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Biodegradable films were prepared using regular and waxy starch and reinforced with cellulose nanofibers
(CNF) from eucalyptus. Both films were characterized by their optical, structural, barrier, thermal and
mechanical properties. The films presented a homogeneous, smooth surface without bubbles or cracks and
good handling characteristics. Both films showed a mixture of B and V-type diffraction patterns. The water
solubility of the samples decreased after the incorporation of nanocellulose. The water vapor permeability
for both sources significantly reduced after incorporating nanocellulose at 0.5% and 1%. It is possible to
observe that the addition of CNF increased the thermal stability of the starch films. On the other hand, the
incorporation of nanocellulose improved either the mechanical resistance of the starch films.

Keywords: Amylose, biodegradable films, mechanical resistance, nanocellulose, thermoplastic.

1. Introduction

Global ecological and environmental challenges, such
as the increase in non-biodegradable waste material and
the difficulty in recycling most of the synthetic packaging
have been demanding the need for renewable sources to be
increasingly used'. Starch films are a class of promising
biodegradable polymers in the market, as alternatives to the
use of petrochemical derivatives®.

Starch is the most widely employed in the elaboration of
films, due to its low cost and abundance in nature®. Features
great capability to form a colorless and transparent polymer
matrix, and it is also a heterogeneous material containing
different concentrations of amylose and amylopectin®.
The amylose content in waxy starch is lower than 5%,
whereas ranging from regular starch 15-30% and high
amylose starch 35-70%.

According to Wang et al. (2015)7 amylose content is
important for the structural stability of starch and the formation
of biodegradable films, with linear chains and a network
stabilized by hydrogen bonds. Its content influences of their
tensile strength and elongation®’. In contrast, the polymeric
chains of amylopectin can be highly tangled together due to
their branching and shorter length, leading to the formation
of inter-chain hydrogen bonds®.

However, the application of starch film is limited by its
mechanical properties and barrier ability. These films are
highly hygroscopic, loosely flexible and brittle'®. Moreover,
retrogradation of the mobile starch chains leads to an undesired
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change in thermomechanical properties'!. To enhance the
properties of these films, the additives, such as cellulose
nanofibers (CNF) can be used to improve the mechanical,
barrier, physical and thermal properties of starch due to
the nanometric size and high crystallinity of cellulose'>".
Natural fibers are produced in billions of tons annually
worldwide and are therefore abundant, inexpensive and
readily available. The nano cellulosic structure embedded in
the polymeric matrices makes the films more mechanically
resistant while still keeping the process environmentally-friendly
and sustainable'®. Therefore, the objective of this work was
to investigate the thermal, morphological, and mechanical
properties of regular and waxy maize starch films reinforced
with cellulose nanofibers (CNF). The films were produced
by casting using glycerol (as plasticizer) and CNF (as an
additive), in which the last was added after starch gelatinization.

2. Experimental

2.1 Materials

The regular maize starch containing 27% amylose
content, 33.4% relative crystallinity and 7.4 J/g gelatinization
enthalpy and waxy maize starch containing 0.8% amylose
content; 37.7% relative crystallinity and 11.4 J/g gelatinization
enthalpy, used in the experiments were kindly donated by
Ingredion Brazil Industrial Ingredients LTDA, located in
Balsa Nova, Parand, Brazil. Glycerol (PA) was used as a
plasticizer. The remaining reagents were of analytical grade.
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2.2 Cellulose nanofiber (CNF) preparation

Bleached Eucalyptus Pulp (BEP) used in the experiments
were kindly donated by Positivo University- Parana- Brazil
as a raw material for CNF preparation as follows. BEP was
dispersed in 2L of distilled water at 1% using a lab mixer
and ground in an MKCA 6-2 ‘Supermasscolloider”, Masuko
Sangyo (Kawaguchi, Japan) for 25 passes. After CNF
production, CNF was oven-dried until constant weight'>.
Zeta potential of the eucalyptus nanocellulose suspension
showed a value of -23.1 mV and an average particle size of
14.24 nm in previous analysis.

2.3 Preparation of starch and nanocellulose films

The films were prepared according to the procedure
described in Fan et al. (2016)' with the following
modifications. In brief, the films were composed of starch
(7.0 g in dry basis), glycerol as the plasticizer (3.0 g) and
100 mL of deionized water. The dispersion was stirred
manually in a beaker-type flask and heated for 7 min on a
heating plate. After starch gelatinization (approximately at
90°C) the system was cooled down to 40°C and the CNF
suspensions were added at 0, 0.5, 1 and 1.5%. Before the
characterization tests, the films were conditioned at 25°C
for 5 days in a desiccator with a relative humidity of 53%
(using a saturated solution of MgNO?3).

2.4 Moisture content of the films

The moisture content of samples of the films
(approximately 2x2 cm) was determined, in triplicate, by
gravimetric analysis measuring the weight loss of the films
before and after drying in a laboratory oven at 105°C for 24 h.

2.5 Solubility in water

The films’ solubility (S) was calculated using the method
described by Pelissari et al. (2017)"" with modifications.
Initially, three discs of 4cm? were dried in a laboratory oven.
The samples were weighed, to obtain the initial dry weight
(Wi), and were then immersed into 50mL water at 25°C for
24h, kept under continuous mechanical stirring using an orbital
shaker (Novatecnica-NT 714, Piracicaba, Brazil). Then, the
water containing the discs was filtered, the insoluble matter
dried at 105°C for 24 h, and the resulting material weighed
to obtain its final dry weight (Wf). The analyses were carried
out in triplicate, and the solubility in water (%) of the films
was calculated according to Equation 1:

g iy
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in which Wi is the initial dry weight (g), and Wf'is the final
dry weight of the sample (g).

2.6 Water vapor permeability (WVP)

Each film sample was sealed over a circular opening
(area=0,000707m,) in a permeation cell that was conditioned
at 25°C in a desiccator. As outlined in the standard method,
anhydrous calcium chloride (0% Relative Humidity) was
placed inside the cell, while saturated sodium chloride solution
(75% Relative Humidity) was placed in the desiccator.
Owing to the vapor pressure gradient across the film, the
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water vapor diffused continuously through the film can be
determined from the weight gained by the permeation cell.
The fluctuation in cell weight of the cell was measured
for 4 days'®'®!° and the WVP was calculated using Eq. 2
extracted from a recent study'®:

Am

WP = x4 XAP)(d)

@

in which WVP refers to water vapor permeability, d to film
thickness (m), Am to the weight increase of the cup (g), A to
the exposed area (m?), At to the time for permeation (s), and
AP to the difference in water vapor pressure across the film
(1753.55 Pa). All measurements were carried out in triplicate.

2.7 Thickness of the films

The thickness of the prepared films was measured using
a digital micrometer (Mitutoyo, Japan, 0.001 mm accuracy).
The reported thickness values are the mean values of ten
film specimens. The average value of each film was used to
calculate their tensile properties and the WVP.

2.8 Mechanical properties

Tensile Strength (TS), Elongation at break (E) and Young's
Modulus (YM) of the films were cut in thin rectangular
strips (7x0.5cm) and measured ten times on each film
using a Shimadzu AG-I 10 KN. Self-tightening roller grips
were used to perform the tensile tests. The initial distance
between the grips and the initial velocity was adjusted
to 50 mm and 25 mm/min, respectively. The mechanical
properties of the films were calculated using the average
thickness of each sample®.

2.9 Morphological analysis

The morphology of all films was analyzed by field emission
gun-scanning electron microscopy (FEG-SEM) in a MIRA 3
(Tescan, Czech Republic). The samples were prepared with
gold plating, using 15 kV voltage and approximately 2 kx
magnification to obtain the images obtained in the Image J
software (Image J 1.47 to WindowsTM)?!.

2.10 Thermogravimetric analysis (TGA)

The thermal stability of the film samples was determined
by thermogravimetric analysis DTG-60 equipment (Shimadzu,
Japan) under synthetic airflow of 150 mL/min with a heating
rate of 10°C/min from 30 to 600°C. Each sample was
weighed around 7.0 + 2 mg and placed in open a-alumina
crucible (BET et al., 2018). The percentages of mass loss
and the DTG curves were obtained using TA-60 WS data
analysis software.

2.11 X-ray diffraction (XRD)

The X-ray diffractograms (XRD) were obtained using
an X-ray diffractometer (Ultima IV, Rigaku, Japan) with
CuKa radiation (. =1.5418A), a tension of 40kV and an
electric current of 20mA. Film samples were cut into small
pieces (2x2 cm) and maintained in a desiccator with silica
gel (0%RH) for 5 days. Then, the analyses were performed
at 20°C in an angular range of 3-40° (20), scanning speed
of 2°/min, and a step of 0.02°%,
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2.12 Statistical analysis

The results are expressed as the mean + standard deviation
and were analyzed using Action Stat 3.3 software (Estatcamp,
Sao Paulo, Brazil). One-way analysis of variance (ANOVA)
was used to study the influence of moisture content, solubility
in water, thickness, water vapor permeability and mechanical
properties on film properties. Tukey’s test was conducted
to determine the differences between the means at a 95%
confidence level (p < 0.05).

3. Results and Discussion

3.1 Characterization of the films

The moisture, solubility, WVP, thickness, and mechanical
properties of regular and waxy maize starch films reinforced
by nanocellulose from eucalyptus are shown in Table 1.
The moisture content was significantly reduced for the regular
and waxy starch CNF-reinforced films. Pelissari etal. (2017)"7
also observed a decrease in humidity after the addition of
nanoparticles in banana starch films. The same behavior
was reported by Li et al. (2015)° in pea starch films. This
reduction may be explained by the fact that nanofibers are
less hydrophilic compared to starch?.

The water solubility also decreased after the incorporation
of nanocellulose, especially for the regular maize starch
films. The lowest values found were for N2 and W2, which
contained 1% of nanocellulose compared to their controls
(Table 1). Several researchers observed that the addition of
nanocomposites can reduce the solubility in aqueous medium
of starch-composite films!”2+%3.

The WVP for both regular and waxy starch sources was
significantly lower for N1 and N2 compared, and W1 and
W2, compared to their respective controls (Table 1). This
reduction indicates an improvement in the barrier properties
of the films and may be related to the nanometric size of the
particles added as reinforcement, therefore improving their
dispersion in the starch matrix and making more homogeneous

films'®. Also, the addition of nanocomposites probably forms
a barrier to water passage, resulting in a more tortuous path
for moisture transfer®?. However, as nanocellulose was added
above the 1% threshold for both N3 and W3, resistance to
moisture transfer decreased. This may have been due to a
possible aggregation of nanocellulose, thus resulting in lower
interaction with the starch matrix affecting the integrity and
resistance to moisture of those films®**.

The film thickness ranged from 0.071 to 0.078 pm and no
significant difference was observed for the studied samples
because the weight of the film suspensions that were poured
on polystyrene plates was the same for all cases. Maintaining
film thickness uniformity is important for good repeatability
during mechanical characterization, as uniform thickness is
the basis for determining various film functional variables'®.

The mechanical properties of thermoplastics depend
not only on the shape, alignment, quantity, and size of
nanoparticles but also on the ability of the polymeric matrix
to transfer stress?. Regular maize starch films showed better
maximum tensile strength compared to waxy starch films,
due to their higher amylose content. The extensive and
linear structure chain enables interaction with hydrogen
bonds, which makes it capable of producing stronger films
compared to the structure of amylopectin, which has a short,
highly branched chain that reduces entanglement and makes
films more fragile®*.

The highest values for TS may be attributed to the
improved dispersion in the starch matrix*® and the good
compatibility and formation of hydrogen bonds between
starch and nanocellulose'®. Those factors probably contributed
to the stress transfer from the matrix to the nanoparticles,
therefore improving the films’ resistance!3232530-3,

As it can be seen from Table 1 the results showed a
significant increase in the maximum TS from 3.99 to 6.58 MPa
after the addition of eucalyptus nanocellulose into regular
maize starch films, presented better mechanical properties
values than those found by Fan et al. (2016)'%, who also
worked with regular maize starch films. There was an increase

Table 1. Moisture content, solubility in water, water vapor permeability (WVP) and mechanical properties of regular and waxy maize

starch films reinforced with cellulose nanofibers (CNF).

Regular Maize Starch

Sample Moisture Solubility in ~ WVPx 10° Thickness Mechanical Properties®
film content (%) water (%) (g/msPa) (pm) TS (MPa) E (%) YM (MPa)
NO 29.06%+ 0.01  22.86+ 0.02 1.39+0.02 0.076% 0.01 3.99°+0.36 59.75* +£2.66 299.00° + 10.39
N1 25.87°+0.01 17.88*+0.01 1.20°+:0.04  0.077°+0.01 5.95°+0.38 49.19 + 5.88 956.89* + 13.68
N2 26.77°+0.01  16.02°+ 0.01 1.16*£0.04  0.073*+0.01 6.58*+0.57 62.37+3.64  1085.26*+ 14.98
N3 27.46°+0.01  20.23*+0.01 1.322+£0.02  0.078*+0.01 5.96"+ 0.52 45.08"+3.01 906.46" + 25.87

Waxy Maize Starch

Sample Moisture Solubility in WVPx 10° Thickness Mechanical Properties?

film content (%) water (%) (g/msPa) (mm)
TS (MPa) E (%) YM (MPa)

WO 27.54*+1.65 32.85*+0.01 1.42*+0.02  0.073*+0.01 2.06°+ 0.19 133.39*+ 11.50  1209.91*+ 9.06
W1 24.70*+3.32  29.58%+0.01 1.11°40.04  0.071*+0.01 2.33%®+ (.35 99.35*+£13.61  1122.32*+10.94
w2 25.35®+1.83  27.02°+0.01 1.21°+:0.04  0.074*+0.01 2.42°+0.11 93.84"+7.63 1087.25* £ 13.21
W3 24.85*+0.55 30.47*+0.01 1.39*+0.06  0.072*+0.01 2.15%+0.10 88.85"+2.63 1110.19*+£7.16

Note: NO = regular starch film with 0% nanocellulose; N1 = regular starch film with 0.5% nanocellulose; N2 = regular starch film with 1% nanocellulose;
N3 =regular starch film with 1.5% nanocellulose, W0 = waxy starch film with 0% nanocellulose; W1 = waxy starch film with 0.5% nanocellulose; W2 = waxy
starch film with 1% nanocellulose; W3 = waxy starch film with 1.5% nanocellulose. **< Different letters in the same column indicate significant differences
(p < 0.05) between means (Tukey test). TS = tensile strength; E = elongation; YM = Young’s modulus.
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in TS from 2.06 to 2.42 MPa for waxy maize starch films.
According to Li et al., (2014)* the addition of cellulose
strengthens the starch polymer matrix which leads to the
increased strength of biodegradable films.

The use of over 1% nanocellulose (1.5%) led to a
decrease in tensile strength (Table 1), although it was still
higher than the CNF-free films. This reduction is probably
due to the aggregation of nanocellulose to a discontinuous
and heterogeneous phase, which consequently decreased
the films’ mechanical properties*!®,

The addition of CNF in films may favor increased tensile
strength and generally decreased elongation at break (E)?5.
Decreased E was observed for the waxy starch film samples
after incorporation of nanocellulose, while for regular starch
films it was observed a decrease in only for N1 and N3.
Lower elongation values indicate that the obtained films
have less flexibility'S.

Materials Research

All CNF-added regular starch films showed an increase
in YM. On the other hand, the waxy maize starch films
did not show a significant difference between the samples
indicating that the incorporation of nanocellulose did not
interfere in this parameter. Waxy maize starch films showed
higher values of elongation at rupture (E) when compared
to regular starch films, in which higher values indicate that
the films have higher flexibility'e.

3.2 Morphological analysis

The regular and waxy maize films presented homogeneous,
smooth surface, bubble or crack-free and good handling
characteristics. The micrographs suggest good compatibility
between the nanocellulose and the matrix, as indicated by
the homogeneous surface of the films (Figure 1). However,
it is possible to observe smooth inhomogeneous clusters in
micrographs N3, W1, and W3. According to Manoel et al.

(N1)

20 pm

Figure 1. Morphological analysis of the films. Note: NO = regular starch film with 0% nanocellulose; N1 = regular starch film with 0.5%
nanocellulose; N2 = regular starch film with 1% nanocellulose; N3 = regular starch film with 1.5% nanocellulose, W0 = waxy starch film
with 0% nanocellulose; W1 = waxy starch film with 0.5% nanocellulose; W2 = waxy starch film with 1% nanocellulose; W3 = waxy

starch film with 1.5% nanocellulose.
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(2017)%, this fact can occur due to a possible formation of
bubbles and/or partial gelatinization.

According to Mali, Grossmann, and Yamashita, (2010),
the higher the amylose content in the starch source, the better
is the formation of the biodegradable film. The amylose
content within the studied starch sources was 27 and 0.8% for
regular and waxy starch, respectively, which are characteristic
for these sources®.

It was observed that the starch granules were gelatinized
and formed a continuous phase with glycerol. No visible
aggregation of nanocellulose and microphase separation
were observed in the produced films. Morphological surface
similar was found by Basiak; Debeaufor and Lenart (2016)"%,
when analyzing wheat starch films.

Melo, Aouada, and Moura (2017)* reported a decrease in
the number of formed pores in nanocomposites incorporated
films which increased their compaction and mechanical
properties.

Lietal. (2015)° observed that the surface of the control
film was smooth and compact, while the films became

rougher as the nanocellulose content increased. Zheng et al.
(2009)* reported that nanocomposites containing 2% pea
starch nanocrystals showed a fractured morphology with
some fine and dense impressions.

3.3 Thermogravimetric analysis (TGA)

The thermal decomposition under the oxidative atmosphere
of the starch films was investigated. Both thermogravimetry
(TGA) and first-derivative thermogravimetric (DTG) curves
were obtained, as shown in Figure 2 and Figure 3. All TG
curves showed similar profiles and four mass loss steps.

The first decomposition was observed and regularly
attributed to moisture removal***!. After this step, it is possible
to observe in the temperature range between 180 and 250°C,
an evident mass loss due to the decomposition of the glycerol-
rich phase that also contains starch. Amylose-rich starches,
such as regular maize ones were reported to have a maximum
extent of plasticization, due to its minor content in rigid
linear chains that helps the glycerol-starch interaction. Starch
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Figure 2. TGA curves and DTG of regular maize starch films. Note: NO = regular starch film with 0% nanocellulose; N1 = regular starch
film with 0.5% nanocellulose; N2 = regular starch film with 1% nanocellulose; N3 = regular starch film with 1.5% nanocellulose.
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Figure 3. TGA curves and DTG of regular and waxy maize starch films. Note: W0 = waxy starch film with 0% nanocellulose; W1 = waxy
starch film with 0.5% nanocellulose; W2 = waxy starch film with 1% nanocellulose; W3 = waxy starch film with 1.5% nanocellulose.

samples submitted to TGA analysis normally presents a step
of mass stability from around 180 to 250°C*.

The regular maize starch films had a mass loss between
21-31%, which was significantly higher than the one observed
for waxy maize films (16-22%) in the same temperature
range (30-250°C). The addition of glycerol affects the intra
and intermolecular links of the starch because of the strong
hydrogen bonds formed between the hydroxyl groups of
starch chains and glycerol. Therefore, it is easier to degrade
the polymer chains in the presence of glycerol or other
plasticizer agents*. On the other hand, this behavior differs
in waxy starches considering it is virtually amylose-free.
It is possible to observe that the addition of CNF increased
the thermal stability of the CNF-composite films provided
that only up to 1% CNF is added.

The third mass loss, between 250 and 350°C, refers to
the starch-glycerol matrix thermal degradation. Mass loss
suggests the greater the number of molecules of glycerol

linked in the plasticized starch phase, the higher is the mass
loss in this same temperature range*. All samples showed a
mass loss around 64% in this temperature range. Finally, the
fourth stage (around 350°C) corresponds to the oxidation of
the partially decomposed starch and is represented by a mass
loss around 10-15% yielding less than 1% ash.

3.4 X-ray diffraction (XRD)

The CNF-added regular and waxy maize starch films
displayed a mixture of B and V-type crystal types (Figure 4).

Also, it was possible to observe an entirely amorphous
structure in the thermoplastic waxy starch film. This result
is consistent with Wang et al. (2017)%, reporting that the
crystallinity content of starch films increased with high
amylose content, while films based solely on amylopectin
were amorphous.
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Figure 4. X-ray diffractograms of starch samples and films. Note: NO =regular starch film with 0% nanocellulose; N1 = regular starch film
with 0.5% nanocellulose; N2 = regular starch film with 1% nanocellulose; N3 = regular starch film with 1.5% nanocellulose, W0 = waxy
starch film with 0% nanocellulose; W1 = waxy starch film with 0.5% nanocellulose; W2 = waxy starch film with 1% nanocellulose;

W3 = waxy starch film with 1.5% nanocellulose.

According to Sarka and Dvoracek (2017)%, amylose-rich
films are more prone to recrystallization, this justifies the
presence of peaks in films based on regular maize starch
(N0, N1, N2, and N3). Besides, the formation of crystalline
structures in thermoplastic starch depends on the starch
source, the amylose/amylopectin ratio, and the degree of
branching and the length of the amylopectin outer chains?.

4. Conclusion

The moisture content, water solubility, and water
vapor permeability have been significantly reduced by the
presence of CNF for both regular starch films and waxy
starch films. It was possible to observe that the addition of
CNF increased the thermal stability of the films since only
1% of the suspension is added. A significant effect was also
observed on the mechanical properties. Compared with the
control film, the regular starch and waxy starch films showed
that the nanocomposites RM increased with the addition of

cellulose nanofibers and the AR had a decrease in their values.
Eucalyptus CNF was found to be efficient in improving the
barrier, the mechanical and thermal properties of regular
and waxy starch films. The use of this nanofiber represents
an interesting route to produce more resistant starch-based
materials because the inclusion of nanocellulose resulted in
an important enhancement of their mechanical properties,
therefore suggesting their potential for use as packaging
materials and in biodegradable films.
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