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Resumo

O amido, fibra lignoceluldsica e plastificante estdo conquistando cada vez mais espago nesse
segmento. O amido, além de ser barato é abundante na natureza, ja se destaca na producdo de
biopolimeros, porém necessitando de tratamento especial, como a adi¢do de fibra e plastificante,
para produzir um produto mais resistente. O objetivo deste trabalho foi produzir e caracterizar um
material composito biodegradavel fabricado a partir de residuos agroenergéticos (bagaco da cana-de-
acucar, amido de milho e glicerol). O procedimento baseou-se na técnica de Casting, utilizada em
materiais polimeéricos que permitem ser derramados por apresentarem baixa viscosidade, obtendo
uma forma desejada através da confec¢do de um molde. Foi produzida a matriz de amido (agua,
glicerol e &cido acético), chamada formulacdo controle (FC), com bons resultados nos ensaios
mecanicos e posteriormente, produzidos cinco compositos poliméricos com a aderéncia da fibra de
bagaco de cana-de-acucar em diferentes percentagens. Os compositos poliméricos apresentaram altos
valores de resisténcia a tracdo, e mddulo Young, e valores baixos de alongamento na ruptura. Os
ensaios de infravermelho mostram bandas semelhantes entre os compositos, apresentaram tambem,
baixa densidade e solubilidade em &gua, e alta degradabilidade em solos com alto teor de umidade.
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Abstract

Starch, lignocellulosic fiber, and plasticizers are gaining more and more space in this segment.
Starch, in addition to being cheap, is abundant in nature, and stands out in the production of
biopolymers, requiring special treatment, such as the addition of fiber and plasticizers, in order to
produce a more resistant product. The objective of this work was to produce and characterize a
biodegradable composite material made from agroenergetic residues (sugarcane bagasse, corn starch
and glycerol). The procedure was based on the casting technique, used in polymeric materials that
allow it to be poured by low viscosity, obtaining a desired shape through the making of a mold. The
starch matrix (water, glycerol and acetic acid), control formulation (FC), com was produced with
good results in the mechanical tests, and later, the five polymeric composites were produced with the
adherence of the sugarcane bagasse fiber in different percentages. The polymeric composites have
shown high values of tensile strength, and Young module, as well as low values of elongation at
break. The infrared assays have shown similar bands between the composites, they have also
presented low density and solubility in water, and high degradability in soils with high moisture
content.

Keywords: biopolymers, biodegradability, starch and mechanical properties.

from fossil or natural resources, capable of
degrading in the environment (Moura et al. 2010).
Among the biodegradable biopolymers, polylactic

1.INTRODUCTION

Polymeric materials are known to be frequently

used in the daily life of our society, and it is
possible to note the increase in their use in the most
diverse industrial sectors. These materials
originate from oil, a non-renewable source and
have high resistance to degradation, resulting in
their permanence for years in the environment
(Mei; Oliveira, 2017). The low degradability
associated with the incorrect disposal, the lack of
incentive for recycling and the lack of facilities for
this environment, result in pollution and
contamination of the soil, air and water (Costa et
al. 2017).

Therefore, the use of conventional polymeric
materials has been discussed and evaluated more
frequently in recent years due to all the negative
aspects that accompany them. As a consequence,
interest has been arising in the production of
biodegradable biopolymers, which are polymers
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acid (PLA) has become the most commercially
attractive option, and it can be obtained through
renewable sources, such as corn, sugar cane, and
beet. This plastic has mechanical properties similar
to polymers from fossil sources, and it is
biodegradable in the environment since it is
assimilated by living organisms (bacteria)
decomposing in about 80 days (Liu et al. 2011).
And it already has commercial applications, such
as: medical implants, packaging and disposable
cutlery, among others (CALABRIA, 2011).
However, the growing concern about the scarcity of
fossil resources associated with the growth of
environmental awareness, demand new
methodologies for the production of more
sustainable biopolymers.

In this context, there is an interest in the
development of polymers that come entirely from
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natural and renewable resources. The combination
of starch, lignocellulosic fiber, and plasticizers is
gaining more and more space in this segment, and
its viability has been proven in several studies,
such as those carried out by Fernandes et al.
(2019), Costa et al. (2017), Gilfillan et al. (2012),
Gilfillan et al. (2014), Debiagi et al. (2010). Starch
is a biosynthesized organic carbohydrate abundant
in nature, therefore, of low cost, with great
potential for use in an industrial scale (Xie et al.
2012). It is also the highlight in the production of
biodegradable plastic packaging, although it
presents disadvantages when compared to
conventional packaging, in relation to the high
production cost and low flexibility, with the
necessity of special treatments, such as the
addition of fibers, plasticizers, and other additives
to improve their properties (Salgado et al. 2008;
Debiagi et al. 2010).

According to Corradini et al. (2008), starch is
easily processed in the presence of a plasticizer, in
addition to having polar groups that interact with
the hydroxyls of lignocellulosic fibers, and then,
result in a material with good mechanical
properties. Corn starch, for example, has great
prominence in research carried out in the
polymeric area, due to the high content of amylose
(essential ~ factor  for  film  formation),
corresponding to 28%, while cassava starch
presents 17% (Mendes et al. 2012).

Studies indicate that the use of natural fibers, of
vegetable or lignocellulosic origin, used as
reinforcement in the polymeric matrix, results in
materials with better mechanical properties
(Masmoudi et al. 2016). Sugarcane bagasse, for
example, is a lignocellulosic material, considered
the main industrial residue in the sugar and alcohol
sector, generated at a rate of 135 md.ton? of
sugarcane, however, this material has been valued
and transformed into a by-product with added
value, as is the case of biopolymers. Thus,
allowing the reduction of production costs of
biopolymers and, consequently, environmental
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risks, since the incorrect management of waste
would result in serious environmental damage.

Another widely used raw material is glycerol, a
co-product of the production of Biodiesel, which
acts as a plasticizer that allows the matrix better
flexibility. In Brazil, the production of glycerol
shows that the supply is greater than the demand,
for every 90 m® of biodiesel produced by the
transesterification reaction of vegetable oils,
around 10 m?® of glycerin are generated, resulting in
the drop in the price of the co-product and the
storage without adequate destination. Therefore, it
is necessary to seek new applications and markets
for glycerin, assigning value to the Biodiesel
production chain (Beatriz et al. 2011).

Agroenergetic residues are being recognized as
high potential raw materials for the production of
biodegradable biopolymers, therefore, research is
being carried out based on the adequacy of the
optimum conditions of the mechanical properties,
suitable plasticizers temperature, time,
processability, and rate of degradability , with the
objective of producing a product with high quality
at an industrial level. Based on this premise, the
present work seeks to develop and characterize
biodegradable composite materials using natural
and renewable resources, such as corn starch,
sugarcane bagasse, and glycerol, raw materials that
are easily and abundantly found.

2. MATERIALS AND METHODS

Corn starch (Maizena brand), glycerol
(Cromoline brand), acetic acid (Cromo brand),
distilled water and sugarcane bagasse (supplied by
the company Bunge, a bioethanol-producing
agribusiness, located in the city of Pedro
Afonso/TO) were used to develop the work.

2.1 Fiber treatment

In order to use the sugarcane bagasse, it was
necessary to transform it into powder. For this, the
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bagasse was initially subjected to a drying process
in a forced air circulation oven at 60 °C for a period
of approximately 24 h.

Then, the dry material was subjected to the
grinding process in a stationary knife mill, using
20 mesh cirvo sieves. Crushing is necessary to
reduce the porosity of the material produced, as it
can have a negative influence on the mechanical
properties of composites made up from natural
fibers.

2.2 Making of composites

The production procedure was based on the
Casting technique (pouring or spilling), used for
polymeric materials that allow them to be poured
due to their low viscosity, making possible the
achievement of a desired shape through the making
of a mold. The first stage of the work was based on
the production of a polymeric matrix, named as
control formulation (FC), produced with corn
starch, glycerol, water and acetic acid, as shown in
Table 1. After reaching a consistent and malleable
matrix, polymeric composites were produced,
inserting small variations of matrix and of
sugarcane bagasse fiber, according to Table 2.

The solid components were weighed on an
analytical balance, the water was added into a
beaker cup and heated on a heating plate with
constant magnetic stirring until reaching 50 °C,
then the starch was added and remained warm until
the temperature reached 70 °C (to guarantee the
gelatinization of the starch), afterwards, the acetic
acid PA solution and the glycerol PA were added,
the acetic acid acts by breaking glycerol
connections, facilitating its interaction with the
starch. The mixture remaining in agitation up to a
temperature range of 80-85 °C. Reaching this limit,
stirring was continued until a mixture with a
transparent gel-like medium was obtained, at an
almost solid shape. During the process, the pH was
adjusted by dripping a 0.1 mol.L"* NaOH solution,
adjusting it between 6-8. The film-forming
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solution was spread on petri dishes and dried in an
oven with air circulation at 45 °C for 12 h, then it
remained at room temperature for 24 h and later, the
specimens were made for mechanical tests.

Tablel. Formulation of the polymeric matrix.

M  Starch Water Glycerol Acetic Acid
Q) (ml) (ml) (ml)
FC 5 50 1 1

In order to arrive at the values in Table 1,
preliminary tests were necessary to identify how
each raw material behaved, the amount of mass that
the petri dish could support and the identification of
the temperature and time required for production
and drying of the formulations resulting in a final
product suitable for mechanical tests.

The production of polymeric composites
followed the same procedure as the matrix,
however, when inserting the sugarcane bagasse
fiber in the last stage of the process, the formulation
was left for another 10 minutes under agitation at a
constant temperature of 80-85 °C. After being
removed from the greenhouse and resting for 24 h
at room temperature, the composites were removed
from the petri dish and the specimens were made
for mechanical tests.

Table 2. Percentage of matrix and fiber from sugarcane
bagasse for the production of polymeric composites.

Composite  Matrix (%0) Fiber (%)
C1 90,10 9,90
C2 85,15 14,85
C3 80,20 19,8
C4 75,25 24,75
C5 70,30 29,70
C6 65,36 34,64

Figure 1a presents the viscous solution of the
composite, spread by the petri dish with the help of
a spatula, before drying in the greenhouse. Figure
1b presents the result of the composite after drying
and out of the petri dish, ready to produce research
evidence and to perform mechanical tests.
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Figure 1. Composite before drying in the greenhouse (a), and
after drying (b).

(@)

2.3 Fouier-transform infrared spectroscopy
(FTIR)

The infrared analysis was carried out at the
Research Laboratory of Environmental Chemistry
and Biofuels at the Federal University of
Tocantins, using equipment with a universal
accessory of diffuse reflectance (UATR) and
diamond crystal. This technique was used to
characterize the functional groups of polymeric
composites.

2.4 Mechanical properties

The mechanical tests were carried out at the
Building Materials Laboratory of the Federal
University of Tocantins, using the universal testing
machine EMIC DL 2000 with a 5000 N load cell,
claw speed of 4000 mm/min, based on the standard
ASTMD - 638, with modifications. The
specimens, the matrix, and the composites, were
prepared 60 mm long and 40 mm wide, and each
treatment was subjected to five repetitions.
Thickness, tensile strength, elongation at break,
and Young module were analyzed.

The thickness of the composite was measured
using a micrometer, representing the arithmetic
average of five measurements randomly taken in
different parts of the samples.

After identifying the polymeric composite
with the best value in mechanical assays, other
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characterization assays were performed, such as:
density, water solubility, biodegradation and
scanning electron microscopy (SEM).

2.5 Density

The density was carried out using specimens,
in triplicate, of 2 cm x 2 cm of the films, where they
were dehydrated in a desiccator containing silica
gel for three weeks, then they were weighed and the
mass difference was calculated (Muller et al. 2008).
The calculation was performed according to
Equation 1.

m m
d= 7 = A_.e (1)
Where:
m is the sample’s mass.
A is the sample’s area.

e is the sample’s thickness.
2.6 Solubility in water

The water solubility of the films was determined
according to the method proposed by Gontard et al.
(1994). The samples, in triplicate, were prepared by
cutting discs of 2 cm in diameter. The initial dry
mass of the samples was obtained after drying
them, for a period of 24 h at a temperature of 105
°C, in an air circulation oven. After the first
weighing, the samples were immersed in a
container containing 50 mL of distilled water and
stirred gently for 24 h. Then, the samples were
removed from the water and dried at a temperature
of 105 °C for another 24 h, in order to obtain the
final dry mass.

2.7 Biodegradability

The mass loss biodegradation assay was based
on the ASTM G 160-03 standard. The assay
composition was 2 kg of dry horse manure, 2 kg of
coarse sand, 2 kg of fertile soil with low clay
content and water for homogenization. Soon after,
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the fertilizer was left to rest for 3 months for
maturation, during which time humidity and pH
tests were carried out at a pH meter once a month.
The test was performed in ambient temperature,
and kept away from light. Then, the specimens
obtaining 60 mm in length and 20 mm in width
were buried in the soil where the degradation of the
composites was analyzed, through visual tests and
the observation of the loss of mass of the
composites. The weight loss was evaluated in the
samples through initial weighing, at zero time of
the biodegradation assay and weighing for 60 days.
The analysis were performed in triplicate (Chandra
& Rustgi, 1997).

2.8 Scanning electron microscopy (SEM)

The microstructure analysis of the films was
performed at the Microbiology Laboratory of the
University of Brasilia, using a scanning electron
microscope. In this way, the samples were
visualized for analysis of the surface and the
fracture area, identifying and revealing the
adherence of the bagasse fiber in the starch matrix.

2.9 Statistical analysis

Analysis of variance (ANOVA) was performed
using the Tuckey test, with the aid of the SISVAR
program. The Tuckey test is used to test any
difference between two treatment averages, at the
level of 5% probability (p <0.05). Six treatments
have been considered for the composites, in
addition to the control formulation, with the
number of five repetitions for each factor analyzed
(thickness, tensile strength, elongation at break and
Young modulus).
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3 RESULTS AND DISCUSSION

3.1 Mechanical properties of composites

The samples of the control formulation were
transformed into specimens and subjected to
mechanical assays, the samples had an average
thickness of 0.46 + 0.02 mm; tensile strength of
15.37 £ 2.10 MPa; elongation at break of 7.272 +
0.64% and Young's module of 459.2 + 3.33. In a
similar study developed by Sueiro et al. (2016), a
variation of 2.05 to 4.82 MPa of tensile strength and
33 to 88% in elongation at break was obtained.
Marengo et al., (2013) reached 2.12 mm in
thickness in cassava films; 13.26 MPa in tensile
strength and 1.79% in elongation at break. Antunes
et al. (2019) obtained 7.50 MPa in tensile strength;
9.5% elongation at break and 155.15 MPa in Young
module.

Figure 2 illustrates the polymeric composite
ready and out of the petri dish.

Figure 2. Finished composites ready to make the
specimens.

;l“r _'-_‘.‘.' = :
e
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The averages and standard deviations of the six

composites specimens, regarding the values of
thickness, tensile strength, elongation at break, and
Young module, are shown in Table 3.
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Table 3. Average and standard deviation regarding the mechanical properties of the composites.

c Thickness Tensile Strenght Elongation at Break  Young Module (MPa)
(mm) (MPa) (%)
FC 046%0.02 a 15.37 £ 0.10 d 7.272 £0.64 a 459.2 +£ 3.33 e
Cl 052+0.02 a 2.284 £0.22 a 6.239 + 1.22 a 167.1 +58.5 a
C2 056+£0.05 a 1.694 +0.07 a 3.545 +0.93 b 34.06 = 3.06 b
C3 057+£0.02 a 1.994 + 0.05 a 7127+ 1.74 a 35.35+1.25 b
C4 058+£0.04 a 6.282 +1.76 b 7.882 +0.94 a 311.9+38.4 c
C5 060+£0.12 a 4,966 + 0.14 Cc 7.029 £0.72 a 64.91 +3.78 d
C6 063+0.04 a 18.167+0.64 d 7.678 +0.64 a 337.1+14.9 c

Note: The averages followed by the same letter in the column do not differ statistically. The Tukey test was applied at the level

of 5% probability (P < 0.05).

Ranging from 0.52 to 0.63 mm, there was no
statistic difference. The average tensile strength of
composites had a behavior similar to the
thicknesses, as the percentage of fiber increased,
the strength also increased. An increase of 1.694 to
18.167 MPa was found, C6 obtained the highest
value, followed by C4 and C5. Both differ
statistically.

The elongation at break is the relationship
between the elongation of the specimen and its
initial length, that is, it measures the ability to
stretch. Observing this factor, it appears that only
C2 differed statistically from the others, presenting
3.54%, while the highest value was found in C4,
7.88%. The Young module, on the other hand,
measure the stiffness of the composite, the higher
this value, the more rigid it will be. It was found
that C4 and C6 stood out, presenting 311.9 and
337.11 MPa, respectively. The others had low
values.

The tensile strength is directly proportional to
the Young module, therefore, the composite that
obtained the highest tensile strength also obtained
the highest value in the Young module. And both
are inversely proportional to the elongation at
break. According to the above, it is clear that the
C6 stands out with high values of tensile strength
and Young module. When compared to the FC, it
can be concluded that the adherence of the
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sugarcane fiber improved the values of tensile
strength of the composite (C6), the matrix obtained
15.37 MPa when added with 34.64% of fiber,
presenting an increase of 2.79 MPa, reaching the
resistance value of 18.16 MPa (C6). However, there
was a small decrease in the value of the Young
Module, of 122.2 MPa, and a 0.4 % increase in the
elongation at break.

In a similar study, developed by Carmo (2016),
it was observed that as the percentage of sugarcane
bagasse fiber increased, the tensile strength values
were significantly improved, when 1% of fiber was
added, a value of 0.42 MPa was obtained, and when
added with 3% fiber it increased to 0.81 MPa, that
is, there was an increase of 0.39 MPa. However,
when they increased to 4% fiber, it was noted that
there was no increase in tensile strength. They also
observed that the elongation at break decreased as
the percentage of fiber increased.

Analyzing another work in the literature
Gilfillan et al. (2012) using sugarcane bagasse
fibers in potato and corn starch films, it was
observed that the addition of 5% of fiber increased
the tensile strength in 16% when compared to films
without fibers, and there was a 43% decrease in
elongation at break. However, when 10% and 20%
fiber were added, it was noted that the tensile
strength and elongation at break decreased. The
authors justified these results to the non-uniform
dispersion of the fiber and its aggregation.
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In another study, Gilfillan et al. (2014), the
production of films consisting of potato starch and
sugarcane nanofibers, obtained satisfactory results
with the addition of 10 to 20% of fiber, with
resistance increased by 100% (3.1 — 6.2 MPA) and
the Young modulus increased by up to 300% (66.3
—198.3 MPa).

It is evident that in this work the addition of
sugarcane fiber contributed positively to the
mechanical properties when the percentage of
34.64% was used, the others were not sufficiently
attended.

3.2 Fouier-transform infrared spectroscopy
(FTIR) of composites

The infrared characterization allows the
determination of the functional groups present in
the composites. The main bands attributed to this
material can be seen in Figure 3.

Figure 3. FTIR spectra of composites.

Name
RC6
RCS
RC4
RC3
RC2
RC1

Observing the results, it is possible to verify
that the composites had a similar behavior with
each other, with small differences in the value of
the bands. By analyzing Table 4, it can be seen that
the 991 cm-1 band obtained the highest peak.
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Table 4: Wave numbers and assignments identified in the
composites.

Wave number (cm™) Atribution

3229 Axial deformation O-H
2922 Axial deformation C-H
1646 - 1338 Axial deformatrl)?:nand out of C-H
859 - 991 Angular C-H deformation of
alkenes
1076 Axial deformation C-O

Similar results were found in the studies by
Marengo et al. (2013), they produced
biodegradable composites with cassava and
sugarcane starch, in the spectra the broad
absorption band corresponding to the OH stretch
was observed, according to the authors indicate the
occurrence of hydrogen bridge interactions
between the components of the composite during
processing. They have also presented bands close
to 1600-1640 cm™, related to the angular fold of
OH in water molecules, indicating the formation of
interaction of water with the components of the
formulations (starch, glycerol and fiber) (Mano,
2000).

3.3 Density and solubility in water

The density, water solubility, biodegradability
and scanning electron microscopy (SEM) tests
were performed in triplicate, using the composite
that showed the best result in the mechanical assays
(C6).

The density and solubility values of the
composite are shown in Table 5.

Table 5. Averages of density and solubility in water.

- "
Samples Den5|_t3y Solubility (%)
(g.cm™)
C6 1.47 £ 0.02 6.87 £ 1.38

The density values of the samples indicated
that there was reproducibility in the process of
preparing the composites. Similar values were
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found by Almeida et al. (2013), where they
produced films with potato starch and cellulose,
with a density between 0.43 to 1.72 g.cm?, such
values are higher than those found by Debiagi et
al. (2010), who studied materials based on cassava
starch using sugar cane fiber and oat hulls,
obtaining density values, respectively, between
0.89 to 0.91 g.cm® and 0.86 a 0.97 g.cm?. While
Schmidt & Laurindo (2010), who studied materials
based on cassava starch and cellulose fibers, found
density values between 0.63 and 1.3 g.cm.

The water solubility tests indicated that the
composites are soluble in water, which can be
explained by the use of glycerol, which has a great
influence on the solubility of starch films, due to
its hydrophilic character. Glycerol interacts with
the film matrix, increasing the free space between
the chains, allowing water to enter and,
consequently, providing solubility (Machado et al.
2014). The tests also indicated a small variation
between samples, ranging from 5.48 to 8.24%.
After the rehearsals, the films were whole,
however, fragile and breakable. Low values were
also found by Debiagi et al. (2010), the solubility
of cassava starch samples with sugar cane fiber
showed values between 1.44 to 4.66% and with oat
husk fiber between 1.58 to 3.25%. The results
found by Machado et al. (2014) corresponded
between 12.05 to 23.11%, these produced films of
cassava starch with green coconut fiber.

3.4 Biodegradability

The samples were buried in the soil with
humidity of 18%, pH 8.35 and temperature 24.06
°C, and were totally degraded in a period of 72 h, a
consequence of a high level of humidity in the soil.
In search of new results, a new biodegradation
assay was performed using a new soil with a
moisture content of 0.66% and pH 8.34 where it
was possible to extend the test period, lasting two
months (Dec / Jan), after this period, it was
evaluated through visual observations that the
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samples remained intact, not obtaining any
fragments, however they were hard and brittle.

According to Jayasekara et al. (2005), the main
change that a degradable polymer undergoes is the
decrease in molecular weight, for this reason, Table
6 was developed, where it is possible to analyze the
mass loss of composites.

Table 6. Sample weights before and after
biodegradability tests.
2 month period
Sl I_nitial Final % of mass
weight (g)  weight (Q) loss
C6 0.45+0.05 0.25+0.03 53% +0.22
In a study by Machado et al. (2014),

biodegradable starch composites were produced
with the addition of green coconut nanocellulose,
plasticized  with  glycerol in  different
concentrations, submitted to a biodegradation study
in soil at 30°C over 17 weeks, presenting a mass
loss of approximately 80% after 119 days.

3.5 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images
of the surface and fracture of the composites (C6)
are shown in Figure 4, 5 and 6. In general, a rough
and depressed appearance is seen in the images.
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Figure 4. Rough surface and presence of groove.
/ 4 -

In Figure 5 the presence of intact starch
granules, meaning that the starch was not fully
gelatinized during the film production process,
resulting in a reduction in the flexibility and
elongation strength, generating a less cohesive
matrix.

Figure 6. Adherence to the fiber in the matrix

The figure 4 shows the presence of an
irregular structure with reliefs and grooves,
occasioned by the possible formation of
microbubbles during the process of gelatinization.

Figure 5. Surface with presence of starch granule. ) o
' In Figure 6 the presence of fiber in the polymer

matrix was randomly observed. A high degree of
roughness and irregularities was also observed,
which can help the mechanical anchoring of the
fiber to the polymeric matrix. In the study by
Carmo (2016), the presence of fiber in the polymer
matrix was randomly observed. A high degree of
roughness and irregularities was also observed,
which can help the mechanical anchoring of the
fiber to the polymeric matrix.

4 CONCLUSION
« It was possible to achieve a formulation for the

production of a starch matrix and a polymeric
composite using corn starch, glycerol, water,
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acetic acid and sugarcane bagasse.

* The fiber acted as a reinforcement, improving the
mechanical properties of a composite.

* The interaction between the raw materials
promoted a water-soluble composite, allowing its
application as food packaging, consumed
together with the food;

* Can also be used as biodegradable bags for plant
seedlings.
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