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The use of residual biomass in biocomposite production aligns with environmental goals set by solid waste policies. Starch, a low-
cost and renewable natural polymer, often faces challenges with mechanical strength and water vapor permeability. Ucuuba cake, an

Amazonian agro-industrial byproduct, offers fiber reinforcement to enhance thermoplastics. Buriti pulp oil, also from the Amazon,

acts as a processing aid, improving thermal stability and reducing hydrophilicity. This study explores buriti oil as a partial substitute
for glycerol in thermoplastic starch (TPS) biocomposites with ucuuba fibers. Characterization showed that buriti pulp oil, rich in oleic
and palmitic acids, enhances hydrophobicity, reducing water absorption. It also lowered final torque during processing, facilitating
flow and homogeneity. Mechanical tests indicated a marginal increase in strength but decreased elongation at break. Scanning electron
microscopy (SEM) revealed smoother surfaces and better fiber adhesion. Rheological and thermal analyses confirmed the role of

buriti pulp oil as a processing aid and thermal stabilizer. This research underscores the potential of renewable resources and industrial

residues in sustainable polymer development.
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INTRODUCTION

The environmental imbalances caused by the Industrial
Revolution, combined with rising living standards over the centuries,
have weakened ecosystems through climate change, increased solid
waste generation, and resource depletion, among other issues.! Indeed,
while industrialization has spurred socio-economic benefits, increased
competitiveness, and technological advancement, it has also led to
significant environmental challenges.>* With the advent of the new
century, global efforts are focused on reducing synthetic polymer
waste due to growing environmental awareness of its impacts.'*7 In
response, Brazil has enacted the National Solid Waste Policy (Law
No. 12.305/10), effective from August 2, 2010, which outlines actions
to address the mismanagement of solid waste (domestic, industrial,
electronic, etc.) with a focus on sustainable development.”

To address the high demand for energy and materials from fossil
resources, renewable and bio-based raw materials have garnered
increasing interest from the scientific community, as evidenced
by a surge in patents and publications, particularly for biomass-
derived materials."> Within this context, a new, more eco-efficient,
sustainable, and environmentally conscious industrial approach has
emerged.'” This aims to avoid scenarios similar to conventional
plastics (petroleum derivatives), which currently make up about
one-fifth of urban waste.*>’

Biomass has thus become a viable alternative due to its
renewable and environmentally friendly nature. According
to European Directive 2009/28/EC, biomass is defined as the
biodegradable fraction of products, waste of biological, plant,
and/or animal origin, as well as industrial and municipal waste.'"?
Biomass has the potential to serve as an energy source, contributing
approximately 12% to the global renewable energy mix, with arange
of 40 to 50% in developing countries.'>!?

Starch aligns well with the biomass profile and has been
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extensively studied as a source for biodegradable polymers.'*!* It is
fully compatible with the environment, does not produce toxic waste,
and is readily available, making it a cost-effective and economically
viable material.!®!” As a polysaccharide, starch exists in granular form
in various plant parts and exhibits different characteristics depending
on its botanical source, such as cereals, legumes, and tubers.!¢!8
Typically, the granular structure of starch has a crystallinity of about
15-45%. When exposed to high temperatures and shear forces,
the granules can be processed into thermoplastic starch (TPS) by
disrupting their structure, which leads to molecular chain disruption
and subsequent intermolecular rearrangement.*!° Unlike traditional
thermoplastics, starch does not follow conventional processing
methods due to its strong hydrogen bonds, which prevent melting.
Therefore, additional treatments, such as chemical modification or
plasticization, are necessary to facilitate processing through extrusion,
injection, or compression molding.® Plasticization is crucial for
breaking down the crystalline structure of native starch, enabling the
production of thermoplastic starch.

The term “plasticizer” was universally defined in 1951 by the
International Union of Pure and Applied Chemistry (IUPAC) as
a substance or material incorporated into a thermoplastic and/or
elastomeric matrix that facilitates processing, enhances flexibility,
and increases the elongation of the final product.?">® Chemically, a
plasticizer works by weakening the intermolecular forces between
bonds, reducing crystallinity, and thereby increasing the mobility
of molecular segments, which results in greater plasticity of the
material.”>? In the case of starch, the plasticizer aids in breaking
down its granules, assisted by shear and temperature, leading to the
formation of thermoplastic starch. This starch is typically plasticized
with formamide, urea, glycerol, or other plasticizers. However, some
research!®?+2¢ indicates that combining two types of plasticizers
during processing can improve the performance of the final product
more effectively than using just one, addressing the challenges
associated with this type of material.

Vegetable oils offer a promising route for developing polymeric
materials from renewable sources due to their availability, inherent
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biodegradability, and low toxicity.”” The biodiversity of the Amazon
region provides a range of plant species with significant potential
for various applications. Buriti pulp oil, extracted from the fruit
of the buriti palm (Mauritia flexuosa L. f.), is primarily found in
the central part of Brazil and the southern Amazon lowlands. This
oil contains fatty acids, tocopherols, and carotenes, which impart
photoluminescent properties to materials, along with high thermal
stability and antimicrobial activity.?s?

In parallel, to address the limitations of conventional thermoplastic
starches, such as low mechanical strength, high water vapor
permeability, and high cost, new research® avenues have emerged
focusing on incorporating industrial residues into biodegradable
films. The reuse of industrial waste from renewable sources has been
extensively studied, resulting in numerous scientific publications,
patents, and commercially available products. Agro-industrial waste,
in particular, offers significant potential for beneficial applications
for both humans and the environment.*® Sources of fiber from agro-
industrial residues (e.g., bagasse, fruit peels, vegetable scraps) have
been utilized to create higher value-added products, extending beyond
traditional uses such as animal feed and fertilizers. However, many
Brazilian plant species from the Amazon region and their respective
fibers remain underexplored in terms of their properties and potential
applications.?%3

The ucuuba, also known as ucuhuba or Virola, is a species native
to the Amazon, primarily found in floodplains and “igapés”.* In
Brazil, it is concentrated in the Amazon Basin, extending across the
states of Amazonas, Para, Maranhao, Ceara, and Goids, where it
thrives in flooded areas, riverbanks, streams, holes, and parands, often
in locations prone to flooding.** Despite its prevalence, little is known
about the species and its potential applications when used as waste.

This work aims to develop TPS biocomposites from agro-
industrial residues, providing an alternative to mitigate the
environmental impact of agro-industries and plastic packaging
sectors. The study evaluates the influence of buriti pulp oil on the
physical and mechanical properties of TPS / ucuuba biocomposites.
To our knowledge, there are no previous reports in the literature on
using this vegetable oil as a partial substitute for glycerol in the TPS
matrix in the presence of lignocellulosic fibers.

EXPERIMENTAL
Materials

The corn starch used in the experiment, containing 27% amylose
and 73% amylopectin (Amidex 3001), was obtained from Ingredion®
Co. (Brazil) and used as received. The moisture content of the starch
was 11% (m/m). Glycerol, used as a plasticizer, was purchased from
Alphatec Quimica Fina Ltda. (Brazil) and was used without further
purification or drying. Ucuuba fibers (an Amazonian agro-industrial
residue) and buriti pulp oil were donated by Mega Pack Plasticos
Sociedade S. A. (Brazil).

Fatty acids composition of buriti pulp oil

The fatty acids in buriti pulp oil were identified using high-
performance gas chromatography with a flame ionization detector
(GC-FID). The chromatographic analysis was performed using a
Varian gas chromatograph, model CP 3800, equipped with a flame
ionization detector, split/splitless inlet, and a 20M Carbowax column
(30 m x 0.25 mm internal diameter with 0.25 pm film thickness,
Agilent Technologies). The temperature program was set to 100 °C
for 5 min, increasing at a rate of 7 °C min™ to 210 °C with a split
ratio of 1:10, and the detector temperature was 250 °C. Identifications

Quim. Nova

were made by comparing retention times with those of a standard
mixture. The injection volume was 1.0 mL, and peak areas of fatty
acid methyl esters were determined by normalization.

Preparation of biocomposites

Initially, the ucuuba fibers were dried, milled, and sieved to
obtain a fiber length predominantly around 0.42 mm. The starch
was thoroughly premixed with 27 wt.% glycerol and 3 wt.% buriti
pulp oil, with or without 10 wt.% ucuuba fiber, manually until a
homogeneous mixture was achieved at 23 °C. The mixtures were
then processed at 120 °C in a Haake Rheodrive 4 Polylab OS internal
mixer, equipped with roller rotors running at 60 rpm. The mixing
time for all preparations was set to 4 min to avoid starch degradation.
Laminates of both the matrix and biocomposites were obtained using
a hydraulic press (Marconi) with a heating system and controlled
cooling apparatus. The processing conditions were: temperature of
120 °C, applied pressure of 493 kgf cm™, and pressurization time of
10 min. Table 1 presents these formulations.

Table 1. Formulation of TPS systems

Composition / wt.%

Sample Starch  Glycerol p]ilu; i(t)iﬂ Ucuuba
TPS 70 30 - -
TPS / buriti pulp oil 70 27 3 -
TPS / ucuuba 70 30 - 10
TPS / buriti pulp oil / ucuuba 70 27 3 10

TPS: thermoplastic starch.

Processabillity

Torque-time curves were measured to analyze the processing
behavior of the biocomposites and specifically to evaluate the effect
of buriti pulp oil on melt flowability. These torque results for the TPS
and its biocomposites reflect the flow behavior and, consequently,
the viscosity of the systems.

Mechanical properties

Samples were cut using a CEAST pneumatic die punch machine,
and the tensile testing samples were shaped like dumbbells. After
cutting, the samples were pre-conditioned at 23 + 2 °C and 60 = 2%
relative humidity before being tested on a Universal Testing Machine
(model DL 3000, Instron Inc). Testing was conducted at a constant
crosshead speed of 10 mm min! with a 10 kN load cell, following
the DIN 53504 standard.* Five measurements were taken for each
composition, and the average value was recorded.

Contact angle measurement

The surface hydrophobicity of TPS and its biocomposites
was characterized by contact angle measurements using a pocket
goniometer (model PGX+).

Scanning electron microscopy (SEM)

Samples for SEM analysis were quickly plunged into liquid
nitrogen for about 40 min before fracturing. They were then coated
with a thin layer of gold using the sputter deposition method (Emitec
equipment, model SC 7620) for 2 min at 20 mA. Micrographs were
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taken at 1000x magnification with a FEI scanning electron microscope
(model Inspect S 50) under low vacuum conditions at an accelerating
voltage of 15 kV.

Rheological measurements

Rheological properties were measured with an oscillatory shear
parallel plate rheometer (model Anton Paar, MCR301) with a25 mm
diameter plate and a constant gap of 1 mm, at 150 °C. Measurements
were taken over a frequency range from 100 to 0.1 rad s and a strain
0f 0.01%, which is within the linear viscoelastic region. The storage
modulus (G’) and complex viscosity (n*) versus angular frequency
were reported for each composition.

Thermal properties

Thermal stability of the TPS and its biocomposites was assessed
using thermogravimetric analysis (TGA). Thermal events were
studied with a Netzsch thermal analyzer (model STA 409) under a
nitrogen atmosphere (flow rate 60 mL min'). Approximately 10 mg
of films were heated in aluminum crucibles from 40 to 600 °C at a
heating rate of 20 °C min'. All measurements were performed in
triplicate.

Statistical analysis

To evaluate the statistical significance of the impact of the
additives on the hydrophobic and mechanical properties of TPS
biocomposites, a one-way analysis of variance (ANOVA) was
performed. Subsequently, Tukey’s honest significant difference
(HSD) test was applied for pairwise comparisons. Data analysis was
conducted using Jamovi software, version 2.6.44 (The Jamovi Project,
Australia, 2022), considering a significance level of 5%.

RESULTS AND DISCUSSION
Buriti pulp oil characterization

Table 2 presents the profile of fatty acids present in buriti pulp oil,
and it is possible to verify the main constituents observed were oleic
(C18:1 cis) and palmitic (C16:0) acids. This behavior was already
expected, since vegetable oil has hydrophobic character, which is
directly related to its structural constitution: triglycerides formed
between glycerol and a variety of fatty acids.

Table 2. Fatty acid compositions of the buriti pulp oil

Carbon number Fatty acid
Acid Free fatty acid composition / %

Saturated

C16:0 palmitic 18.42

C18:0 stearic 2.45
Insaturated

C18:1 (cis and trans) oleic 71.32

C18:3 (cis) gamma-linolenic 7.81

Percentage of acids determined in the chromatogram (author data).

Studies have shown that the lipid composition of buriti oil
influences its interaction with starch, forming a stable starch-lipid
binary complex. Oleic acid, the major component of the buriti
oil, has a long chain (C18) and is unsaturated, which makes it less
soluble in water.* The relationship between chain size and degree of
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unsaturation is directly related to the complexation index in starch and
fatty acid systems, influencing in the hydrophilicity of the resulting
material.*38

Processabillity

Figure 1 depicts the torque-time curve profiles of the compositions
during the processing of each TPS systems.

10
8
L]
b— a: mgE
£ 6 L ...::Illlllllllllllllll
En IE -.-.'-lllll- .
@ 18 "Tamgm
3 .'.
2 4 "
7 L]
'2 "TE
n “u
5l detE = TPS
'i'. = TPS/Buriti pulp oil
L = TPS/Ucuuba
3 ] = TPS/Buriti pulp oil/lUcuuba
T T T
0 1 2 3 4

Time [min]

Figure 1. Influence of buriti pulp oil in the flow of the systems during pro-
cessing in the internal mixer

The torque obtained during processing is an extremely important
parameter as it is directly related to viscosity of systems, the rate
of dissipated mechanical energy to obtain a homogeneous mixture
and the time required to reach this state. This characteristic
of homogeneity is achieved when the value of torque was
stabilized.3*340

It can be seen that during processing, all starch compositions
have a similar tendency to increase the maximum torque as a
function of the component load into the mixing chamber, requiring
a high shear force to rotate the rotors in the presence of the premix.
After this, there is a gradual reduction in values until complete
stabilization after 4 min.

This observed behavior is attributed to the action of water
and glycerol. These plasticizers play a fundamental role in starch
processing, acting synergistically to promote plasticization and
gelatinization. Water, considered the primary plasticizer, forms
hydrogen bonds with the hydroxyl groups of glucose units in
starch. These bonds weaken intermolecular interactions, disrupting
crystalline structures and leading to the gelatinization of starch
granules. This process increases the mobility of polymer chains,
facilitating material deformation and fluidity. Glycerol, on the other
hand, functions as a secondary plasticizer, penetrating the amorphous
regions of starch. Its three hydroxyl groups form hydrogen bonds with
starch, reducing van der Waals forces and increasing intermolecular
distance. This interaction provides the material with enhanced
flexibility and plasticity.**!

However, the influence on processability is clearly noticeable by
replacing part of glycerol with buriti pulp oil (3 wt.%). The addition
of buriti pulp oil led to a reduction in the final torque of the systems,
suggesting its performance as a processing aid, facilitating the flow
and wettability of the melt, beyound promoting a more homogeneous
mixture with lower energy expenditure. Chemically analyzed, buriti
pulp oil effectively weakened the molecular interactions within the
starch, which facilitated the destruction of the crystalline structure
and the subsequent melting (or fusion) of the starch, under shear
and temperature.
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Mechanical properties

Table 3 shows the mechanical properties of the TPS matrix and
its biocomposites with the partial replacement of glycerol by 3 wt.%
of buriti pulp oil.

Table 3. Tensile properties of TPS compositions

Tensile property

Sample Tensile Elongation at
strength / MPa break / %
TPS 0.89 (0.14)* 75.36 (1.76)*
TPS / buriti pulp oil 0.92 (0.13)* 4.05 (1.05)°
TPS / ucuuba 1.00 (0.04)* 39.59 (2.04)¢
TPS / buriti pulp oil / ucuuba 1.20 (0.11)* 5.20 (0.51)°

Standard deviations are shown in parentheses. Post hoc analysis using Tukey’s
HSD test indicates significant differences in elongation at break, as denoted
by different letters. Means that do not share a letter are significantly different.
TPS: thermoplastic starch.

A significant reduction in elongation at break was observed in
systems with buriti pulp oil. This behavior may be associated with
the presence of water in the easily evaporated glycerol (hydrophilic),
which made part of the plasticizer unavailable to interact freely with
the starch chains and thus become extremely glassy.** The tensile
strength results demonstrated low variability, suggesting consistency
among the different compositions.

To quantitatively assess the impact of buriti pulp oil, a statistical
analysis was conducted. One-way ANOVA revealed a significant
decrease in elongation at break (p < 0.05) for compositions containing
buriti pulp oil. Tukey’s post hoc test confirmed that samples with buriti
pulp oil (group b) exhibited significantly lower elongation compared
to pure TPS (group a). While tensile strength remained relatively
unaffected, the results suggest that buriti pulp oil acts as a more
pronounced plasticizer, compromising the ductility of the composites.

Hydrophobicity

Wettability is a physicochemical property typically characterized
by the technique of measuring the contact angle of a wetting liquid
(usually water) on a substrate and aims to qualify the type of molecular
interaction between these two interfaces. Depending on the acting
forces (cohesive or dispersed) and the type of surface obtained
(roughness and/or porosity), it is possible to predict the degree of
hydrophilicity of the material through the angle formed by the drop
and the surface of the material.*

Starch-based materials are known to absorb water due to the
presence of hydroxyl groups. To mitigate this tendency, vegetable
oils, such as buriti pulp oil and ucuuba, were incorporated into TPS.

As shown in Figure 2 and Table 4, the addition of these oils
significantly increased the contact angle of the biocomposites,
indicating enhanced hydrophobicity.

To quantitatively assess the impact of the additives on the
wettability of TPS biocomposites, a statistical analysis was
performed. The mean and standard deviation of the contact angle
values were analyzed using one-way ANOVA and Tukey’s HSD
test at a 95% confidence level. The results indicated significant
differences (p < 0.05) among the samples, suggesting that the additives
significantly influenced the contact angle.

A Tukey post hoc analysis revealed that the combined addition
of buriti and ucuuba oil (group d) resulted in a significant increase
in the hydrophobicity of the biocomposites, compared to the other
groups (a, b, ¢) as shown in Table 4. This result suggests a synergistic
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Figure 2. Influence of buriti pulp oil on contact angle measurement of TPS
and its biocomposites

effect between the two additives, reinforcing the hypothesis
that the combination of both would lead to a greater increase in
hydrophobicity.

Table 4. Numerical values and results of Tukey’s honest significant
difference (HSD) test for contact angle analysis

Sample Contact angle / ©
TPS 372y
TPS / buriti pulp oil 41 (2)°
TPS / ucuuba 48 (2
TPS / buriti pulp oil / ucuuba 58 (3)¢

Standard deviations are shown in parentheses. Post hoc analysis using
Tukey’s HSD test indicates significant differences in contact angle, as de-
noted by different letters. Means that do not share a letter are significantly
different.

Scanning electron microscopy (SEM)

The observed morphologies (Figure 3) are consistent with the
results of the hydrophobicity test, carried out by measuring the contact
angle. Substituting a portion of glycerol with 3 wt.% buriti pulp oil
(Figures 3b and 3d) resulted in smoother and more homogeneous
surface morphologies. This suggests that vegetable oil enhanced
starch plasticization, breaking down granules and leading to a more
cohesive matrix. This improved cohesion can be attributed to two
factors: (i) the formation of a stable starch-lipid complex and (i7)
the reduced solubility of starch matrices stabilized with buriti pulp
0il.*% The stability of the formed complex led to a reduction in the
free volume of the matrix, consequently hindering the permeability of
volatile products during sample preparation through the compression
molding process. This enhanced the effectiveness of hydrogen bond
interactions, making it difficult for hydroxyl groups to interact with
water molecules and, thus, increasing the permeability of vegetable
oil between the starch chains. #4345

The micrographs also reveal improved fiber adhesion in the TPS
matrix when glycerol / buriti pulp oil is present, a phenomenon not
observed in systems without vegetable oil in the composition. The
TPS / ucuuba sample (Figure 3c) exhibited voids at the matrix-fiber
interface, suggesting lower adhesion due to the phenomenon known
as pull-out. These voids were caused by incomplete starch breakdown,
resulting in the presence of intact carbohydrate granule residues
within the continuous phase of the thermoplastic starch (Figure 3a)
that were unable to encapsulate the ucuuba fiber, as observed in
Figure 3c. Consequently, local stress concentrations increased,
promoting premature mechanical failure of the biocomposite.
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Figure 3. SEM micrographs of TPS and its biocomposites at magnifica-
tion of 1000x: (a) TPS; (b) TPS / buriti pulp oil; (c¢) TPS / ucuuba; and
(d) TPS / buriti pulp oil / ucuuba

Rheological properties

Rheological evaluation has been utilized to better understand
processability parameters for scale-up operations to pilot and
industrial production levels, in addition to aiding in the comprehension
of morphology, interfacial properties, volume fraction, among
other aspects.*® According to Aichholzer and Fritz,* in a study
conducted in the late 1980s, glycerol was already extensively
used as a plasticizer in starch processing, acting as an additive that
facilitates the breakdown of starch particles. This process fragments
the crystalline structure of polysaccharides, transforming them into
highly amorphous thermoplastic structures. This disruption of the
starch crystalline phase occurs through a combination of operational
parameters (mechanical and thermal) via multiple chemical and
physical reactions, which are possible only in the presence of a
plasticizer. This leads to the breakdown of molecular bonds and,
consequently, the irreversible swelling of the granules with destruction
of their crystalline spherulitic structures. Generally, the conversion
of starch to a thermoplastic involves the following stages: plasticizer
diffusion, granule expansion, gelatinization, decomposition, melting

108
fm "
106:a "=, "
— . [ ] L L]
7)) L] .l.. . [ ] - L -
ﬂ; .'-.l...-..-
& 3 l-.-l.-:.:-.-
* am : R I .
:1047 Illl:...::.:.
« TPS e,
- = TPS/Burti pulp oil
= TPS/Ucuuba
102 = TPS/Buriti pulp oil/lUcuuba (a)
0.1 1 10
o [rad/s]

Thermoplastic starch-ucuuba biocomposites 5

and crystallization.*! In this context, the rheological properties of
the systems were evaluated to determine how the addition of the
co-plasticizer (buriti pulp oil) affects viscosity and elasticity in the
melt, as illustrated in Figure 4.

As shown in Figure 4a, the complex viscosity of the TPS
system exhibited a slight reduction in the presence of buriti pulp oil.
However, this behavior is unlikely to be associated with any molecular
interaction between the oil (nonpolar) and starch (polar), due to their
distinct chemical characteristics. It can therefore be inferred that the
oil functioned as an external plasticizer, migrating to the surface
and forming a lubricant layer that reduced flow resistance during
processing. Additionally, it is important to note that the viscosity
curve tends to decrease with increasing shear rate, which is expected
as it falls within the linear viscosity region. This behavior indicates
that the material possesses pseudoplastic characteristics, where the
polymer chains orient themselves in the direction of flow, resulting
in reduced viscosity. As anticipated, the incorporation of ucuuba
(vegetable fiber) into thermoplastic starch compositions increases
the viscosity of the material due to the disruption of matrix flow and
restricted polymer chain mobility.

Thermal properties

Thermal stability is a crucial factor to consider, as it allows for the
prediction of processing conditions without subjecting the material to
thermal degradation. Therefore, the starting materials were analyzed
to provide a more concrete discussion of thermoplastic starch and its
biocomposites. For this purpose, corn starch, glycerol, buriti pulp oil,
and ucuuba were initially evaluated (Figure 5), as well as TPS and
its biocomposites (Figure 6).

The starting materials (Figure 5) were characterized for their
thermal stability, with all thermograms showing an initial weight loss
corresponding to dehydration and possible volatilization of low molar
mass components (below 150 °C). This initial weight loss is expected
due to the moisture content in the starting materials, which is attributed
to the presence of hydroxyl groups in their structures that can absorb
and retain moisture. Corn starch (Figure 5a) exhibited a degradation
stage starting around 283 °C, reaching its maximum degradation at
315 °C. This degradation is attributed to the breakdown of amylose
and amylopectin, followed by the decomposition of carbonaceous
residues, as reported by Lépez er al.*® For the plasticizers, glycerol
and buriti pulp oil showed single degradation steps around 231 and
403 °C, with maximum degradation temperatures of 268 and 447 °C,
respectively, indicating that buriti pulp oil has higher thermal stability
compared to glycerol. Ucuuba fiber showed two degradation stages:
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Figure 4. Rheological behaviour of TPS biocomposites: (a) n* vs. angular frequency and (b) G’ vs. angular frequency
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Figure 5. (a) Thermogravimetric analysis and (b) differential thermogravimetric for the starting materials

(i) around 275 °C, likely related to the degradation of short-chain
organic compounds, and (i7) around 380 °C, attributed to the thermal
degradation of medium and long carbon chain compounds.

The TPS compositions and their biocomposites were also
evaluated, as shown in the thermograms of Figure 6. The
thermoplastic starch (TPS) degradation steps consist primarily of
two stages: (i) water loss and glycerol removal associated with
material hydrophilicity (below 150 °C); (ii) thermal degradation
of the starch fractions (amylose and amylopectin) starting around
295.6 °C, followed by carbonaceous degradation, reaching a
maximum degradation temperature of 301.4 °C. The TPS / ucuuba
biocomposite exhibited a slight increase in thermal stability due to
the incorporation of vegetable fibers during the processing of the
thermoplastic starch matrix. The initial degradation temperature of
the TPS / ucuuba biocomposite increased by about 5.7 °C compared
to TPS (301.3 vs. 295.6 °C), and an additional degradation stage
was observed above 335 °C, which includes both TPS carbonaceous
products and degraded ucuuba lignocellulose. This increase in the
initial degradation temperature of the TPS matrix is likely related to
the synergistic interactions between the components of the processed
system.

A similar increase was observed when adding 3 wt.% of buriti
pulp oil as a glycerol substitute (TPS / buriti pulp oil). However, the
increase was more pronounced (around 11 °C), demonstrating the
effectiveness of buriti oil as a thermal stabilizer by raising the initial
degradation temperature compared to TPS (Tonset (2) TPS =295.6 °C
and Tonset (2) TPS / buriti oil = 306.8 °C). This behavior was expected
due to the thermal and photo-protective properties of buriti oil, which
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enhance the stability of the thermoplastic starch matrix. Regarding the
biocomposites, no significant difference was found when using buriti
oil as a plasticizer in combination with glycerol, as the increase of 1.7 °C
falls within the error range of the analysis equipment. This may be
related to the lower degradation temperature of lignocellulosic fibers.

CONCLUSIONS

This study addresses environmental issues related to waste
management and plastic pollution by focusing on biopolymers and
agricultural and industrial waste streams.

The addition of buriti pulp oil to thermoplastic starch (TPS) served
as an effective processing aid, reducing final torque and improving
flow and mixture homogeneity. It also facilitated the breakdown
of starch crystalline structures under shear and temperature.
Mechanically, replacing glycerol with buriti pulp oil marginally
increased strength but decreased elongation at break, possibly due to
the fact that water content of glycerol reduces plasticizer availability.
The oil also reduced the hydrophilicity of the TPS matrix, enhancing
water resistance and reducing hydrolysis and biodegradation. SEM
analysis showed that buriti pulp oil led to smoother and more
homogeneous surfaces, indicating better starch plasticization.
Rheological tests confirmed that buriti pulp oil acted as an external
plasticizer, reducing flow resistance and enhancing matrix cohesion.
Thermal stability improved with buriti pulp oil, as evidenced by a
higher initial degradation temperature. This suggests that the thermal
and photo-protective properties of the buriti oil enhance the stability
of starch-based biocomposites.
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Figure 6. (a) Thermogravimetric analysis and (b) differential thermogravimetric for the biocomposites
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These findings demonstrate the benefits of buriti pulp oil in
enhancing the processing and thermal properties of starch-based
biocomposites, offering advantages over glycerol alone.
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