana peel. Compared with the nanocomposites (Figure 5b), the
control film presented higher gloss values, which were more pronounced for the surface exposed
to air drying (E). The gloss property is strictly related to surface texture; i.e., to the polishing
degree of the analyzed surface [62]. The particle size distribution employed in the film

formulation influences this property: more uniform particle size distribution yields more
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polished, brighter surfaces [63], justifying the gloss results obtained for the evaluated
biodegradable films (remember that cellulose nanofibers have different diameters and length).
The higher roughness of the nanocomposites surfaces (Figure 1) also explains the lower gloss

values and the higher opacity of these films.

3.1.8. X-ray diffraction (XRD)

The XRD of the nanocomposites was analyzed as a function of the number of passages of
the cellulose nanofibers through the high-pressure homogenizer; Figure 6 contains the
corresponding diffractograms. The XRD diffractogram of the control film (FC) displayed a
typical C-type crystallinity pattern with peaks at 20 =5.6°, 12°, 17°, and 20°, typical of B-type,
A-type, both A- and B-type, and B-type ‘polymorphs, respectively, corroborating the results
obtained for the banana starch film [26]. The crystalline structure results from spontaneous
recrystallization or retrogradation of starch molecules after gelatinization. Researchers have
frequently detected this phenomenon in starch-based thermoplastic materials [64].

Addition of cellulose nanofibers to the starch matrix furnished a peak at 20 = 22°, relative
to the XRD pattern of cellulose 1. Hence, the cellulose nanofibers retained their crystallinity
within the matrix [65-67]. The broad peak at 20 = 12° was absent, which suggests changes in the
structure of the nanocomposites.

The presence of cellulose nanofibers altered the XRD patterns of the nanocomposites
slightly. The peaks at around 20 = 5.6°, 17°, and 20° seemed sharper than those of the control
film. Increasing the number of passages through the homogenizer from 0 to 7 raised the relative

intensity of the peaks, indicating that longer mechanical treatment removed more amorphous
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regions in the cellulose nanofibers, corroborating the crystallinity indices (lI¢) found for cellulose
nanofibers in Pelissari et al. [23] (NO = 58.6%, N3 = 61.8%, N5 = 62.4%, and N7 = 64.9%). This
fact is consistent with the I of the films obtained in this study (FC = 13.5%, FNO = 16.7%, FN3
= 24.4%, FN5 = 26.2 %, and FN7 = 21.8%). Incorporation of cellulose nanofibers increased the
I of nanocomposites from 24 to 94% compared with the control film, suggesting that the
incorporation of highly crystalline fillers enhances the crystallinity of the nanocomposites.
Guimarées et al. [68] reported crystallinity values between 20 — 21% for composites based on
starch and banana/sugarcane bagasse fibers plasticized with 30 g of glycerol/100 g of starch;
Muiller et al. [53] obtained crystallinity values of about 50% for cassava starch-cellulose fiber
composites (30 g of glycerol/100 g of starch); and Fama et al. [69] found I, between 11.0 —
13.3% for cassava starch films reinforced with wheat fibers (25 g of glycerol/100 g of starch).
Factors such as the relative humidity of composite storage, film formulation, chemical
composition, and size and crystallinity of the fibers used as reinforcement affect the crystallinity

of these materials.

3.1.9. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded for the control film and nanocomposites, to compare the
types of interactions taking place in the film structures; Figure 7 depicts the spectra. Due to the
chemical similarities between starch and cellulose, and to the relatively low content (5 wt%) of
nanofibers within the matrix, the nanocomposites exhibited almost the same FTIR spectra as the
control film. Increasing number of passages in the high-pressure homogenizer did not influence

the spectra of the nanocomposites.
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All the films displayed bands at 2927 and 2891 cm™, corresponding to C—H stretching.
The bands at 3300, 1643, and 992 cm™ in the spectra of the films refer to stretching vibrations of
the hydrogen bonding —OH groups, bending vibrations of the —OH groups, and stretching
vibrations of the C—O in starch, respectively [65].

The band at 1336 cm™ is attributed to bending of the -COH and —CH groups of cellulose
in the spectra of the nanocomposites. In the spectrum of the control film, this'band is associated
with the presence of the amide 111 group, which was also identified in the spectrum of the banana
starch film [26] and related to protein traces that remained in the raw material after extraction.
The presence of C—O and C—C groups gives a band at 1150 cm™. The 1077 cm™ band observed
in all the spectra is related to stretching of C—OH bond in the starch [70] and stretching
vibrations of C-O in cellulose [17].

The characteristic absorption of cellulose at around 893 cm™ in the spectrum of the
nanofibers represents B-glycosidic linkages between the anhydroglucose units in cellulose [71];
this band was absent in the spectra of the nanocomposites. Instead, a band at 851 cm™ was
detected and ascribed to the symmetrical stretching of C-O-C bond and CH and CH,
deformation in the starch. Chen et al. [65] reported similar results for nanocomposites based on

pea starch reinforced with cellulose nanofibers from pea hull fiber.

3.1.10. Differential scanning calorimetry (DSC)

Figure 8 shows the DSC curves of the control film and the resulting nanocomposites

conditioned at 58% RH. The glass transition temperature (Tg) of the samples is 20.1, 26.8, 29.6,

34.5, and 32.8 °C for the FC, FNO, FN3, FN5, and FN7, respectively.
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The formulation used here consists of a complex heterogeneous system containing
glycerol-rich domains dispersed in a starch-rich continuous phase, and each component should
exhibit its own Tg. The Tg at 20.1 °C was associated with the glass transition of the starch-rich
phase. However, the Tg of the glycerol-rich phase, located between -80 and -50 °C, could not be
determine because refrigerated cooling of the DSC systems is limited. Incorporation of the
cellulose nanofibers into the starch matrix shifted the Tg of the starch-rich phase to higher
temperature; from 26.8 to 34.5 °C. Increased Tg is consistent with the mechanical properties
(more rigid and less flexible) and the decreased moisture content of the films upon addition of
the nanofiber (Table 2). Water is a plasticizer; diminished water content in the film reduces the
plasticizing effect and favors the formation of more thermally stable materials. The mechanical
treatment of the cellulose nanofibers also improved the Tg of the nanocomposites; FN5
presented the highest Tg value, probably because the homogenized nanofibers are better
distributed in the matrix, promoting more cellulose-starch and cellulose-glycerol interactions.

Several authors have reported increased Tg for films upon addition of cellulose
nanofibers [40,64,67]. This is a result of certain factors that occur simultaneously, such as:

(i) Cellulose-water interactions guide the redistribution of water molecules on within the polymer
matrix, reducing the plasticizer effect of water [72].

(ii) Strong interactions between the matrix and cellulose nanofibers, mainly between the
hydroxyl groups of starch and cellulose, reduce matrix mobility. According to Anglés and
Dufresne [73], the amylopectin molecules and reactive cellulose surface have a strong affinity,
because both components contain a high density of hydroxyl groups. This coupling effect could

culminate in restricted molecular mobility of amylopectin molecules in contact with the
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nanofibers surface. Owing to the very high specific surface of cellulose nanofibers, this hindered
mobility could be strong enough to affect the global flexibility of the starch matrix.

(iii) Selective partitioning of glycerol within the material in the presence of cellulose nanofibers,
with glycerol presenting higher affinity for the cellulose surface than for the starch-based matrix.
The main plasticizer migrates from the starch-rich domains toward the filler/matrix interface,
decreasing the plasticizing efficiency of glycerol for the starch matrix. This phenomenon should

result in increased of Tg and could be more pronounced emphasized in moist conditions [73].

4. CONCLUSIONS

Compared with the control film, the nanocomposites reinforced with cellulose nanofibers
present higher tensile strength, Young’s modulus, water-resistance, opacity, crystallinity, and
thermal stability. The improved performance of the nanocomposites were attributed to (a) the
chemical similarities between starch and cellulose, (b) the fact of these components are from the
same source, (c) the nanometric size effect of the nanofibers, and (d) the hydrogen bonding
interactions between the fillers and the matrix. Regarding the mechanical treatment, as the
number of passages through the high-pressure homogenizer increased, the nanocomposites
containing homogenized nanofibers (FN3 and FN5) displayed better properties than the
nanocomposite produced with the non-homogenized nanofibers (FN0). On the other hand, the
drastic mechanical treatment involving seven passages through the homogenizer led to defects in
cellulose nanofibers, which act as crack initiators deteriorating the properties of nanocomposite

FN7. Hence, we considered that five passages through the homogenizer was the most suitable
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condition for the mechanical treatment of cellulose nanofibers, because we obtained
nanocomposites with improved features.

Starch and cellulose nanofibers isolated from unripe bananas are potentially applicable as
matrix and reinforcing material in biodegradable films, respectively. Furthermore, any
agricultural residue, in this case banana peel, can be a source for processing cellulose nanofibers.
The nanocomposites produced in this work could find applications in the food packaging

industry because they are biocompatible, biodegradable, and non-toxic.
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Figure captions

Figure 1. SEM surfaces (500x, scale bar = 10 um; 2000x, scale bar = 3 um) and cross-sections
(2000x, scale bar = 3 um) of the control film (FC) and nanocomposites reinforced with cellulose
nanofibers that were passed through the high-pressure homogenizer zero (FNO), three (FN3), five

(FN5), and seven (FN7) times.

Figure 2. EDS spectra of the control film (FC) and nanocomposites reinforced with cellulose
nanofibers that were passed through the high-pressure homogenizer zero (FNO), three (FN3), five

(FN5), and seven (FN7) times.

Figure 3. Typical stress-strain curves obtained for the control film (FC) and nanocomposites
reinforced with cellulose nanofibers that were passed through the high-pressure homogenizer

zero (FNO), three (FN3), five (FN5), and seven (FN7) times.
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Figure 4. (a) Water uptake during conditioning at 95% RH as a function of time for the control
film (FC) and nanocomposites reinforced with cellulose nanofibers that were passed through the
high-pressure homogenizer zero (FNO), three (FN3), five (FN5), and seven (FN7) times. (b)

Initial part of water absorption curves of the films.

Figure 5. (a) Appearance of the control film (FC) and nanocomposites reinforced with cellulose
nanofibers that were passed through the high-pressure homogenizer zero (FNO), three (FN3), five
(FN5), and seven (FN7) times. (b) Gloss values of the films, where E is the surface side exposed
to air drying and I is the surface side in contact with the support plate. Error bars represent

standard deviation of the mean value.

Figure 6. X-ray diffraction patterns of the cellulose nanofibers (NC), control film (FC) and
nanocomposites reinforced with cellulose nanofibers that were passed through the high-pressure

homogenizer zero (FNO), three (FN3), five (FN5), and seven (FN7) times.

Figure 7. FTIR spectra of the control film (FC) and nanocomposites reinforced with cellulose
nanofibers that were passed through the high-pressure homogenizer zero (FNO), three (FN3), five

(FN5), and seven (FN7) times.
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Figure 8. DSC thermograms of the control film (FC) and nanocomposites reinforced with
cellulose nanofibers that were passed through the high-pressure homogenizer zero (FNO), three

(FN3), five (FN5), and seven (FN7) times.
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Table 1. Characteristics of cellulose nanofibers from banana peel that were passed through the
high-pressure homogenizer zero (NO), three (N3), five (N5), and seven (N7) times (data from

Pelissari et al. [23]).

Diameter, D Length, L Aspect ratio Polydispersity  Zeta potential

Sample index

(nm) (nm) (L/D) (mV)
NO 10.9+23" 4549+6.6° 427+75° 1.00+0.00° +-16.1+0.7°
N3 140+3.7® 3956+11.1° 29.4+69" 0.68+004"  -284x17°
N5 188 +4.6® 3752+9.3° 208+55°  0.56%0.04° -36.6 + 1.3°
N7 226+41° 3351+6.6° 151+23° < 064+003°  -441%21°

abeT Different letter superscripts in the same column indicate a statistically significant difference

(p < 0.05).
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Table 2. Thickness, density, and moisture content of the control film (FC) and nanocomposites
reinforced with cellulose nanofibers that were passed through the high-pressure homogenizer

zero (FNO), three (FN3), five (FN5), and seven (FN7) times.

Thickness Density Moisture content
Sample
() (glem®) (%)

FC 85 + 12 1.21 +0.01° 15.9 + 0.4°
FNO 85 + 12 1.15 +0.01° 15.6 + 0.2%
FN3 85 + 42 1.17 £ 0.01° 15.2 +0.3"
FN5 86 + 1° 1.17 £ 0.01° 14.9 + 0.2
FN7 86 + 3° 1.15 + 0.01° 145 +0.1°

ab¢ Different letter superscripts in the same column indicate a statistically significant difference

(p < 0.05).
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Table 3. Mechanical properties of the control film (FC) and nanocomposites reinforced with
cellulose nanofibers that were passed through the high-pressure homogenizer zero (FNO), three

(FN3), five (FN5), and seven (FN7) times.

Tensile strength  Elongation at break  Young’s modulus

Sample
a 0 a
(MPa) (%) (MPa)
FC 7.3+ 0.5 322+ 1.4 478.6 + 51.3
FNO 8.9 +0.5° 25.9 +0.9° 768.6 + 80.9"
FN3 10.1 + 0.3 21.6 +1.3° 066.8 + 76.0°
FN5 11.1 +0.5° 21.4 +0.4° 1047.7 + 13.4°
FN7 9.9 + 0.4 20.7 +1.3° 663.1 + 76.7°
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2P Different letter superscripts in the same column indicate a statistically significant difference

(p < 0.05).
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Table 4. Solubility in water and water vapor permeability (WVP) of the control film (FC) and
nanocomposites reinforced with cellulose nanofibers that were passed through the high-pressure

homogenizer zero (FNO), three (FN3), five (FN5), and seven (FN7) times.

Solubility in water ~ WVP (10™ g/m.s.Pa)

Sample

(%) 2 —33% 33— 64% 64 —90%
FC 32.3+15° 10.7+0.1* 275+02* 395+0.6°
FNO 27.2 £ 1.4 57+05° 164+04" 17.2%0.2°
FN3 25.4 + 1.4 40+01° 13.0+0.6° 12.0+0.6°
FN5 23.9+0.9° 35+05° 11.2#01° 89%0.7°
FN7 29.0 + 1.6 6.0+0.1° 18.8+01° 254%0.4°

abede Different letter superscripts in the same column indicate a statistically significant

difference (p < 0.05).
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Table 5. Barrier properties of the control film (FC) and nanocomposites reinforced with
cellulose nanofibers that were passed through the high-pressure homogenizer zero (FNO), three

(FN3), five (FN5), and seven (FN7) times.

M., D
Sample S
(%) (107 mm?/s)

FC 30.50 + 0.27 2.73+0.10 0.42 +0.02
FNO 28.48 + 0.26 2.44 #0.05 0.27 £0.01
FN3 26.06 + 0.42 2.05 +0.08 0.27 +0.01
FN5 24.91 + 0.33 1.71+0.09 0.16 +0.01
FN7 26.15 + 0.25 2.20 +0.12 0.27 +0.01

Water content at equilibrium (M), diffusion coefficient (D), and sorption coefficient (S).
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Table 6. Optical properties of the control film (FC) and nanocomposites reinforced with
cellulose nanofibers that were passed through the high-pressure zero (FNO), three (FN3), five

(FN5), and seven (FN7) times.

Sample L* a* b* AE* Opacity (%)
FC 95.66 +0.05° -0.02+0.01° 0.72+0.01° 0.81+0.04* 26.1+0.5°
FNO 95.14 £0.08° -0.04+0.01° 0.95+0.01° 1.37+0.07° 455£0.2°
FN3 95.14 £0.04° -0.04+0.01° 1.01+0.01° 1.39%0.03° 46.2+0.2°
FN5 9512 +0.04° -0.04+0.01° 1.01£0.01° 1.42+0.04° 49.1+0.4°
FN7 94.99 £0.01° -0.04+0.01° 1.05+0.01° 155%0.01° 49.6+0.2°

abeIDifferent letter superscripts in the same column indicate a statistically significant difference

(p'<0.05).
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