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Abstract

This study developed PBAT (poly[butylene adipate-co-terephthalate]) biocomposites with 10 wt% and 20 wt% Brazil nut
urchin particles by extrusion and injection. TGA showed thermal stability up to 275°C (10 wt%) and 250°C (20 wt%),
with degradation peaks near 400°C. XRD indicated maintained crystallinity, with the 10 wt% composite having the
highest peak intensity (5254 a.u.). FTIR confirmed molecular interactions through characteristic OH (3442 cm™!) and
C=0(1710-1720 cm™) peaks. SEM revealed better surface integrity at 10 wt%, while 20 wt% showed porosity and poor
adhesion. Tensile strength decreased from 9.36 MPa (PBAT) to 7.08 MPa (10 wt%) and 6.7 MPa (20 wt%). Elongation
reduced, whereas Young’s modulus increased to 210 MPa (10 wt%) and 316 MPa (20 wt%). Shore D hardness improved
by over 40%, but impact resistance dropped by up to 88%. These biocomposites show potential for applications requiring

higher stiffness and hardness, contributing to sustainable plastic alternatives.
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1. Introduction

As production processes improve, waste reduction
methods are also advancing, focusing on better resource use,
recycling, energy efficiency, and lowering environmental
impact!'l. In recent years, polymer materials have progressed
significantly due to concerns about environmental damage
from the exacerbated consumption of oil reserves>). While
petroleum-based plastics are widely used in packaging and
construction*’], they pose serious environmental challenges
because of the non-degradable waste they produce!®’.

Plastics play an important role in sustainability by
being lightweight, improving fuel efficiency in vehicles,
and extending food shelf life to reduce waste. However,
environmental concerns about plastic waste and greenhouse
gas emissions are accelerating the shift towards a circular
plastics economy. In this model, the use of non-renewable
resources and waste generation is minimized, with focus
on reuse and recycling throughout the material life cyclel”.

Most commercial plastics are made from fossil
resources, but they can also be produced from renewable
sources, known as bioplastics!’!. Bioplastics are defined
as plastics that are biobased, biodegradable, produced
through biological processes, or a combination of these.
Some biodegradable plastics made from fossil fuels are
also considered bioplastics!®.
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PBAT (Poly [Butylene Adipate Co-Terephthalate])
is a widely used and promising biodegradable polymer
that can replace non-biodegradable plastics™. It consists
of terephthalic acid, adipic acid, and 1,4-butanediol, with
biodegradability attributed to the butylene adipate group!'”’ and
can replace polyethylene (PE), which is not biodegradable.
PBAT has similar flexibility to PET and is suitable for
industrial applications thanks to its high elongation and
good processability!'). Similarly, increasing terephthalate
content or molecular weight boosts stiffness and tensile
strength but reduces elongation”). However, the use of
PBAT remains commercially limited, although it could be
enhanced by adding Brazil nut urchin residue.

The Brazil nut urchin (Berthollethia excelsa H&B
Lecythidaceae) is a lignocellulosic organic agricultural waste
and also a source of carbon, especially for the production
of “green” composite materials. The accumulation of this
waste leads to an increase in environmental pollution, and
the accidental deposition of this waste in landfills can affect
the permeability of rainwater in the soil. However, although
material waste is inevitable, agro-industrial waste in the
form of fibers, husks, shells, powders, particles, etc., can be
recycled and reused in innovative ways in various sectors!'?.
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Thus, these materials form cheap “new or secondary resources”,
which make them more valuable and more widely usable.

Major efforts around the world are seeking to address the
problem of single-use plastics and the ecological damage they
causel '’ It is estimated that 4.8-12.7 million tons of plastic
can enter marine ecosystems every year!'*.. However, to date,
few studies have been reported on how Brazil nut urchin
particles can improve the performance of PBAT biopolymer
through extrusion and injection processing. Therefore, this
work analyzed the effects on the mechanical and thermal
properties of PBAT biopolymer after the addition of Brazil
nut urchin waste particles in the proportion of 10 wt% and
20 wt% through the extrusion and injection process as a
sustainable and ecological alternative.

2. Materials and Methods
2.1 Materials

After the Brazil nut seeds were removed, the Brazil nut
urchins were harvested at the Aruana farm, linked to the
company ECONUT - a pioneering company in Brazil nut
plantations, in Itacoatiara, a municipality located 270 km
from the capital Manaus, in the state of Amazonas, Brazil.
The urchins were stored in a rain-protected warehouse for
about a week after they were harvested, ensuring that they
didn’t get damp.

The polymer matrix in the form of pellets and of the PBAT
type with a maximum thickness 0of 0.061 mm was purchased
from the company Tiken LTDA. The main characteristics
of PBAT are: density of 1.21 g/cm?; melting point of
116 ~ 122°C; vicat A/50 > 80°C; tensile strength > 25 MPa;
Elongation > 400%; and moisture < 0.06%.

2.2 Methods

The Brazil nut urchin was broken by hammering,
resulting in smaller, irregular pieces. After breaking, they
were washed with running water to remove impurities from
the forest. Finally, the pieces were dried in a QUIMIS model
Q317M-72 oven at a temperature of 70 + 2°C for 12 hours.
The urchins were then ground in a MARCONI knife mill
and classified by sieve size in a PROSUTEST vibrator for
approximately 25 minutes. The particles that passed through
the 40 mesh sieve, equivalent to an opening of 0.35 mm,
were selected and dried together with the PBAT pellets in
a QUIMIS oven at a temperature of 70 = 2°C for 12 hours.
After drying, the urchin particles and PBAT were aggregated
in a plastic bag by manual stirring in proportions of 10 wt%
and 20 wt% of the urchin.

The selection of 10% and 20% wt ratios was based
on commonly used ranges for natural fiber biocomposites
(5-30% wt), allowing evaluation of mechanical, thermal, and
morphological effects without compromising extrusion or
causing excessive agglomeration. These intermediate ratios
are thus suitable for exploratory and comparative studies.

With the mixture aggregated, the extrusion process was
carried out using a hopper fed by a single-screw extruder
with a useful screw length / external screw diameter = 40,
model ZGH 28950. The temperature used was 138°C to
149°C between the 4 stages of operation. The extruded
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biocomposites were then cooled in a water bath, pelletized
in a BGM grinder, model BGM.2, series 0002.25, and dried
in an oven at a temperature of 70 + 2°C for 12 hours to
remove the moisture and make the plastic injection samples.

Plastic injection of the test specimens was carried out
ina HAITTAN injection molding, model HTF60W-II, with
a feed temperature of 189 + 2°C and a homogenization
temperature of 215 + 5°C. The standard used was ASTM
D412 for the tensile, impact and hardness tests.

In order to perform a brittle fracture on the biocomposites
after the injection process, a sample of each material was
immersed in a Styrofoam container with liquid nitrogen for
10 seconds, then removed and gently fractured with tweezers
so that there was as little effort as possible. This technique
was used to evaluate the interaction between PBAT and the
nut urchin using scanning electron microscopy (SEM). The
equipment used for SEM was a Carl Zeiss model EVO-LS15.
The samples were fixed to stubs with carbon tape, used in
high vacuum mode at an accelerating voltage of 5 kV and
coated twice with gold. The behavior of the biocomposites
after extrusion was also analyzed in SEM.

To determine the thermal stability and degradation
temperatures of the constituents, the TGA and DTG
techniques were used a Jupiter STA 449 F3 thermal analyzer
(NETZSCH) on 30 mg of the samples using a 150 pL open
a-alumina crucible. The temperature conditions ranged from
30 to 700°C with a heating rate of 10°C.min", in a dynamic
dry air flow atmosphere with a flow rate of 50 mL min'.
The MiniFlex 6th generation RIGAKU X-ray diffractometer
(XRD) was used to analyze the crystal structure of the
materials with a Cu Ka radiation source (A= 1.5418 A),
40 kV, 15 mA, continuous flow, divergence slit: 1/4°, scan
mode: 20, Range: 10° to 90°, step size: 0.04° time per
step: 3.00 s and o: 1.5°. FTIR analysis, used to effectively
study the molecular interactions that occur during reactive
extrusion, was carried out on a BRUKER spectrophotometer
with the attenuated total reflection (ATR). The absorption
spectra were obtained from 32 scans per sample with a
resolution of 4 cm'. The frequency performed was between
400 and 4000 cm™.

The mechanical properties of all the samples were
determined by tensile, impact and shore D hardness tests,
with 5 samples (CP’s) in each test. The tensile test was carried
out on an EMC universal testing machine with a 30 kN load
cell and a test speed of 5 mm/min. The tensile test followed
the ASTM D638 standard, type III with specimen length
of 165 mm, reduced section of 57 mm, gauge width of 13
mm, overall width of 19 mm and thickness of 3 mm. The
impact resistance test was carried out in accordance with
ASTM D256 on a TINIUS OLSEN model 892, with the
thickness and width of the samples being approximately
3 and 14 mm, respectively. The Shore D hardness test was
carried out on a portable digital INSTRUTHERM device,
model DP-400.

3. Results and Discussions
3.1 Thermogravimetry (TG / DTG)

Figure 1 shows the analysis of the TG tests and their
DTG derivative for all the samples. Although the Brazil
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nut urchin sample was dried, there is an obvious loss of
mass up to 100°C, due to the elimination of water and the
urchin’s hydrophilic characteristics, and for PBAT and the
biocomposites this does not occur to such an extent. For
the urchin there is an exothermic loss of mass between
210 and 345°C (from 90 to 40%) which can be attributed
to the decomposition of hemicellulose and cellulose, with
maximum degradation temperatures at 285 and 325°C,
respectively. Lignin degradation occurs between 350 and
540°Cl. Table 1 lists the results of the TG analysis in detail
for the biomasses found in the Brazil nut urchin.

The thermal degradation (TG) results show that PBAT and
the 10 wt% biocomposite remain stable up to 275°C, while the
20 wt% biocomposite degrades from 250°C. The degradation
of PBAT and biocomposites began at approximately 300°C
and ended at 520°C, with the peak degradation occurring
near 400°C. The first degradation stage (340-400°C) is
likely due to the decomposition of aliphatic copolyester
components (adipic acid and 1,4-butanediol), while the
second stage (~600°C) corresponds to the decomposition
of the aromatic terephthalic copolyester!'®l. This increase
in thermal resistance can be attributed to the hydrophobic
characteristics of the PBAT present in the composite.

The DTG analysis shows three degradation stages. The
urchin partially degrades with peaks at 280°C and 320°C,
while the main degradation peaks occur at 395°C for PBAT,
405°C for the 10 wt% biocomposite, and 400°C for the 20
wt% biocomposite. At 535°C there is ash residue for the
biocomposites and PBAT, and in the urchin this temperature
increased to 555°C, due to the presence of lignin!'”\. The
PBAT visibly inhibited the degradation of the hemicellulose
and cellulose of the urchin between 210 and 345°C.

3.2 X-Ray Diffraction (XRD)

The natural fibers of the Brazil nut urchin consist mainly
of cellulose (both amorphous and crystalline), along with
hemicellulose and lignin (amorphous)®™'¥). Since PBAT
is semi-crystalline®), adding urchin fibers is expected to
modify the composite’s crystallinity. Table 2" compares
PBAT’s crystallographic planes with research results,
showing similarities.

XRD shows that the crystallinity of PBAT was not
compromised by the addition of urchin particles (Figure 2).
The 10 wt% biocomposite had the highest peak intensity
(5254 a.u. at 22.88°), followed by the 20 wt% biocomposite
(3428 a.u. at 23.12°) and the urchin (3207 a.u. at 22.32°).
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Figure 1. TG and DTG of PBAT samples, Brazil nut urchin and biocomposites with 10 wt% and 20 wt% of urchin.

Table 1. TG results of biomass components for Brazil nut urchin.

S 1 Moisture Release Hemicellulose Cellulose Lignin Solid Residue
ample

P T Range (°C) T Range (°C) T Range (°C) T Range (°C) T (°C)
Brazil nut urchin ~ 50-140 210-285 285-345 350-540 555

Table 2. XRD plane data of PBAT and 10 wt% and 20 wt% biocomposites.

d,, (011) (010) (102) (100) ) (112, 012, 101) (121, 120, 120)
2009 16.00° 17.22° 20.12° 23.00° 24.72° 28.52° 30.95°
20 16.08° 17.36° 20.04° 22.80° 24.76° 28.88° 30.92°

Source: "ladapted by the author.
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Figure 2. XRD of PBAT, urchin and biocomposites with 10 wt% and 20 wt% of Brazil nut urchin.
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Figure 3. FTIR: PBAT, urchin, biocomposite with 10 wt% and 20 wt% of Brazil nut urchin.

Lower lignin contents acted as nucleating agents, increasing
crystallinity, but high contents restricted the organization of
the PBAT polymer chains, resulting in a reduction in total
crystallinity!'”\. The peak height was not directly proportional
to the addition of urchin.

3.3 Fourier transform infrared spectroscopy (FTIR)

FTIR analysis helps study molecular interactions
during reactive extrusion®” and identifies fiber functional
groupsl?'l. Key absorption peaks are expected at 2900—
3600 cm™ for cellulose (-OH/CH), 1700-1770 cm™' for
hemicellulose (C=0), and 1200-1600 cm™ for lignin
(methoxy-O-CH,/C-O-C/C=C)™.

Figure 3 shows a weak absorbance peak at 3511 cm™!
in biocomposites, attributed to OH stretching!”’!. The peak
at 3442 cm’, characteristic of PBAT, corresponds to a

4/10

weak OH stretching band associated with the vibrations
of the hydroxyl linked to the hydrogen (-OH) in the starch
chains?¥, also appears in biocomposites but with lower
intensity. Spectral changes indicate interactions between
PBAT and urchin particles. FTIR spectra show peaks at
2925-2952 cm! from CH, aliphatic C-H stretching!'®l. The
FTIR spectra also show the presence of lignin in the PBAT
matrix due to the appearance of the CH stretching vibration
peak. A sharp peak, between 1710 and 1720 cm™!, represents
the carbonyl groups of carboxylic, p-coumaric, ferulic and
uronic acid, which are the main constituents of extractives
and hemicellulose™, and another peak at 1708 cm™! attributed
to the ester carbonyl stretch (C=0) of the ester group,
which was originally present in the PBAT structure!!®>°!,
Areduction in the C=0 peak signals polymer degradation!'®’.
Biocomposites show C=C phenylene stretching peaks at 1456
and 1508 cm!, while PBAT has them at 1409 and 1454 cm'l'*),

Polimeros, 35(4), 20250048, 2025
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The peaks between 1236 and 1267 cm™ are attributed to
C-H deformation (asymmetric), representing the crystalline
nature and vibration of CH, in cellulose™”, and for PBAT
it is attributed to C-O stretching of the ester bonds!'®.. The
peaks at 1037-1162 cm™ correspond to C-O-C stretching in
cellulose glycosidic bonds?**"!. The sharp peak at 727 cm'!
is linked to -CH, - vibrations in the PBAT structure!'.

Table 3 shows that peak frequencies remain similar
despite adding urchin to the bioplastic. If a compatibilizer
had been used, a greater intensity of these peaks would
have been evident”!. According to the harmonic oscillator
model, peak frequency decreases with stronger molecular
interactions, where hydrogen bonds play a key rolel*!.

3.4 Microscopia eletronica de varredura (SEM)

As the Brazil nut urchin content increased, the surfaces
of the biocomposites became rougher (Figure 4). The
biocomposite with 10 wt% by weight of urchin showed
better structural integrity and a smoother, denser appearance
(Figure 4b), while the 20 wt% biocomposite was more

irregular, with ripples, depressions, and pores (Figure 4d).
These findings align with Pan et al.l'”) who observed increased
surface irregularity with higher fiber content. These results
highlight the importance of mechanical and barrier properties
in nanocomposite films®", indicating weak interfacial
adhesion with the matrix, corroborating the FTIR results.
The urchin was homogeneously dispersed in the polymer
matrix and present across the biocomposite surface, though
some pores were observed (Figure 4d). This differences in
dispersion were likely due to extrusion processing, which
is more effective than gravity and press processing, but still
resulted in irregular fractures and visible cracks (Figure 4).

Figure 5 highlights poor compatibility between the
polymer matrix and the urchin surface. This may be due to
the different surface energies, which prevent the formation
of a stable and well-adhered interface, causing defects and
porosity. This lack of interfacial adhesion can negatively
impact the composite’s mechanical propertiest®?. Chemical
treatment removes surface impurities from the fiber, enhancing
mechanical interlocking with the matrix and improving the
composite’s mechanical propertiest®’). Figure 5 also shows

Table 3. XRD plane data of PBAT and 10 wt% and 20 wt% biocomposites.

Sample (cm™) O-H C-H Cc=0 Cc=C C-H C-0-C C-O-H

PBAT 3500 2952 1708 1454/1409 1267 1103 727

Urchin 3442 2925 1720 - 1236 1037 -

Bio 10wt% 3442 2925 1716 1456 /1508 1245 1161 727

Bio20wi% 3442 2925 1710 1456 /1508 1245 1162 727
Sample 2000 x

Bio 10 wt%

EHT=1000KV  Signal A= SE1 -
Mag= 100X  puiea

wo = 75mm

EHT=1000KV SgnalA=SE1  «~%
WO= 75mm  Mags 100KX s Tha

Bio 20 wt%

EHT= 100KV Signal A= SE1
WO=E5mm  Mags 100X  ruita

RIPPLES
AND
DEFRESSIONS

EHT=1000K/  Signal A= SE1
WD= 65mm  Mags 100KX wima

Figure 4. SEM after extrusion of (a) and (b) biocomposite with 10 wt% (c) and (d) biocomposite with 20 wt% of Brazil nut urchin.

Polimeros, 35(4), 20250048, 2025

5/10



Freitas, B. M., Razzino, C. A., & Lisboa Filho, P. N.

Sample

LACK OF INTERFACIAL'

ADHESION

Bio 10 wt%

EWT=1000KU  Signal A= SEI

WorBEmm  Mage 200X

Bio 20 wi%

ENT=1000K)  Signal A= SEY
WDs TErm  Mage 200X

WS 1000KY  Sigral A= SEY
Mage 100KX

Figure 5. SEM after fracturing with liquid nitrogen of (a) and (b) biocomposite with 10 wt%; (c) and (d) biocomposite with 20 wt% of

Brazil nut urchin.

poor distribution and orientation of urchin fibers in the
polymer matrix, likely due to the extrusion process, though
better than gravity and pressing methods, however the surface
showed irregular and visible fractures or cracks, which
indicates the typical fragility of lignocellulosic materials®”).
The inadequate distribution, fiber agglomeration and gaps
suggest processing issues related to temperature, pressure,
and cooling rate. Reprocessing the biocomposite through
extrusion could help mitigate these problems.

3.5 Mechanical tests

3.5.1 Tensile test

The addition of urchin reduced the tensile stress (o) of
PBAT from 9.36 MPa to 7.08 MPa (10 wt% urchin) and
6.7 MPa (20 wt% urchin). This aligns with previous studies
showing reduced PBAT tensile strength when reinforced with
materials like starch®”, cellulose nanocrystals®*, cellulose
acetatel*”!, ground coffee), organomontmorillonite*”!
and wheat straw!®*). The 10 wt% biocomposite had stress
comparable to low-density polyethylene (LDPE, 6.9-16 MPa)
but significantly lower than polyesteramide (PEA, 17 MPa),
polypropylene (PP, 35 MPa), and linear LDPE, which are
commonly used in packaging and agriculturel*’.

Figure 6b shows that adding urchin significantly
reduced elongation: from 24.23% in pure PBAT to 10.85%
with 10 wt% urchin, and 5.89% with 20 wt%, indicating a
decrease in the material’s plastic deformation under tension.
Figure 6¢ shows that the elastic modulus (Young’s modulus)
increased with urchin content - from 131 MPa in pure PBAT
to 210 MPa (10 wt%) and 316 MPa (20 wt%). This rise is
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likely due to phase transition”” good lignin dispersion, and
strong PBAT-lignin interactions*’’. In addition, there are
also hydrogen bonds and 7-r interactions!*, as lignin has
a rigid aromatic structure and a high Young’s modulus!*?.

3.5.2 Izod impact test

The highest impact resistance was observed in pure
PBAT (206.44 J/m), while the addition of 10 wt% and
20 wt% urchin reduced it to 47.37 J/m and 32.67 J/m,
respectively - an 88.38% decrease (Figure 7). This indicates
that urchin makes the biocomposite more fragile, consistent
with tensile test results showing increased stiffness and
reduced plastic deformation.

Composite materials are highly sensitive to impact, which
can cause severe internal damage like delamination and
cracking!’l. Composites with a polypropylene (PP) matrix
and long natural fibers show the highest impact resistance,
likely due to better interfacial stress transfer. It was also
found that the treatment of the fibers with a coupling agent
(maleic anhydride) reduces the loss of impact resistance!**l.

Literature reports a Charpy impact energy of 115 kJ/m?
for flax fiber PP composites manufactured by the pultrusion
process®), and for a compression molded an Izod impact
of 751 J/m for needle-punched flax blankets!*?), a value 14x
higher than that found in the biocomposite with 10 wt% of
nut urchin. For bioplastics, PLA reinforced with 30 wt%
Cordenka fiber achieved the highest biodegradable composite
impact strength at 72 kJ/m?*"l. Additionally, PLA composites
with 30 wt% abaca and synthetic cellulose fibers showed
significant improvements in Charpy impact strength and
tensile strength (5.7 to 7.9 kJ/m?)“%l,

Polimeros, 35(4), 20250048, 2025
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Figure 6. Curves (a) Stress-deformation; (b) Elongation; (c) Elastic modulus.

3.5.3 Shore D surface hardness test

The surface hardness (Shore D) of PBAT biocomposites
increased with the addition of Brazil nut urchin particles,
possibly due to the greater stiffness and hardness of the
fibers compared to the PBAT matrix. At the proportion
of 20 wt% the biocomposite showed over 30% higher
average surface hardness, with an increase of more than
40% from 28.3 (PBAT) to 39.7 Shore D (Figure 8).
Another aspect analyzed in the interquartile range was
that a higher amount of urchin particles allowed for more
efficient load distribution, resulting in a surface more
resistant to penetration and, consequently, increased
surface hardness (Figure 8).

Despite some compatibility limitations observed under
microscopy, the fiber presence still enhanced hardness. With
10 wt% urchin, the hardness was lower compared to 20
wt%, but it still led to a higher hardness than pure PBAT,
resulting in an intermediate value of 35 Shore D. The lower
fiber content also added strength to PBAT, which showed
a lower surface hardness (29 Shore D) due to its natural

Polimeros, 35(4), 20250048, 2025
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Figure 7. 1zod impact strength for PBAT and biocomposites with
10 wt% and 20 wt% of Brazil nut urchin.

flexibility and reduced stiffness compared to reinforced
materials (Figure 8).
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Figure 8. Shore D surface hardness resistance for PBAT and
biocomposite with 10 wt% and 20 wt% of Brazil nut urchin.

4. Conclusions

After processing, all biocomposite samples showed
good surface homogeneity and were classified as particulate
polymer biocomposites. While biocomposites begin degrading
around 300°C, urchin particles degrade from 210°C, slightly
lowering the ash degradation onset for PBAT with 20 wt%
urchin to 493°C. XRD analysis showed no significant change
in crystallinity after extrusion. However, SEM revealed
poor interfacial adhesion between PBAT and natural fibers,
weakening the composite’s mechanical properties. The
mechanical properties results suggest that the urchin acted
as a filler rather than a reinforcement, due to the decrease
in PBAT’s tensile strength, toughness and ductility, making
them more brittle than pure PBAT, mainly due to weak
particle-matrix bonding and morphological pores. On the
other hand, higher fiber content improved surface hardness
due to the rigidity of the urchin fibers, making the material
more suitable for high-hardness applications. Because natural
fiber composites are lighter than those with synthetic fibers,
they offer energy savings in sectors like automotive. Thus,
PBAT/urchin composites show advantages for industrial
applications, helping reduce plastic use, environmental
impact, and supporting the circular economy.
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