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Abstract

The solid waste generated by the disposal of plastic materials has become one of society’s major problems in recent
years. In this sense, several researchers have sought alternatives to minimize environmental pollution. A promising option
would be using natural materials, biopolymers, or a mixture of these, also known as composites. In this study, composite
films were prepared based on babassu mesocarp (BM) and palygorskite clay mineral (Pal), using the casting technique,
as well as the plasticizers sodium alginate (SA) and glycerol (Gl). The films obtained were called BM/SA/GI1/Pal, and
for comparison were, prepared films containing BM and BM/SA/GI. The films presented uniform color, smooth and
shiny surfaces, and no fissures. FTIR analysis indicated possible interactions between clay and matrix. The SEM analysis
showed that the BM film presented more significant surface irregularity. In contrast, the BM/SA/GI/Pal film gave a more
regular topography and excellent thermal stability. Finally, the BM/SA/GI/Pal film showed more promising results when
compared to the others and is considered an attractive material for use in biodegradable packaging.

Keywords Biocomposite - Attapulgite, and autossuported films

Introduction

The use of plastics combined with new technologies and the
increase in consumption by the population has become one
of the major problems of the contemporary world. This fact
is due to the rise in solid waste production since most of
these remain in for hundreds of years in the environment
until they are degraded [1, 2].

Thermoplastics have many applications; they are very
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present in everyday life, from disposable and cheap prod-
ucts, such as bags or films for packaging, bottles, appli-
ances, and automotive accessories [3]. In Brazil, the amount
of municipal solid waste generated is estimated to be around
229.2 thousand tons per day, but only 1.3% of this total is
recycled [4].

Due to the problems caused by synthetic polymers [5],
many alternatives have been proposed to minimize the envi-
ronmental impacts caused by plastic products’ rampant use
and improper disposal. Such studies are based on producing
and using biopolymers or natural polymers, which emerge
as an alternative in technological applications to collaborate
with the planet’s sustainable development [6].
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Natural composites based on biopolymers such as pro-
teins and polysaccharides are considered possible substi-
tutes for non-biodegradable petroleum-based polymers,
for example, in food packaging and plastic bags [7]. There
is, therefore, a need to develop sustainable, biodegradable
materials [8].

Among the various biodegradable materials of natu-
ral origin, polysaccharides or biopolymers stand out due
to their natural abundance, obtained from plant or animal
sources. In addition, they have a low cost of acquiring and
allow chemical changes in their structure [9, 10]. Different
biopolymers like starch have been used to develop films
[11]. Due to its ability to form films, starch has been widely
studied in packaging development. It can be obtained from
different sources such as corn, wheat, potato, rice, and
babassu coconut mesocarp flour [12].

Babassu trees (Orbignya sp) (Fig. 1A) are abundant in
the Brazilian region known as Mata dos Cocais, occupying
about 196 thousand km? of Brazilian territory, occurring in
the states of Maranhdo, Tocantins, and Piaui. The babassu
fruit ((Fig. 1B) comprises the epicarp (11%), mesocarp
(23%), endocarp (59%), and almond (7%) [13]. It is possi-
ble to extract oil from the babassu almond, the main product
obtained from babassu, used in the oleochemical, cosmetic,
biofuel, and food industries. Other parts of the babassu fruit
(epicarp, mesocarp, and endocarp) have great potential for
producing charcoal, tar, fuel gas, starch, and alcohol. On the
other hand, babassu mesocarp is a by-product of babassu
oil extraction; it is generated during the separation of the
babassu seed. The drying and grinding of the mesocarp give
rise to flour (Fig. 1C), which has a high concentration of
starch, about 68%, making it feasible to use in producing
films for packaging. Therefore, it would be interesting to
use this starch source, mainly due to its low cost of obtain-
ing and the possibility of adding value to this regional mate-
rial that is usually discarded after the extraction of babassu
coconut kernels [14].

One of the Babassu Mesocarp (BM) applications attract-
ing interest is its use in producing biodegradable films using
the casting technique [14]. Film preparation using the cast-
ing technique requires adding other materials to improve

Fig. 1 Primary materials used in
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the mechanical properties of the films, such as their ten-
sile strength. In this sense, an alternative to enhance the
mechanical properties of babassu mesocarp films may be
the insertion of plasticizers such as glycerol, sorbitol, or
alginate to improve plasticity and a clay mineral, acting
as a charge in the polymeric matrix [15, 16]. Besides, clay
minerals are materials used to reinforce plastics or rubber
properties [17].

The clay mineral palygorskite (Pal) (Fig. 1D) is a hydrated
aluminum and magnesium silicate with reactive hydroxy
groups on the surface (SigMgs;0,,(OH),(OH,),-4H,0). Pal
is a non-planar clay mineral with an open channel structure,
forming elongated crystals and fibrous morphology of the
2:1. It has a double layer of silicon tetrahedron and a central
layer of magnesium, aluminum, or iron octahedron. Further-
more, this clay mineral is widely available in Piaui [18, 19].

Therefore, this study aims to develop and characterize
films by casting from a composite based on babassu meso-
carp associated with palygorskite clay and plasticizers,
glycerol, and sodium alginate for future applications such
as biodegradable packaging.

Materials and Methods
Materials

The babassu coconut mesocarp produced films via cast-
ing, serving as the films’ polymeric matrix. As plasticizing
agents, sodium alginate (90%, Synth) and glycerol (99%,
Impex) were obtained commercially and with an analytical
degree. The babassu coconut mesocarp, in powder form,
was supplied by the Center for Agricultural Sciences of the
Universidade Federal do Piaui (UFPI), located at Teresina
City, in Piaui State. Palygorskite, the clay mineral used in
this study, came from the municipality of Guadalupe - PI
and was obtained commercially.

processed mesocarp  Clay mineral - Palygorskite

Bioplastic film

Epicarp
Mesocarp
Endocarp

o8 00 o
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Processing of Palygorskite

Pal samples were macerated and passed through a 200 mesh
(0.074 mm) sieve, vendor Pavitest (NBR NM ISO 3310/1).
Subsequently, successive washings were performed with
ultrapure water from the Milli-Q system. After each wash,
samples were centrifuged (Nova Instruments, model NI
1812) for three minutes at a speed of 5000 rpm. Finally,
they were dried in an oven vendor Tecnal (TE-393/80L) at
60 °C, then macerated and sieved.

Films Composition

The optimized conditions for obtaining the film based on
babassu mesocarp (BM), Palygorskite (Pal), sodium algi-
nate (SA), and glycerol (Gl) are summarized in Table 1.
Other configurations tested in the search for obtaining the
films of interest are shown in the supplementary material
(Table S1). Thus, the best film, BM/SA/GI/Pal, was obtained
with 10% glycerol and a 3:1 (m/m) ratio between BM and
SA. According to other studies, the Pal concentration was
fixed at 5% since higher concentrations can make the film
brittle [20, 21].

Preparation of Films by Casting

The components were added to 30 mL of distilled water
and subjected to mechanical agitation (Vendor velp arex-
F20500413) for 30 min at 900 rpm, as illustrated in Fig. S1
(supplementary material). After 30 min of stirring at room
temperature (24 °C), the solution was heated to 80 °C for
30 min in a mechanical agitator. Subsequently, the solutions
were transferred to a Petri dish and taken at 40 °C for 24 h for
solvent evaporation. Films were produced in triplicate and
stored at room temperature for subsequent characterization.

Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectra, using ATR, were obtained

using a Spectrum 100 spectrometer (Perkin Elmer), after 16
scans, in the 4000 — 650 cm™".

Table 1 Optimized proportions of babassu mesocarp, sodium alginate,
glycerol, and Palygorskite for film obtention

Films BM(g) SA(g) Gl(g) Pal(g H,0
(mL)
BM 0.800  0.000 0.000 0.000 20
BM/SA/Gl1 0.300  0.100  0.040  0.000 30
BM/SA/Gl/Pal 0300 0.100 0.040 0.020 30

Scanning Electron Microscopy (SEM)

The scanning electron microscope used in the morphological
analysis was in a scanning electron microscope (SEM) with
a field emission gun, brand FEI, model Quanta FEG250,
with acceleration voltage from 1 to 30 kV, equipped with a
chemical microanalysis system by energy dispersion (EDS),
Bruker (Quantax). The samples were coated with silver
before each analysis.

Thermal Analysis

The Thermogravimetric Analysis (TGA), and the Derived
Thermogravimetric Analysis (DTGA) were carried out
using Netzsch STA (model 449 C). The samples were heated
using a heating rate of 20 °C/min and a temperature range
of 20 to 800 °C under a nitrogen atmosphere and a 20 mL/
min flow.

Mechanical Test

The ASTM (model D882-12) was used to obtention tensile
strength and elongation at break measurements. The tests
were conducted at room temperature, 50 mm/min speed,
and quintuplicate. The mechanical tests were carried out
in an Emic mechanical testing machine (model DL 1000),
with a load cell of 20 kgf. The samples had dimensions of
10 cm in length and, 1 cm in width and 0.07 mm in average
thickness. Ten measurements were obtained for each sample
with a crosshead speed of 50 mm/min and claw spacing of
2.5 cm.

Moisture Content

The moisture content (MC) measurement was performed
for the films with glycerol in samples with dimensions of
20 mm x 20 mm; initially, the initial mass of each film (M)
was determined, then the films were dried in an oven for
24 h at 105 °C. Subsequently, the final mass of the films
(M) was determined; therefore, the measurements were
carried out in triplicate, and the average values were used in
Eq. (1) to determine the moisture content.

Me (%) = (M; — —My) /M % 100 (Eq. 1)

Water Solubility

Initially, the initial mass (M,) of the films was determined
in the dimensions of 20 mm x 20 mm; then, the films were
immersed in 30 mL of distilled water and stirred on a stirring
table, (Orbital SL — 180/D), for a period of 24 h at 180 rpm.
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Fig.2 The visual aspect of the films: (A) BM; (B) BM/SA/GI; (C) BM/
SA/Gl/Pal

After this period, the samples were dried in an oven at
105 °C for 24 h. Finally, the final mass (M,) of each sample
was determined, as well as film water solubility (Sy) using
Eq. (2) (in triplicate).

Sw (%) = (M, — —M)/ M, * 100 (Eq. 2)

Wettability

The wettability of the films was analyzed using a contact
angle meter from Software CAM 2008 KSV Instruments. A
volume of 16.0 pL was used for the analysis, referring to a
small drop of distilled water deposited on each sample’s sur-
face. Later, images of the drop’s interaction with the sam-
ple’s surface were captured and analyzed by the Cam2008
software. Finally, each film’s average contact angle and
standard deviation were determined.

Results and Discussion
Visual Appearance Analysis

The images of the films produced from BM, BM/SA/
Gl, and BM/SA/Gl/Pal are shown in Fig. 2 (A, B, and C),
respectively.

According to the images in Fig. 2, the films presented
a homogeneous visual without insoluble particles, bubbles,
and uniform color. The films presented a continuous appear-
ance without brittle areas or breaks. In addition to being
transparent, they exhibited a smooth surface, facilitating
their handling and removal from the Petri dish.

In addition to the characteristics mentioned above, the
films containing only the babassu mesocarp presented an
amber color, which can be related to the presence of tan-
nins [22, 23]. On the other hand, the BM/SA/GI/Pal films
presented a more intense amber color than the BM and BM/
SA/Gl films, which can be attributed to the presence of the
clay mineral palygorskite in their composition, resulting in
a color darker than the others.
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Fig.3 FTIR spectra of BM, SA, BM/SA/GI, and BM/SA/GI/Pal films
Infrared Spectroscopy

The FTIR technique was used to investigate the main groups
in the films of BM, SA, BM/SA/G]I, and the BM/SA/Gl/Pal
composite.

In the babassu mesocarp spectrum (Fig. 3, black curve),
the band observed between 3640 cm™ ' and 3050 cm™ ' (max-
imum at 3328 cm™') can be attributed to the -OH stretch-
ing in alcohol and on the hydroxyl groups of acids. The
2900 cm™! band is attributed to the vibration of the -C-H
group. The band at 1620 cm™! is attributed to the stretching
in the -C=0 (amide I) in proteins present in BM, and this
region may indicate the presence of adsorbed water or water
groups attached to BM compounds [24]. The 1000 cm™'
band corresponds to the vibration of glucose at -C-O-C-.
The bands below 1000 cm™! are associated with the absorp-
tion of hydroxyl groups in the cellulose monomer [25].

The sodium alginate (SA) film spectrum, in Fig. 3,
showed a band at 3270 cm™! that is attributed to the -OH
stretch formed by the hydrogen bonds present in SA, while
the band around 2925 cm™! is associated with the -CH
stretch. The band at 1024 cm™! is related to the -C-O stretch
[26]. The bands at 1590 cm™! and 1407 cm™ ! are character-
istic of carboxylate ions in the SA structure.

Figure 3 also shows the spectra of the BM/SA/GI films
and the BM/SA/GI/Pal composite. In both films, bands like
those in the films containing SA and BM appear. Still, the
band observed between 3640 cm~! and 3050 cm™! can be
attributed to the -OH stretching present in the clay structure,
and the band at 3430 cm™! can be attributed to water groups
adsorbed on the clay surface. In addition, the presence of
Pal in the BM/SA/GI/Pal composite did not cause signifi-
cant changes in the film spectrum.
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Morphological Study

Figure 4 presents the images of the BM films with a mag-
nification of 500x, 1000x, and 2000x film (Fig. 4A and B,
and 4 C). The surface of the BM film can be characterized
as an irregular topography, with small white dots that may
be related to the presence of non-solubilized starch gran-
ules, which may cause structural non-compliance due to
their non-gelatinization [27, 28]. In addition, some intact
starch granules, which did not break with the formation of
the films, are observed; these imperfections can lead to a
lower mechanical strength in the films [29].

Images of Babassu Mesocarp films associated with
Sodium Alginate (BM/SA/GI) can be seen in Fig. 4 (Fig. 4D
F). The surface morphology of BM/SA/GI films presented
a more regular topography when compared to BM films. In
the images, a coalescence was observed between the mate-
rials related to the formation process caused by filmogenic
solution viscosity. This behavior corroborates with the
results of the analysis of the visual aspect of the films. It is
noticed that there is no presence of fissures or cracks in the
film, indicating the action of sodium alginate as a plasti-
cizer in BM films. Besides, the surface characteristics in the
films can provide more excellent mechanical resistance, as
already reported in research in the literature [30].

Figure 4G H present the SEM images of Babassu Meso-
carp films associated with sodium alginate with 5% Palygor-
skite. A smoother surface was observed besides the small
granules adhering to the material.

Still, in Fig. 4 (G to I), agglomerates of Pal distributed
throughout the polymeric matrix of the film were observed.
These aggregates have varied shapes and sizes and are

Fig.4 SEM images of BM films
with a magnification of 500x (A),
1000x (B), and 2000x (C); BM/
SA/Gl in 500x (D), 1000x (E),
and 2000x (F); and BM/SA/Gl/
Pal in 500x (G), 1000x (H) and
2000x (I)

well-adhered and integrated into the film matrix. The excel-
lent integration between the Pal fibers and the polymeric
film can result in interesting mechanical, thermal, and bar-
rier properties [30].

EDS Analysis

Figure 5 shows the BM EDS, in which the main chemi-
cal elements constituting the babassu mesocarp, carbon
and oxygen, are observed, considering that it is an organic
material with about 55% carbon and 44% oxygen. There-
fore, these were the elements found in the analysis. And it
is possible to observe its uniformity throughout the surface,
as shown in Fig. 5.

Figure 5 also shows the EDS of the BM/SA/GI film. The
main elements that constitute Sodium Alginate (SA) were
observed, which are oxygen (O) and sodium (Na). It can be
seen that the SA is well dispersed in the BM matrix, pro-
viding a more uniform surface [31], and this uniformity is
evidenced by the SEM presented in Fig. 4.

The EDS of the BM/SA/GI/Pal film (Fig. 6) confirmed
the presence of a small cluster of Pal. EDS shows the pres-
ence of one of the main elements of the palygorskite clay
mineral, Silicon (Si). It was observed that the points that
evidence the existence of silicon are well distributed in the
BM matrix, resulting in a film with better flexibility and
visual aspect compared to the BM films.

In the EDS results of the BM/SA/GI/Pal film, Fig. 6,
it was also possible to observe the presence of the main
elements (O, Na, Si), with the present (Na) coming from
SA and the (Si) from clay mineral. In addition, the disper-
sion and homogeneity of the materials can improve their

@ Springer
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Fig.5 EDS analysis of BM and
BM/SA/Gl film

resistance to oxygen and water permeability, which makes
the application of the composite in packaging.

Thermal Properties

Figure 7 shows the TGA/DTGA curves of Pal, BM, BM/
SA/Gl, and BM/SA/Gl/Pal.

In Pal’s TGA/DTGA curves, Fig. 7, four main mass loss
events are observed. The first mass loss occurs with the ini-
tial temperature (T;) of 25.86 °C, final temperature (Ty) of
107.37 °C, and maximum temperature (T,,) of 85 °C, which
refers to the loss of physiosorbed water and part of the zeo-
litic waters, this mass loss corresponding to 2.5% [32].

The second mass loss of 1.8% occurs at the initial temper-
ature (T;) of 107.37 °C, final temperature (Ty) of 204.2 °C,
and maximum temperature of 196 °C, which corresponds to
thermal dehydration of the rest of the zeolitic water from the
Pal structure [33]. The third mass loss of 7% occurs with an
initial temperature (T,) of 204.2 °C, a final temperature (T))
of 519.2 °C, and a maximum temperature (T,,) of 484 °C,

@ Springer

Elements % weight % atomic % error ]
Carbon 55,56 62,48 9,0
Oxygen 44,44 37,52 8,5

Elements % weight % atomic % error
Oxygen 77,36 83,08 0,9
Sodium 22,64 16,92 0.1

which is attributed to the loss of coordination water, struc-
tural hydroxyls, as well as silanol and luminol groups [34].

The fourth mass loss of 7.3% with initial temperature (T;)
of 519.2 °C, final temperature (T;) of 797.4 °C, and maxi-
mum temperature (T,,) of 708 °C is attributed to dihydrox-
ylation processes of Mg-OH groups from Pal [35]. In this
temperature range, the elimination of water molecules also
occurs, accompanied by partially destroying the Pal struc-
ture. In this temperature range, carbon hydroxide is also
released, since above 500 °C, the carbonates present in Pal
are thermally unstable, and their decomposition releases
CO, [36].

The BM TGA/DTGA curves, Fig. 7, have similar profiles
to the starch and cellulose curves, confirming the high con-
tent of starch, cellulose, lignin, and hemicellulose present in
BM [37]. The first stage of mass loss refers to the liberation
of water molecules and small masses abundant in carbon
or simply the loss of moisture physically absorbed by the
sample’s surface [38]. This stage corresponds to a mass loss
of 13.3% for BM from 25 to 129.5 °C. The second and third
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Fig.6 BM/SA/Gl/Pal EDS

Fig.7 TGA/DTGA curves of Pal,
BM, BM/SA/Gl e BM/SA/Gl/Pal
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stages of mass loss correspond to thermal degradation of
hemicellulose and structure BM, which is 49.5% and 35%
at BM in the intervals between 129.5 and 316 °C and 316
and 480 °C, respectively [39]. Finally, the BM film showed
about 2% of residual ash.

SA and BM degradation events show similarities, with
three stages of mass loss at the same temperatures. For the
BM /SA/GI film, the first mass loss (13.3%) occurs between
25 and 184.6 °C due to film dehydration. The peak of the
DTGA curve confirms this event with a maximum tem-
perature of 77 °C due to the release of water adsorbed on
the material [40]. A second significant mass loss (49.7%)
is observed in the range from 184.6 to 338.5 °C, which is
attributed to the chemisorption of water in the sodium algi-
nate structure and the initial degradation of BM. In the third
event, a loss of mass (30.2%) corresponds to the degrada-
tion of BM and SA. However, there is no third degradation
process of SA.

The BM/SA/GI film residue was 6.8% concerning the
initial mass and was obtained after 513 °C; this increase in
the residue is due to sodium oxide (NaO,) from the degrada-
tion of SA [41, 42].

The TGA/DTGA curve for the BM/SA/GI/Pal film,
Fig. 7, presents three mass loss processes, the first step cor-
responding to the temperature range from 25 °C to 182.9 °
C with a loss of 14.6%, which corresponds to the surface
water loss of the film. The second stage of mass loss corre-
sponds to the temperature range from 182.9 to 523 °C, with
a loss of 55.6%, which can be attributed to the decomposi-
tion of part of the SA and BM. In this stage, too, there is a
loss of zeolitic water from Pal, in addition to coordination
water from Pal and structural hydroxyls [43].

From the second and third stages, the mass losses of the
film BM/SA/GI/Pal in temperature intervals were higher
than those of the other two films studied, confirming once
again that the composite of BM/SA/Gl/Pal has higher ther-
mal stability. The third stage of mass loss included the
temperature range between 523 and 660 °C with a loss
of 20.7%, corresponding to the degradation of SA and
the dihydroxylation of Pal’s Mg- OH groups. The residue
obtained after 660 °C, where no mass change occurred, was
9.1%, i.e., the film BM/SA/GI/Pal exhibited more excellent

Table 2 Mechanical properties of BM, BM/SA/GI, and BM/SA/Gl/Pal
films

Samples Force Strain Elongation Young’s
Maximum Maximum  to rupture Modulus
™) (MPa) () (MPa)

BM 11.52+1.6 19.72+£2.99 1.89+0.33 2024.53

+194.46

BM/SA/Gl 14.09+1.8 25.56+2.77 3.85+0.70 1756.02

+295.26

BM/SA/Gl/Pal 1691+1.5 28.80+2.02 4.85+0.34 2152.08

+110.39

@ Springer

thermal stability than BM and BM /SA/GI, which can be
attributed to the presence of the clay mineral palygorskite in
the composition of the film. A table describing all events can
be found in the supplementary material.

Mechanical Properties

The mechanical properties of the BM, BM/SA/GI films, and
the BM/SA/GI/Pal composite are shown in Table 2. In the
mechanical properties of tensile strength and elongation to
break, a gradual increase in these properties was observed in
the films produced. All babassu starch films generally have
a low elongation at break and high tensile strength due to
amylopectin molecules hindering chain mobility [15].

For the BM film, in Table 2, a lower tensile strength
(19.72 MPa) was observed. This behavior is due to the low
molecular mobility that makes sliding between the poly-
mer chains difficult. In addition, the low tensile strength
is related to fissures and starch agglomerates, identified by
SEM images, which are stress concentrators and make the
films more fragile.

For the BM/SA/GI film, there was an increase in the val-
ues for maximum force, maximum stress, and elongation at
break increased compared to the BM film. The increase in
these properties can be attributed to the chemical similarity
of the materials and the interaction of the hydroxyl groups
of BM with the carboxyl groups of SA [44, 45]. Based on
the images of SEM, a less rough topography of the BM /SA/
Gl films was observed compared to the BM film, indicat-
ing a more compact material. In the absence of pores, these
factors contributed to the increase in tensile strength of this
film.

For BM/SA/GI/Pal films, there was an increase of 48%,
46%, and 157% in maximum force, maximum strain, and
elongation to rupture, respectively, compared to BM films.
This increase can be attributed to the presence of SA and
Pal. The increase in these values and, consequently, better
mechanical properties of the composite can be attributed to
the chemical similarity of the materials and the interaction
of the hydroxyl groups of BM with the carboxyl groups of
SA and with the silica groups of Pal [46], evidenced in the
EDS of the films. In the SEM images, it was possible to iden-
tify a surface with irregular topography and good adhesion
between the Pal and the matrix. Combined, these factors led
to a more excellent mechanical resistance of the BM/SA/
Gl/Pal film, which is interesting for packaging applications.

The maximum tensile strength for BM/SA/Gl/Pal film
was 28.8 MPa, a value higher than that observed for some
commercial polymers, such as Polyvinyl Acetate (1.5
to 4.0 MPa) [47, 48], Poly(glycolic acid) (=13.0 MPa)
[49], Polycaprolactone (=16.0 MPa) [50, 51], and
Poly(hydroxybutyrate) (=25.0 MPa) [52]. In supplementary



Journal of Polymers and the Environment

Table 3 Moisture content of BM, BM/SA/GI, and BM/SA/Gl/Pal films

Films Mi(g) Mi(g) M (%) Standard deviation
BM 0.0315 0.0285 95 0.0002
BM/SA/GL 0.0254  0.0233 83 0.0007
BM/SA/Gl/Pal  0.0347 0.0305 12.1 0.0006

Table 4 Average solubility of BM, BM/SA/GI, and BM/SA/Gl/Pal
films

Films My(g) M;(g) Sy (%) Standard deviation
BM 0.085 0.025 13.68 0.0012
BM/SA/Gl 0.0233 0.017  28.32 0.0005
BM/SA/Gl/Pal  0.0300 0.023 24.59 0.0001

material, Table S4 compares the maximum tensile strength
between the composite BM/SA/GI/Pal and some commer-
cial polymers [53].

The Young’s modulus values obtained for these films
were similar. However, a slight increase of 6% and 23% of
the BM/SA/GI/Pal film concerning the BM and BM/SA/G1
films, respectively.

Study of Moisture Content

The amount of water in the films released through the mois-
ture content analysis is presented in Table 3. The BM films
have a moisture content of 9.5%. As for the BM/SA/GI film,
approximately 8.3% and the BM/SA/GI/Pal film, which
contains the clay mineral Pal, increased moisture content
to 12.1%.

The results obtained in this study were similar to those
described in the literature for BM flour and BM starch [54].
The increase in the moisture content of the BM/SA/Gl/Pal
film may be related to water absorption with Pal. On the
other hand, the BM/SA/GI film allowed for lower water
absorption, and this may be due to the reduction of fissures
in the BM matrix, as evidenced by the SEM images.

Solubility in Water Test

The films produced in this study showed lower solubility
values than studies carried out for films using BM starch.
According to the results of solubility in water presented in
Table 4, the BM films showed lower solubility about the
films containing sodium alginate and Palygorskite; such
behavior may be associated with BM due to its hydropho-
bicity characteristics. The BM/SA/GI films showed higher
water solubility, around 28.32%, probably due to the hydro-
philic character of SA and Gl, which are completely soluble
in water.

The BM/SA/Gl/Pal films showed a water solubility of
24.59%, a value lower than the BM/SA/GI film. Compared
with other studies [55, 56], these values are similar for col-
lagen-based films associated with Laponite, gelatin-based

films, and cassava starch films, both associated with dif-
ferent concentrations of Laponite. This solubility reduction
may be associated with the -OH groups of the matrix and
Pal’s silanol groups, as shown in the FTIR. The formation
of chemical bonds between the clay mineral and the matrix
suggests a lower solubility in water, making this material
promising for producing films intended for food packaging.

Wettability Study

The contact angle values of BM, BM/SA/GI, and BM/
SA/Gl/Pal films are presented in Table S2, Supplementary
Material. The BM film presented a contact angle of 56.68°
+ 0.68, indicating a hydrophilic character. However, BM’s
hydrophobic character may have influenced this film’s
irregularity, as shown in the SEM images.

The BM/SA/GI film had a contact angle of 101.13° +
1.02, indicating a surface with hydrophobic properties,
despite the hydrophilic character of AS. The interactions
SA-BM may have increased the packing of BM, reducing
the matrix’s voids and the material’s surface area and a more
regular surface (as seen in SEM images). Thus, the hydro-
phobicity of BM prevailed, and AS contributed to reducing
surface irregularities and increasing water solubility.

The measured contact angle for the BM/SA/Gl/Pal com-
posite film was 103.98° + 0.26, with a slight increase, com-
pared to the value obtained for the BM/SA/GI, which may
be due to the presence of Pal. The BM/SA/GI] and BM/SA/
Gl/Pal films are more hydrophobic than the results described
in the literature for the BM starch and pinhdo starch films
[57] hydrophilic.

The contact angle results for the BM/SA/GI/Pal films
corroborate the solubility and moisture content results.
Thus, such properties confirm that the composite is attrac-
tive for producing films intended for packaging.

Conclusions

The properties evaluated in this study showed the feasibil-
ity of forming films by casting using Babassu Mesocarp,
Sodium Alginate, Glycerol, and Palygorskite. The films
generally presented a uniform color, smooth, shiny surface
with no fissures. The FTIR analysis for the BM/SA/Gl/Pal
film suggested the presence of interactions between the clay
and the matrix. In addition, the SEM showed a more regular
topography than the other films, more excellent thermal sta-
bility, possibly due to the incorporation of Palygorskite, and
superior mechanical properties of tensile strength for the
composite. Finally, the composite BM/SA/GI/Pal showed
lower solubility in water and higher hydrophobicity, making
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this material promising for producing films intended for
food packaging.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10924-
023-03074-8.
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