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A method of obtaining exfoliated nanocomposite films based on biopolymers has been reported. The method is
based on the incorporation of modified bentonite clay by mixing surfactants into a biodegradable matrix. The bio-
polymer used was cassava starch, which has a high hydrophilicity, which makes it less desirable than synthetic

Accépted 3 Jl.ﬂy 2018 polymers, when used as a film matrix for coating. The improvement of this was proposed with the formation
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of a nanocomposite matrix by the high exfoliation of the modified bentonite clay used as reinforcement material.

Keywords: The degree of exfoliation of the sequential modification in bentonite with three surfactants throughout the cas-

sava starch film was investigated by XRD, FTIR, AFM, SEM, OM and contact angle. The physicochemical properties
of the nanocomposite films were analyzed for water vapor permeability, ductility, opacity, thermal stability and
water solubility. Finally, the clay modified in the presence of the three surfactants was the reinforcement material
that contributed the most to the physical/chemical properties of the control starch film, among which it reduced
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90.6% of the water vapor permeability, as well as 77.43% of the maximum dissolution.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The use of biopolymer films in the food industry as packaging for coat-
ing of fruit and vegetable is increasing due to the intense demand for
good products [1,2]. This occurs from biopolymers being biodegradable
matrices from renewable sources that can reduce environmental pollu-
tion caused by non-degradable synthetic polymer residues [3]. To com-
pete with these conventional materials, biopolymers must have their
physicochemical properties modified, since their hydrophilic nature in-
fluences the barrier properties of the coating [4]. Therefore, the demand
for an edible coating that is sustainable and with excellent water vapor
barrier, mechanical, optical and thermal properties is a challenge.

Cassava starch, cheap and affordable product, is considered to be one
of the most promising candidate materials for the manufacture of
biodegradable films [5]. However, low thermal, optical, mechanical
and water vapor barrier properties limit the starch-based films to be
used [6]. An option to improve these properties is the incorporation of
clay minerals as reinforcing material to the biopolymer matrix forming
bionanocomposites [7,8].
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In this perspective, bionanocomposite films have improved physico-
chemical properties in relation to the original biofilm, considering that
nanomaterials are scattered to the biopolymer matrix giving it a barrier
character [6]. However, the simple mixing of biopolymer and clay min-
erals does not always result in the generation of a bionanocomposite,
since the degree of dispersion of the clay minerals in the biopolymer
matrix is directly related to obtaining a film with uniform properties.
This difficulty is due to the weak interactions between the biopolymer
and the natural clay, resulting in an intercalated dispersion of the rein-
forcing material in the biopolymer matrix [9,10].

The solution of this, in turn, is for the natural clay to present counter-
ions on the intercalated surface of the silicate layers, which favors the
ion exchange reaction with modifiers through hydrogen bonds [11].
Such modifiers provide space and compatibility for the biopolymer
structure to interlace and thus exfoliate the silicate layers of the clay
by dispersing them uniformly forming bionanocomposites [7,8]. In
fact, in previous studies [12-15] was observed improvements in physi-
cal and chemical properties of the cassava starch film due to the forma-
tion of bionanocomposites by the presence of bentonite clay modified
by ionic surfactants.

Finally, the present work aimed to apply a new reinforcement
material in cassava starch films aiming a potential improvement of the
physical/chemical properties of the pure starch film, such material is
bentonite clay synergistically modified by three types of surfactants
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(cationic, anionic and nonionic). The performance of this was compared
to that of bentonite clay in its natural state and also modified with both
(cationic and anionic) and with a (cationic) type of surfactant.

2. Materials and methods
2.1. Materials

Cassava starch was supplied by the Inddstria Primicias do Brasil,
Macaiba, RN, Brazil. The clay used was Calcium Bentonite (Bent-Ca),
gently supplied by Armil Minera¢dodo Nordeste (AMN), Parelhas, RN,
Brazil, with a mean particle size of 0.074 mm and a cation exchange ca-
pacity of 90 mmol/100 g (determined by the method of adsorption of
methylene blue). The chemical composition of Bent-Ca used was char-
acterized by X-ray fluorescence (XRF) and the result is listed in
Table 1. The cationic surfactant used was cetyltrimethyl ammonium
bromide (CTAB) of molecular formula C;gH4,BrN, supplied by
Proquimios. The anionic surfactant was sodium dodecyl sulfate (SDS)
of molecular formula NaC;,H,5S0,, supplied by Oxitene. The nonionic
surfactant was the class of lauryl alcohol (ALEOn) with an ethoxylation
number equal to 23, termed as diethylene glycol monododecyl ether
(C16H3403), supplied by Oxitene. The plasticizer used was glycerol,
with the denomination of glycerin P.A. - ACS with molecular formula
C3Hs(OH)s.

2.2. Surface clay modification

Three surface modifications in Bent-Ca were prepared, respectively,
in the presence of CTAB (1.0 CTC), CTAB (1.0 CTC) + SDS (0.2 CTC) and
CTAB (1.0 CTC) + SDS (0.2 CTC) + ALEO (0.2 CTC) and named: OBent-I,
OBent-II and OBent-III. Each superficial chemical modification in the
bentonite clay was determined by the methodology proposed by Liao
et al. [16], where the mass of each surfactant in 100 mL of distilled
water was established for each modification in relation to the Bent-Ca
ion exchange capacity.

The dispersion of the bentonite was 6% (by weight) in each system.
For this, 6 g of bentonite and 94 g of distilled water were mixed and
stirred for 30 min at 80 °C in a thermostat. The previous procedure
was continued for a further 2 h after addition of the surfactant solutions,
and a thermostatic bath was subsequently used to disperse the particles
in the mixture. Finally, each mixture was filtered and washed to remove
excess salt. The material trapped in the filtration was brought to the
oven at 60 °C and held for 24 h. After drying, they were macerated
with mortar and pistil, and then sieved in ABNT No. 200 sieve (¢ =
0.074 mm).

2.3. Obtaining the films

The film was prepared according to the methodology proposed by
Cyras et al. [17] and Monteiro et al. [13]. Five solutions were prepared
containing each 70 ml of distilled water, 5 g of cassava starch and 30%
(w/w) of glycerol in relation to the starch mass. The solutions were
heated at 70 °C for 15 min until complete homogenization.

In parallel, four distinct mixtures of 30 mL were prepared, containing
distilled water, respectively: Bent-Ca, OBent-I, OBent-II and OBent-III.
The mixtures were placed in an ultrasonic bath at room temperature,
25 °C. The amount of clay is related to 5% in dry mass of biopolymer.

The starch solutions and the respective clay mixtures were homoge-
nized forming four filmogenic solutions. To obtain the control film the
step of the addition of clay was neglected, being this filmogenic solution

constituted only of starch, glycerol and distilled water. The five final
film-forming solutions were placed in an ultrasonic bath for 30 min to
facilitate dissolution.

Each formed solution was used for the casting of films, where 40 ml
of film-forming solution were poured onto a plastic plate with a radius
of 7.5 cm. Plates were maintained at 25 °C for 36 h, after drying each film
was demolded by the end of the respective plate, with the aid of a stain-
less steel forceps of thin and anti-magnetic tip. The five films obtained
following the described procedure were denominated as: Control
(starch + glycerol + water), FB (starch + glycerol + Bent-Ca
+ water), FOBI (starch + glycerol + OBent-I + glycerol), FOBII
(starch + glycerol 4 OBent-II + water) and FOBIII (starch + glycerol
+ OBent-IIl + water).

24. Characterization of films

24.1. X-ray diffraction - XRD

The XRD analyzes were performed on a Bruker D2 Phaser diffrac-
tometer using Cu-Ka radiation (A = 1.5406 A) with Ni filter and
LYNXEYE detector. The scanning rate was 0.01°/s for a 20 interval of 2°
to 30° with a current of 10 mA and a voltage of 30 kV. The obtained
diffractograms were compared with the JCPDS (Joint Committee on
Powder Diffraction Standards). Using HighScore Plus Version 3.0e.
Rietveld's refinement of the diffraction data was employed using the
Maud software (version 2.55).

24.2. Fourier transform by infrared radiation - FTIR

The infrared absorption spectra were obtained with a BRUKER spec-
trometer, model FT-IR VERTEX 70, with scanning of 4000 to 400 cm™,
resolution of 4 cm™~" and number of scans 16. The samples were charac-
terized directly by total reflectance attenuated, without any
preparation.

2.4.3. Scanning electron microscopy — SEM

The micrographs were performed in microscope bench of brand
HITACHI model TM 3000 top, with detector High-sensitivity semicon-
ductor back scattered electron detector, with magnification of 1 kx op-
erating at 15 kV voltage acceleration with tungsten filament. The
powder of the samples was added in aluminum stubs and analyzed.

2.4.4. Atomic force microscopy — AFM

The morphological surface of the films was analyzed using a
Shimadzu atomic force microscope, Model SPM-9700. The analysis
was performed in the tapping mode with a scanning speed of 1 Hz. No
treatment was done on the sample for analysis.

2.4.5. Optical microscopy - OM

Optical microscopy observations were performed using an Olympus
BX52 microscope, equipped with an Olympus C5050Z camera. Optical
micrographs were obtained for each film using the incident light
mode. The samples were carefully poured into an alumina carrier and
spread under glass cover, at room temperature, before observations.

2.4.6. Contact angle - CA

The contact angle measurements are based on the sessile drop tech-
nique, according to Boinovich et al. [18]. The apparatus is composed of a
mobile base with sample holder, a camera (VP 540 s, Intelbras) and a
light source. The angle calculation methodology was based on the im-
ages formed by the intersection of the liquid-solid. The software used
to calculate the contact angle was Surftens 4.5.

Table 1
Chemical composition of Bent-Ca.
Elements Si0, Al,03 Fe,03 Ca0 MgO K,0 Na,0 Others
Mass (%) Bent-Ca 53.8943 15.7085 12.1755 10.1266 2.8674 1.6885 0.4705 3.0687
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2.5. Analysis of the physicochemical properties of the films

2.5.1. Thickness

The thickness of the films was measured using a Mitutoyo microm-
eter (Model MDC-25M, MFG/Japan). The measurements were taken at
five random points throughout the film.

2.5.2. Water vapor permeability - WVP

The water vapor permeability rate of the films was determined
gravimetrically, according to the standard method ASTM E96-93 [19]
with slight modification adopted in the studies of Oliveira et al. [20].
The films were cut into square pieces (2 cm x 2 cm) and sequentially
deposited on top of the WVP measuring cells. The water level was up
to 1 cm below the film. The weight of each cell was measured before
being deposited in a desiccator which contained silica stones at the bot-
tom, as well as a relative humidity of 50% and internal temperature of 29
°C. Cell weight was measured every hour over a period of 8 h. The WVP
of the films was calculated in g/m-s-Pa as follows:

W-.L

WVP = 2t ap

(1)

where:

W: Weight of the water permeated through the film (g);

L: Film thickness (m);

A: Permeation area (m?);

t: Permeation time (s);

AP: Pressure difference to water vapor between the two sides of the
film (Pa).

2.5.3. Solubility

To collect the solubility data, was used the methodology adapted
from Rhim et al. [21]. With this, discs with 2 cm of diameter were
dried at 105 °C for 1 h. The disks were immersed in distilled water at
room temperature, shaken for 24 h. Then the discs were again dried at
105 °C for 1 h. The solubility can be calculated from Eq. (2):

s—mi=m 00 )

where
mi: initial mass (g)
mf: final mass (g).

2.5.4. Opacity

The opacity of the films was determined by the colorimeter (CR 10,
Minolta), calibrated with a standard white background and a standard
black background. The opacity values were calculated according to
Eq. (3), according to Fakhouri et al. [22]:

Opy
Op=—-—"x100 3
P = Ops 3)
where:

Opn: opacity of the film against a black background
Opg: Opacity of the film against a white background.

2.5.5. Mechanical testing

The mechanical properties of the films were determined using a
DL5000/10,000 Series EMIC 23 Series, EMIC (Parana, Brazil) Testing Ma-
chine which operates according to the standard method of ASTM
D882-12 [23] at an assay speed of 5 mm/min with total force applica-
tion of 5 kN. The samples follow the same standard and are evaluated
with length of 50 mm, width of 5 mm and obeying the maximum thick-
ness of 0.25 mm.

2.5.6. Thermogravimetric analyzes — TGA

A thermogravimetric analyzer and simultaneous calorimeter, model
TG209F1 Libra and manufacturer NETZSCH were used for the analysis.
All the tests were carried out obeying the following parameters: alu-
mina crucible; nitrogen purge gas; bleed gas flow rate of 50 mL/min;
heating rate of 10 °C/min; final temperature of 600 °C and sample
mass of 5 mg.

2.5.7. Statistical analysis

All qualitative analysis data were collected in triplicate. The signifi-
cant difference between means was established by the Duncan method
with a level of statistical significance lower than 5%.

3. Results and discussion
3.1. Characterization of films as intercalated or exfoliated nanocomposites

3.1.1. X-ray diffraction

Fig. 1 shows the overlap of the XRD patterns of the control film, FB,
FOBI, FOBII, FOBIII, and Bent-Ca and OBent-III.

Fig. 1a shows the typical XRD patterns of cassava starch that accord-
ing to Zhu [6] characterize in 26 between 2 and 30° its semicrystalline
structure whose diffraction tendencies dominate in the amorphous re-
gion. It is possible to notice that the films FB, FOBI, FOBII, and FOBIII
tend to characterize bionanocomposites, due to the peak corresponding
to 001 plane of Bent-Ca clay to appear at angles of <2°. Moreover, the
characteristic peaks evidenced in the investigated scanning range
were 26 = 23°,20°,19° and 16°, respectively, with reference to the pres-
ence of the silicate layers identified in values of diffraction angles lower
than Bent-Ca in 26 = 25° [24,25].

a)

Intensity (a.u)

Bent-Ca

Intensity (a.u)

— Control
— FB
— FOBI
— FOBII
— FOBIII

T T T T T

5 10 15 20 25 30

b)

Bent-Ca
— OBent-1II

Intensity (a.u)

Fig. 1. XRD patterns: a) Control Film, FB, FOBI, FOBII, FOBIII and Bent-Ca and b) Bent-Ca
and OBent-III.
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Thus, it is verified that the structure of the cassava starch has been
able to interlace among the layers of silicate by dispersing them along
the biopolymer matrix in the following order FOBIII > FOBII > FOBI
> FB. FOBIII showed the highest degree of dispersion of the reinforcing
material characterizing the best exfoliated bionanocomposite, accord-
ing to Chiu et al. [8], it follows from OBent-III to show a high basal
space (see Fig. 1b), thus providing space for the starch to interweave be-
tween these layers, exfoliating them. This fact also arises from OBent-III
to provide electrostatic compatibility through the induced dipole bonds
between the monomers of the starch structure and the functional
groups of the clay modifier [7,8,26].

This result also characterizes FB as an intercalated bionanocomposite,
where according to Romero-Bastida et al. [27] occurs because the
thermoplasticized starch with glycerol becomes vulnerable to establish
intermolecular hydrogen bonding with the surface of the Bent-Ca, but
this presents stacked layers of silicate compactibilizadas by Van der
Waals force that makes such connections difficult, thus not having the in-
teraction of the starch with the Bent-Ca sufficient force to disperse the sil-
icate layers, with this, the Bent-Ca aggregation occurs stacked along the
starch.

3.1.2. Fourier transform by infrared radiation

The FTIR spectra of the control starch films and in the presence of
Bent-Ca and OBent in the range of 4000-2800 cm~! are overlapped
on Fig. 2.

Fig. 2 shows the appearance bands referents of stretching of hydro-
carbon bonds (—CH), common in the samples at 2900 cm ™~ [28], as
well as the appearance of elongated bands at 3300 cm ™!, corresponding
to the stretching of bond of free hydroxyl groups (—OH) [29]. However,
in this last case it was possible to notice that there was a distinction in
the five transmittance bands, which may be associated with the number
of hydrogen bonds established in each case. Thus, the greater the elon-
gation of the transmittance band, the greater the number of hydrogen
bonds established in the film [30].

The layers forming the stacked structure of the natural clay have a
three-dimensional crystalline structure with an octahedral leaf at the
center of two tetrahedral leafs. This structure results in the presence
of hydroxyl groups on the clay surface, stabilized by the presence of cal-
cium cations in the interlamellar galleries. This fact does not favor the
complete aggregation of the clay in the structure of the thermoplastic
starch, but it can prove the existence of interaction by the lower pres-
ence of free hydroxyl groups in the bands of the FB film in relation to
the control starch film [12].

(0] \ /

ot \ /

=] \
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= 7 —— Control

E ~ —— FOBI
—— FOBIIL
— FOBIII

T T T T T T T
4000 3800 3600 3400 3200 3000 2800 2600 2400

Wavenumber (cm™)

Fig. 2. Overlap of spectra in the infrared region of the starch film of control, FB, FOBI, FOBII
and FOBIIL

On the other hand, the FOBIII film had the lowest presence of free
hydroxyl groups in relation to the other two films also in the presence
of modified clay (FOBI and FOBII), proving that the degree of interaction
of the reinforcement material with the structure of cassava starch is di-
rectly proportional to the structural characteristics of the modifier, such
as molecular weight, concentration and type [7].The sequence of the de-
gree of interaction established between the biopolymer and the rein-
forcing material was therefore FOBIII > FOBII > FOBI > FB.

3.1.3. Atomic force microscopy

Fig. 3 shows the micrographies of the topographic study done on
cassava starch films, where the values of maximum roughness height
and average roughness are shown.

The topographic study of control films, FB, FOBI, FOBII and FOBIII, is
shown in Fig. 3 (a), (b), (c) and (d), respectively. The mean roughness
order was Control > FB > FOBI > FOBII > FOBIII, with the control film of
33.63 nm and FOBIII 6.24 nm. The higher roughness observed in the
control film can be explained by the presence of starch and glycerol,
by the thermoplasticization, the formation of a biopolymer matrix of
high mobility, vulnerable to establishing interaction with the medium,
since glycerol is responsible for breaking the inter and intramolecular
forces established between amylose and amylopectin constituents of
the starch matrix [31].

The lower roughness of the FOBIII can be explained, as observed in
the FTIR, by the greater exfoliation of the reinforcing material that
evenly interacts with the starch matrix reducing its maximum rough-
ness height. Such interaction is established by dipole bonds induced
through the entanglement of OBent-III functional groups and the mono-
meric structure of the starch.

The roughness of the film FB was lower than the control, corroborat-
ing with the intercalation observed in the XRD and interaction in the
FTIR, so that it shows the existence of dispersion of the reinforcement
material, but in an aggregate form. The values found here corroborate
with the results found by Flaker et al. [32] and Qi et al. [33].

3.1.4. Scanning electron microscopy

The SEM analyzes in the control, FB, FOBI, FOBII and FOBIII films are
shown in Fig. 4.

Through the SEM Fig. 4(a) and AFM (Fig. 3(a)) it can be seen a disor-
ganized and non-homogeneous thermoplastic film structure. The ob-
served results of the cassava starch have a structure intertwined
between the amylose and amylopectin molecules through hydrogen
bonds, forming crystalline areas ordered radially. Among these crystal-
line areas, there are amorphous regions, in which the molecules have
no particular orientation. In turn, it is in these crystalline areas that
the aggregation of the plasticizer occurs, being responsible for reducing
intermolecular forces and increasing the mobility of the biopolymer
chain making it disorganized [34].

Fig. 4(b) shows that natural clay formed tactoids along the biopoly-
mer matrix, due to the lack of affinity between the starch and Bent-Ca
structure, since there are interlamellar inorganic cations that make
Bent-Ca partially electronegative, in which case the silicate layers re-
main stacked, allowing the formation of gaps along the FB film, forming
an intercalated bionanocomposite [21].

Fig. 4 (¢), (d) and (e) show that the modified and starch
bionanocomposites form a cohesive and homogeneous biopolymer ma-
trix in order FOBIII > FOBII > FOBI, because the clay is in each case
organophilized with a modifier compatible with the monomeric struc-
ture of the starch, thereby allowing the interlacing thereof through the
silicate layers. Thus, the higher the structural characteristics of the mod-
ifier the better the dispersion of the clay along the biopolymer matrix
characterizing the formation of a bionanocomposite with high exfolia-
tion [35]. The higher homogeneity of the starch film in the presence of
OBent-III in relation to the other films, can be evidenced by the lower
average roughness observed in the AFM image (see Fig. 3(e)).
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Fig. 3. Atomic force micrographs and mean surface roughness values of the films: (a) Control, (b) FB, (c) FOBI, (d) FOBII and (e) FOBIII. Atomic force micrographs and mean surface

roughness values of films. Scale: 5 x 5 [um].

3.1.5. Optical microscopy
Fig. 5 shows images made on the films in an optical microscope.
Micrographs (Fig. 5(a), 5(b), 5(c), 5(d) and 5(e)) showed a change
in the morphology of the surfaces of the films with the reinforcement
content. On the one hand, all thermoplastic films presented small crys-
tals in the whole film which, according to Zhu [6], are related to the

starch granules formed by amylose and amylopectin. On the other
hand, in the micrography of the bionanocomposites was observed the
presence of crystals larger than those observed by the starch granules
due to the presence of the reinforcing material.

The micrographs evidenced in Fig. 5(a), (b), (¢), (d) and (e) showed
a change in the morphology of the surfaces of the starch films with the
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Fig. 4. Scanning electron micrographs of films: (a) Control, (b) FB, (c) FOBI, (d) FOBII and (e) FOBIIL Magnitude: 1 kx.

reinforcement content. On the one hand, all the films presented crystals
of small size, which according to Zhu [6] are related to the granules of
starch formed by the interlacing of amylose and amylopectin responsi-
ble for forming the structure of the starch. On the other hand, in the mi-
crograph of the starch films with clay was observed the presence of
crystals larger than the starch granules due to the presence of the rein-
forcing material [17].

Thus, it was observed in Fig. 5(b) that Bent-Ca disperses non-
uniformly, allowing the formation of regions with gaps containing
only the starch granules. In Fig. 5(c), (d) and (e), among the modified
reinforcement materials, OBent-IIl was the one with the least exposure
of the starch granules, corresponding to the more uniform dispersion of
the silicate layers, evidencing the highest degree of exfoliation. These re-
sults explain several studies about the physicochemical properties of
biodegradable films such as those made by Huski¢ et al. [36], Shah
et al. [37] and Chivrac et al. [38].

3.1.6. Contact angle

Fig. 6 shows the shape of the water droplet on the surface of the con-
trol films, FB, FOBI, FOBII and FOBIIL.

Fig. 6(a) shows an angle of 36 °C formed between the drop of water
and the cassava starch film, evidencing the tendency of the starch to in-
teract in polar medium. This fact had as a parameter of comparison re-
cent works like those of Flaker et al. [32], Saberi et al. [39] and Chen
et al. [40], where biopolymer films of low affinity were considered, in
medium with difference of humidity, those with angles >65°.

Fig. 6(b) shows that even using Bent-Ca as a reinforcing material, the
starch film still interacts with water, considerably, proving that the clay
disperses in an aggregate manner leaving the film with gaps. Fig. 6(c),
(d) and (e) show an increase in the contact angle, thus demonstrating
uniform dispersion of the reinforcing material.

Finally, among the analyzed films, FOBIIl was the one that
established the lowest interaction with the polar medium, presenting



776 M.K.S. Monteiro et al. / Journal of Molecular Liquids 266 (2018) 770-780

Fig. 5. Optical micrograph of films: (a) Control, (b) FB, (c) FOBI, (d) FOBII and (e) FOBIII. Magnitude: 200x.

an angle of 69.93°. This is due to the electrostatic compatibility between
the starch and OBent-III, so that the larger the functional groups of the
modifier larger is the space between the silicate layers that the mono-
meric structure finds to interlace by establishing intermolecular bond-
ing with such functional groups [41]. Therefore, the silicate layers
disperse evenly throughout the structure of the starch reducing its abil-
ity to carry hydrogen bonds with the medium.

3.2. Analysis of the physicochemical properties of films

3.2.1. Barrier, mechanical and optical properties

Table 2 shows the effects of the Bent-Ca sequential modification on
the barrier properties (WVP and Solubility), mechanical (tensile
strength and elongation at break) and opacity (opacity) of cassava
starch films.

Different letters indicate the statistical difference (p < 0.05).

According to Table 2, the WVP values decreased in the order of FOBIII
> FOBII > FOBI > FB, the FOBIII film having a 90.6% reduction in relation
to the control starch film, because it had a structure almost completely
exfoliated, exhibiting the lowest WVP (1.04927 x 10~ '°g-m/m?-s-Pa)
among the films analyzed. The exfoliation of OBent-III in the starch ma-
trix significantly increased the effective length of the route for the water
molecules to diffuse and cross the film [26]. On the other hand, it can be
seen that the increase of WVP of the films in the presence of Bent-Ca
was probably due to the discontinuous phase formed between the
Bent-Ca structure and the biopolymer matrix, since Bent-Ca has a differ-
ence of polarity in relation to the structure of the biopolymer [42]. This
fact results in the films with unmodified clay, a weaker electrostatic in-
terconnection that becomes the bionanocomposite with larger numbers
of gaps resulting in the increase of the WVP of the films [43].

In Table 2, it was also observed that the modified clays OBent-I,
OBent-II and OBent-III gave the starch film a maximum dissolution of
around 31%, 25% and 17%, respectively; presenting OBent-III greater
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(b) 39.32°

Fig. 6. Images of the drop of water on the surface of the films: A) Control, (b) FB, (c) FOBI, (d) FOBII and (e) FOBIIL

influence on the solubility of the starch film in water. The main reason
for this reduction in solubility in relation to the control film (73%) is
the presence of the high content of functional groups between the la-
mellar layers of OBent-III that makes, due to polarity difference, the
compatible biopolymer matrix, thus, a strong interaction is obtained
by reducing the gaps of the medium and contributing to the barrier for-
mation on the contact surface of the biopolymer. Thus, the crosslink
density in the composite films increases along structural characteristics
increase of the modifier, resulting in lower solubility values [44,45]. In
the Bent-Ca films the maximum dissolution percentage of the film
was 64%, higher than that presented in the films with OBent, since the
FB presents a film-forming structure of high gaps that contributes to a

smaller cross-linking of the composite film and increases its adhesion
to water molecules [46].

The light transmission in the starch films decreased with the pres-
ence of the reinforcing material as shown in Table 2. The opacity values
of the starch and Bent-Ca or OBent composites did not differ signifi-
cantly from the value presented by the control starch film and may be
considered transparent. The starch film showed 43.7% opacity, which
increased to 47.4%, 47.6% and 47.9% with the addition of OBent-I,
OBent-II and OBent-IIl, respectively, or 45.5% with the addition of
Bent-Ca (see Table 2). The OBent bionanocomposite gave the cassava
starch matrix a higher opacity when compared to the starch film with
Bent-Ca. This may be due to the fact that the modified clay is dispersed

Table 2
Values of water vapor permeability (WVP), solubility, tensile strength, elongation at break and opacity of cassava starch films.
WVP (g-m/m?-s-Pa) Solubility (%) Tensile strength Elongation at break Opacity (%)
(Mpa) (%)

Control 1.12E—-09 7.89E—11° 73.28 0.928* 7.538 02517 24.894 0.830% 43.678 0.843°
FB 7.53E—10 5.16E—11° 63.75 0.751 11.009 0.367° 31.302 1.043° 45.549 0.382%
FOBI 3.88E—10 5.08E—11¢ 30.647 0.380°¢ 16.438 0.548°¢ 36.963 1.232¢ 47.413 0.238%
FOBII 2.60E—10 2.18E—11¢ 25.095 0.391¢ 18.065 0.602°¢ 43.891 1.4634 47.604 0.591°
FOBIII 1.05E—-10 1.16E—11°¢ 16.539 0.359°¢ 20.748 0.692¢ 52.326 1.744¢ 47.946 0.532°
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throughout the biopolymer matrix uniformly and in a suitable portion
(5% of the dry mass of the polymer), but this fact did not significantly in-
fluence the visual appearance of the original film [47]. The greater re-
duction in the light transmission of the FB film in relation to the
control suggests that the natural clay was not completely dispersed by
forming agglomerations intercalated in the matrix of the biopolymer,
preventing the passage of light through the film [48,49].

According to Saurabh et al. [35] the improvement of the mechanical
properties of biopolymer films is due to the increase of their flexibility,
which in turn is measured by the elongation at break and is defined as
the ability of the film to deform before breaking. In fact, the cassava
starch films in the presence of OBent presented better flexibility,

characterizing them as high ductility materials in relation to the control
starch films and in the presence of Bent-Ca. The ductility sequence of the
bionanocomposite films was: FOBIII > FOBII > FOBI, where FOBIII
showed the maximum elongation at break and tensile strength, around
52.326% and 20.748 MPa (see Table 2), suggesting that the film with the
highest exfoliation of reinforcing material resulted in better dispersion
of the applied tension, characterizing the obtaining of a more ductile
material in relation to the control film and the film in the presence of
Bent-Ca. In turn, the starch film with Bent-Ca shows to be more flexible
compared to the control starch film (see Table 2) due to the formation of
aggregated tactoid in the biopolymer matrix as observed in SEM. Such
tactoids can act as a nucleating agent, resisting the elongation of the
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Fig. 7. Thermogravimetric curves of the films: (a) Control, (b) FB, (c) FOBI, (d) FOBII and (e) FOBIIL
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main chain interconnected with the biopolymer matrix by hydrogen
bonding. The results are as observed by Cyras et al. [15], Romero-
Bastida et al. [25] and Matsuda et al. [50].

3.2.2. Thermal property

Fig. 7 shows the behavior of five curves TG/DTG referring to the con-
trol films, FB, FOBI, FOBII and FOBIIL.

The TG/DTG curves show an initial peak representing the evapora-
tion of the water adsorbed by the starch and the reinforcing material,
as well as the evaporation of the glycerol used, together with the evap-
oration of low molecular weight compounds. Such peak is in the tem-
perature range of 25-250 °C for the control film, between 25 and 255
°C for the FB film, between 25 and 270 °C, 25-275 °C and 25-290 °C
for FOBI, FOBII and FOBIII films, respectively (see Fig. 7(a), (b), (c),
(d) and (e)). With this, FOBIII was the film that delayed the beginning
of the second phase that refers to the decomposition of the starch,
around 45 °C in relation to the control film.

In this perspective, the FOBIII film presented the best thermal stabil-
ity, evidencing the highest peak in a lower temperature range when
compared to the other films. This may be due to OBent-IIl when modi-
fied with the presence of a mixture of surfactants, to cause a greater in-
teraction with the biopolymer matrix, as evidenced by the FTIR and AFM
analyzes, and therefore to act as a heat barrier to control film when
compared to Bent-Ca and OBent I and II. Similar behaviors were ob-
served by Romero-Bastida et al. [25], Gao et al. [26], Qi et al. [33] and
Saurabh et al. [35].

4. Conclusion

The improvement of the physical properties of the cassava starch
film was obtained with the formation of a bionanocomposite exfoliated
in the presence of OBent-III as reinforcing material. The characterization
of the FOBIII film evidenced that OBent-III allowed a greater interlacing
of the biopolymer matrix between the silicate layers resulting in greater
exfoliation among the reinforcement materials investigated. In fact, it
was concluded that OBent-IIl made starch film a material more resistant
to rupture; improved its barrier property causing reduction in both
WVP and its maximum dissolution capacity in water; further retarded
the decomposition point of the starch thus improving the thermal sta-
bility of the control film and finally the presence of any reinforcing ma-
terial investigated did not affect the visual appearance of the control
film.
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