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Abstract: The Amazon region, with its vast biodiversity and rich natural resources, presents a
unique opportunity for the development of sustainable polymeric composites reinforced with
residues from both the timber and agro-extrativism industries. This article explores the potential of
these Amazonian residues, such as sawdust, wood shavings, and agro-industrial by-products like
acai seeds and Brazil nut shells, to enhance the mechanical, thermal, and environmental properties
of polymer composites. By integrating these natural materials into polymer matrices, significant
improvements in composite performance have been achieved, including increased tensile strength,
thermal stability, and biodegradability. The study also highlights the environmental and economic
benefits of utilizing these residues, promoting waste reduction and supporting a circular economy
in the region. Through case studies and detailed analyses, the article demonstrates the feasibility
and advantages of incorporating Amazonian residues into composites for a wide range of
applications, from construction materials to consumer goods. This approach not only adds value to
the by-products of the Amazonian industries but also contributes to the global effort towards
sustainable material development.

Keywords: Amazonian residues; lignocellulosic materials; bioactive compounds; polymeric
composites; timber industry; agro-extrativism industry; sustainability; circular economy;
mechanical properties

1. Introduction

The Amazon region, with its vast biodiversity and rich natural resources, supports numerous
economic activities, particularly in timber extraction and agro-extrativism industries [1,2]. However,
these industries generate significant amounts of waste, primarily in the form of underutilized or
discarded residues from wood processing. These residues present not only an environmental
challenge but also an opportunity to promote a circular economy [3]. By integrating these Amazonian
residues into polymeric composites, it is possible to enhance material properties while
simultaneously advancing sustainable practices, thereby reducing waste and creating value from
what would otherwise be discarded. This approach not only contributes to environmental
sustainability but also fosters a circular economy, where resources are continuously repurposed and
reused [4-6].

This vast Amazonian region, spanning several South American countries, is a significant
producer of various organic residues from timber extraction and agro-extrativism activities,
including the harvesting of agai [7], Brazil nut (also known as Pard nut or Amazon nut) [§],
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Macaranduba [9], and other native products. These processes generate a significant number of
lignocellulosic by-products, which are often underutilized or discarded. These residues, rich in
cellulose, hemicellulose, and lignin, have great potential for incorporation into polymeric composites,
where they can enhance mechanical and thermal properties while also contributing to the
biodegradability of the final material. By effectively utilizing these by-products, not only is waste
reduced, but the overall environmental impact is minimized, supporting sustainable practices and
advancing the circular economy [10-12].

Several worldwide studies have explored have been exploring the use of agricultural and
industrial residues in polymer composites in different applications, highlighting their potential to
enhance material properties and promote environmental sustainability. For example, eucalyptus
sawdust [13], oil palm fibers [14], rice husk or straw [15,16], coconut coir [17], sugarcane bagasse [18],
and wheat straw fibers [19] have been widely studied for their potential in reinforcing polymer
composites, demonstrating substantial improvements in tensile strength and impact resistance.
Given these successful applications of residues in polymer composites across the globe, similar
strategies can be effectively applied to the abundant and underutilized residues from the Amazon
region, such as by-products from the extensive timber industry and agro-extrativism sector, to create
sustainable and high-performance materials [20,21].

The use of polymeric matrices in composites is crucial due to their ability to bind reinforcement
materials, such as natural fibers or industrial residues, into a cohesive structure that exhibits
enhanced mechanical, thermal, and chemical properties [22,23]. These polymer matrices can broadly
be classified into thermoset and thermoplastic types, each with distinct advantages depending on the
application. Thermoset matrices, such as epoxy resins, provide excellent thermal stability and
resistance to chemical attack but are generally more brittle and cannot be remolded once cured. In
contrast, thermoplastic matrices, like polyethylene (PE) and polypropylene (PP), offer superior
impact resistance and the ability to be reshaped with heat, making them highly versatile for various
applications. For instance, polyethylene and polypropylene are commonly used in packaging and
automotive parts due to their toughness and ease of processing, while biodegradable polymers like
polybutylene adipate-co-terephthalate (PBAT) are favored in sustainable applications [24,25]. The
choice of matrix significantly influences the composite’s overall performance, including its resistance
to environmental factors like moisture absorption, chemical exposure, and high temperatures. The
incorporation of reinforcement materials into these matrices can lead to significant improvements in
tensile strength, stiffness, impact resistance, and thermal stability, making them suitable for a wide
range of applications, from automotive parts to medical devices [26]. Additionally, by utilizing
natural or industrial residues as fillers, the environmental impact of polymer composites is reduced,
supporting sustainability and the principles of a circular economy. This not only adds value to waste
materials but also reduces reliance on non-renewable resources, positioning polymeric composites as
a key focus in the development of next-generation materials [27,28].

This study aims to investigate the potential of Amazonian residues, particularly those from the
timber and agro-extrativism industries, as reinforcement in polymeric composites. By examining the
types, sources, and characteristics of these residues, the research seeks to identify their suitability for
enhancing the mechanical, thermal, and environmental properties of polymer matrices. Furthermore,
this work explores the environmental impact and economic viability of utilizing these residues,
highlighting their role in promoting a circular economy within the Amazon region.

2. The Amazonian Timber and Agro-Extrativism Bioindustries
2.1. General Description of the Bioindustry in the Amazon

The history of humanity shows that civilizations have always sought products from nature for
various purposes [29]. As new lands were explored, more natural resources were discovered [30,31].
When the Amazon was discovered by European explorers, there was a great effort to uncover its
riches, not only mineral but also in its flora and fauna. The exploitation of rubber is a historical
example of the Amazon’s potential, which can be considered the beginning of bioindustry in the
region [32]. In the Amazonian context, bioindustry is defined as industries with commercial potential
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using natural resources from the Amazonian biodiversity in areas such as energy, environment,
agriculture, food, animal and human health. These industries develop products and processes
through biotechnology (both old and current), bioscience-related activities (such as consulting,
laboratories, research, etc.), at any technological level [33,34]. In the state of Amazonas, Brazil, there
are only 44 registered enterprises involved in production, processing, and biotechnological studies,
including 40 companies and 4 research institutes. The companies include seven medium-sized, six
small, and twenty-seven microenterprises, employing around 4,000 workers in total and generating
approximately R$ 700 million in revenue. These enterprises operate in sectors such as food,
biorefinery, bioinputs, cosmetics, environment, bioenergy, pharmaceuticals, chemicals, and
innovation, with 34 enterprises in the modern third-generation implementation phase [35].

The Amazon forest area comprises nine countries (Bolivia, Colombia, Ecuador, Peru, Venezuela,
Suriname, Guyana, French Guiana, and Brazil), with 66% of this area located in Brazilian territory
[36]. Approximately 1 billion people depend, in part, on native species from nature, including animal
meat, edible insects, and plants with traditional healing effects. The area that the Amazon occupies
holds the greatest biodiversity on our planet, with about 13% of the species already described in the
literature, within approximately 0.5% of the total land area. This biodiversity includes approximately
50,000 plant species, 2.5 million insects, 350 primates, 800 amphibians and reptiles, 1,300 birds, and
3,000 fish species. Just 1 hectare of the Amazon rainforest contains more tree species than the entire
area of Western Europe. These characteristics make the Amazon a field of high biodiversity value
[37].

In the central region of the Amazon, there are about 303 Brazilian cities involved in the
production of Amazonian fruits and seeds, such as agai, andiroba, Brazil nuts, cumaru, and cupuacu.
Among these, only 39 cities carry out industrial processing of these raw materials [38]. The use of
Amazonian products has stimulated research on the residues of raw materials, turning them into
bioinputs for other products such as composites, making the cycle of the original raw materials more
sustainable. Composites with the addition of biological materials become biocomposites, which can
include fungi found in guarand residues that act as binders for lignocellulosic material substrate
particles [39], cassava starch with tururi fiber to produce biopolymers [40], jute fiber with wood
residues [41], mango kernel to produce a biopolymer [42], and pirarucu fish scales [43]. The potential
of Amazonian origin biocomposites is promising and needs to be increasingly studied.

The potential of biocomposites derived from Amazonian bioinputs is promising and needs to be
increasingly studied as sustainable alternatives due to the significant environmental concerns related
to the disposal of plastic materials [44,45]. Amazonian bioinputs for composites are diverse, and they
can be produced from the raw material itself or from by-products or residues. This diversification is
due to the variety of properties and purposes that one seeks to achieve. Some composites have one
or more bioinputs. A primary class of bioinputs is vegetable oils, such as copaiba, andiroba, and palm
oil. Rodrigues et al. [46] incorporated copaiba oil (Copaifera sp.), in both direct and microencapsulated
forms, into Xanthosoma mafaffa Schott starch-based films, resulting in a biocomposite with higher
hydrophobicity, lower tensile strength and elongation, and inhibition of tested gram-positive
bacteria. Silva et al. [47] developed a biomimetic material for wound treatment using poly(e-
caprolactone) and andiroba seed oil.

Several studies have been performed on composite formation from natural fibers. They have
been developed with raw materials produced in the Amazon region, particularly sisal [48], jute [49],
and malva [50]. However, other fibers are gaining interest in research, using both the raw material
and the residue. The latter class contributes to reducing the environmental impacts caused by
conventional polymers. Rojas-Bringas et al. [51] used Brazil nut husks with starch from three different
sources to produce a biocomposite, in which the Brazil nut fibers acted as a natural filler with good
ecological quality. Inamura et al. [52] prepared a biocomposite of gelatin with Brazil nut husks,
including acrylamide as a copolymer in glycerin, to test the effect of electron beam irradiation,
observing that crystallinity decreased with increased irradiation. Curaua is a plant that has been
extensively tested as an alternative natural fiber. Souza et al. [53] investigated the autogenous self-
healing capacity of a curaua fiber-reinforced cement biocomposite, which showed high self-healing
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capacity. Castro et al. [54] produced a biocomposite with curaud fiber, hydroxylated polybutadiene,
and high-density bio polyethylene, where curaua fiber improved the mechanical properties of the
biocomposite. Frollini et al. [55] performed mechanical tests, water absorption tests, and a
morphology study of a biocomposite using poly (butylene succinate) (PBS) as the polymer matrix
and curaua fiber molded by compression, yielding better results than using the individual
components.

2.2. Production and Economic Impact

The production of wood in the Brazilian Amazon is predominantly concentrated on a small
group of commercially valuable species, despite the vast biological diversity of the region. Between
2007 and 2020, the 20 most exploited species accounted for approximately 52% of the total volume of
roundwood, amounting to about 81 million cubic meters [56]. Among these, the Magaranduba
(Manilkara huberi) stood out as the most exploited species [57,58], with an accumulated volume of
approximately 11.2 million cubic meters, corresponding to about 7.2% of the total produced during
the period. Following the Macaranduba, the Cedrinho (Erisma uncinatum) [59] and the Cupitba
(Goupia glabra) [60] were also widely exploited, with accumulated volumes of approximately 8.9
million and 8.6 million cubic meters, respectively, representing about 5.8% and 5.6% of the total
production. The average annual production of roundwood in the Brazilian Amazon has varied
between 10 and 13 million cubic meters in recent years [56,61].

The average annual production of roundwood in the Brazilian Amazon has varied significantly,
ranging from 14.9 million cubic meters in 2012 to 11.2 million cubic meters in 2023, according to data
from the Brazilian Institute of Geography and Statistics (IBGE) [62]. This trend reflects a gradual
decline over the years, influenced by economic, environmental, and regulatory factors affecting the
timber industry. Consequently, the generation of residues, including sawdust and wood shavings,
has also followed this trend, decreasing from 8.2 million cubic meters in 2012 to 6.2 million cubic
meters in 2023. These residues can constitute up to 55% of the total wood processed, which represents
a substantial volume of underutilized biomass [63]. For instance, in years where total wood
production reached approximately 12 million cubic meters, around 6.6 million cubic meters of
residues were generated [62,63]. This consistent proportion of residues highlights a stable
opportunity for reusing this material in polymer chemistry. This significant volume of by-products
highlights the potential environmental impact of timber processing if these residues are not
adequately managed or repurposed. Moreover, the economic impact of these residues should not be
underestimated. The integration of sawdust and other wood residues into polymeric composites not
only adds value to these by-products but also represents a significant opportunity for the
bioeconomy. The utilization of timber industry residues contributes to both environmental
sustainability and economic growth by reducing waste and creating high-performance, sustainable
materials that can be used in various applications, from construction to consumer goods. This
approach aligns with the principles of the circular economy, positioning the Amazon region as a
leader in sustainable material innovation.

In addition to the timber industry, other agro-extrativism industries play a fundamental role in
the Amazon economy, significantly contributing to the supply of residues that can be used in the
development of polymeric composites. Among these industries, non-timber forest products (NTFP)
such as acai [64], Brazil nuts [65], and oils such as copaiba and andiroba [66] stand out. The annual
production of agai in Brazil has grown significantly in recent years, reflecting the increasing demand
in both domestic and international markets. According to data from the Brazilian Institute of
Geography and Statistics (IBGE), in 2022, Brazil produced approximately 1.7 million tons of agai
fruits, generating a revenue of 6.17 billion Brazilian reais (more than 1 billion US$) [62,67]. This
growth is driven by the expansion of cultivation areas and the intensification of palm management,
especially in the main producing regions of the Eastern Amazon, which continue to be the largest
producing areas in the country.

Another highly exploited activity in the Amazon NTFP is the extraction of Brazil nuts, which is
currently being called Amazon nut. The annual production of this nut is a vital economic activity for
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many communities in the Amazon, as well as generating lignocellulosic residues that present great
potential for the development of reinforced polymeric composites [68]. Bolivia remains the top
producer of Brazil nuts, accounting for 79% of global production in the 2022/23 season, with a
production of 22,000 metric tons. Peru and Brazil follow, contributing 16% (4,500 metric tons) and 5%
(1,500 metric tons) of the global production, respectively, according to data from the International
Nut and Dried Fruit Council (INC) [69]. These countries, all located within the Amazon rainforest,
not only produce significant quantities of Brazil nuts but also generate substantial residues. These
residues offer valuable opportunities for sustainable applications, such as incorporation into polymer
composites. In addition to Brazil nuts and acai, whose residues have been studied for application in
composites, the extractive industry in the Amazon encompasses a wide range of natural products
that are fundamental to the local and national economy. In 2022, other notable Amazon NTFP
included babassu (almond), with a production of 148,635 tons; erva-mate, with 35,964 tons; pequi
(fruit), with 3,657 tons; and urucum (seed), with 989 tons [62].

The interconnected relationship between these diverse agro-extrativism activities and the
development of polymeric composites can be visually represented through the conceptual model
depicted in Figure 1. This model illustrates how Amazonian residues, such as those from Brazil nuts,
acai, and other natural products, are integrated into polymeric matrices to create high-performance
materials. These composites, in turn, contribute to the broader bioeconomy by offering sustainable
and economically valuable alternatives to traditional materials. The central portion of Figure 1
illustrates the interconnectedness of key elements involved in the development of polymeric
composites using Amazonian residues. At the core, the human figure symbolizes the role of human
activities—such as research, innovation, and development—in the sustainable utilization of natural
by-products. Surrounding this central figure, the icons represent various critical components:
chemical processes (molecular structure icon), sustainable waste management (recycling icon),
valorization of natural resources (leaf icon), and the transformation of these resources into high-
performance materials (plant growth icon). These interconnected elements emphasize the cyclical
relationship between agro-extractivism, material development, and bioeconomic advancement.

Polymeric Mechanical
h and Thermal
Composites Enhancements
Contribution to
Natural By- Bioeconomic
products Development

T

into High-
Performance
Materials

&

Amazonian Bioeconomy

Residues Sustainable
Resource
Utilization

Valorization and
Sustainable
Development

Figure 1. Interconnections between Amazonian Residues, Polymeric Composites, and Bioeconomy.
The central portion represents the role of human activities in sustainable development, with icons
symbolizing key elements such as chemical interactions, sustainable resource management, material

reuse, and the creation of innovative materials.
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In addition to environmental impacts, the Amazon bioindustry is a significant source of
employment and income for local communities. The production and processing of products such as
acai and Brazil nuts employ thousands of workers, often in regions where economic opportunities
are limited. The export of these products to international markets, such as Europe and the United
States, also contributes substantially to the local economy [70]. In 2022, the production of copaiba oil
(Copaifera sp) in Brazil reached 265 tons, generating a production value of approximately 10.188
million reais, demonstrating the economic importance of these products [62]. However, the
bioindustry faces significant challenges related to sustainability and efficient waste management. The
lack of adequate infrastructure and the need for more advanced technologies for the processing and
reuse of by-products are barriers that need to be overcome. Nonetheless, with the increasing demand
for sustainable products, there is a clear opportunity to expand the use of residues in polymeric
composites, as illustrated in Figure 1, promoting a bioeconomy in the region and enhancing the
economic and environmental benefits of the Amazon bioindustry [70,71].

2.3. Chemical Composition Impact on Polymeric Composite Properties

The chemical composition of lignocellulosic residues, such as seeds, shells, and fibers, directly
influences the performance of polymeric composites in various ways. High cellulose and
hemicellulose content in the residues enhances the stiffness and mechanical strength of the
composites, as these components provide strong interactions with the polymer matrix, promoting a
more homogeneous dispersion of the reinforcement [72,73]. However, the presence of lignin and
extractives can have mixed effects. While lignin can improve thermal stability and barrier properties,
excessive amounts may hinder the adhesion between the matrix and the residues, reducing the
cohesion of the composite [74]. Similarly, extractives, including phenolic compounds and fatty acids,
can affect the interfacial properties [75].

Residues rich in non-polar extractives, such as those found in certain seeds and shells, can reduce
chemical interaction with polar polymers, resulting in composites with lower cohesion and structural
strength. In contrast, residues with higher levels of polar components, such as cellulose and
hemicellulose, tend to exhibit better compatibility with hydrophilic polymer matrices, enhancing the
overall performance of the material [76,77].

In addition to lignocellulosic materials, other components found in agro-extractivism residues
contribute to the specific properties of polymeric composites. Acai seeds (Euterpe oleracea) are
another valuable agro-extractivism residue that can be effectively utilized in polymeric composites.
According to Murillo-Franco et al. [78], acai seeds contain 11.58% cellulose, 37.88% hemicellulose,
and 14.12% lignin, while Buratto et al. [79] report slightly different values of 8.5%, 48.1%, and 16.4%,
respectively. These components are crucial for the mechanical properties of composites, with
hemicellulose playing a significant role in improving flexibility and lignin contributing to increased
stiffness and thermal stability. Additionally, the presence of extractives (water-soluble at 4.09% and
ethanol-soluble at 11.76% in Murillo-Franco et al. [78]) and fats (2.64%-3.5%) can affect the interaction
of the matrix with the reinforcement, further enhancing the composite’s performance. An interesting
aspect of acai is its high content of mannan, which has been highlighted in several recent studies,
such as Monteiro et al. [80], who investigated the high concentration and yield of mannose from agai
seeds through mannanase-catalyzed hydrolysis. For example, Rambo et al. [81] reported that mannan
accounts for approximately 53.8% of the seed’s carbohydrates. This high mannan content, which can
have a crystalline structure, potentially contributes to the mechanical properties of composites by
enhancing their dimensional stability and strength, although further applied studies in the field of
materials science are still needed [82,83].

Studies on palm kernel shell (PKS), a residue from the extensive palm oil industry, reveal its
potential for use in polymeric composites. Authors such as Fuadi et al. [84] and Okoroigwe et al. [85]
found that PKS contains a high lignin content, ranging from 53.40% to 53.85%, which enhances
thermal stability but may decrease compatibility with polar matrices, leading to reduced mechanical
strength. Additionally, the cellulose (up to 29.70%) and hemicellulose (26.11% to 47.70%) contents
provide reinforcement but can increase water absorption, affecting dimensional stability. The
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porosity (up to 28%) can aid in better matrix impregnation, improving mechanical interlocking,
though it might also contribute to brittleness [86]. This composition highlights PKS as a promising
yet challenging material for composite applications. Similarly, palm kernel cake, other by-product of
the palm oil extraction process, has a high content of oily compounds such as triglycerides and fatty
acids [87]. These oily components can act as natural plasticizers within the polymer matrix,
improving the flexibility and impact resistance of the composite [88].

Sawdust from Manilkara huberi (Magaranduba) shows potential for polymeric composites due to
its 69.41% holocellulose and 34.68% lignin content [89]. The high holocellulose enhances strength and
stiffness, while the lignin improves thermal stability [71-73]. Overall, Macaranduba sawdust could
improve both mechanical and thermal properties in composites.

In summary, the chemical makeup of Amazonian timber and agro-extractivism residues directly
impacts the performance of polymeric composites. In addition to the well-established effects of
cellulose, hemicellulose, and lignin, compounds such as mannan, oils, and phenolic compounds also
play significant roles in enhancing the mechanical, thermal, and chemical properties of the
composites. A better understanding of these materials’ composition, detailed in Table 1, is essential
for optimizing the design of high-performance, sustainable composites.

Table 1. Chemical Composition of Amazonian Agro-Industrial and Wood Residues.

Common Name (Scientific Reference Cellulose Hemicellulose Lignin Extractives Ash
Name) (%) (%) (%) (%) (%)
Palm Kernel Shell (PKS) Fuadi et al. [85] 29,7 47,7 53,4 - 1,1
Palm Kernel Shell (PKS) Okoro}gg‘]’e etal (o 26,11 53,85 - 8,68
Acai Seeds (Euterpe Murillo-Franco 1158 37,88 14,12 4,09 157
oleracea) et al. [78]
Acai Seeds (Euterpe Buratto et al. 85 181 16,4 131 0,96
oleracea) [79]
Brazil Nut Mesocarp Sonego et al.
(Bertholletia excelsa) [90] 159 157 2 25 62
Brazil Nut Waste Leandro et al.
- 7 7 4,54 2,61
(Bertholletia excelsa) [91] 37,09 5576 > /6
Cupuagu Husk Marasca et al.
49,43 10,13 11,3 13,94 2,3
(Theobroma grandiflorum) [92] i 0 A6 & 36
Magaranduba Sawdust .
(Manilkara huberi) Nobre et al. [89] 69,41 - 34,68 7,36 0,33
Magaranduba Sawdust .
. - 2
(Manilkara huberi) Medeiros [93] 66 9 5 0
Mandioqueira Wood Bimestre et al.
2 28,71 2 1,12
(Ruizterania albiflora) [94] 559 9,23 8 3,29 !
Cambara Wood (Vochysia Bimestre et al. 195 12,56 32,28 018 3,9
sp.) [94]
Ame.scle.l Wood Bimestre et al. 45,18 13,38 33,86 071 172
(Trattinnickia sp.) [94]
Angeh.m-pedra Almeida et al. 73,15% i 23,84 3,01 i
(Hymenolobium petraeum) [95]

* Represent holocellulose, which is the sum of cellulose and hemicellulose.

In addition to cellulose, hemicellulose, and lignin, other components present in the
lignocellulosic residues we discussed play crucial roles in enhancing the properties of polymeric
composites. Extractives, such as phenolic compounds and fatty acids, can act as natural plasticizers
or antioxidants, improving flexibility and durability [74]. Additionally, components like waxes and
proteins found in some seeds and shells can improve the interfacial adhesion between the polymer
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matrix and the reinforcement, leading to stronger, more cohesive composites [96,97]. However,
studies focusing specifically on the role of these components in polymeric composites are still limited,
highlighting the need for further research to fully understand and optimize their potential
contributions to composite performance.

3. Types of Polymer Matrices Applicable in Composites with Residues

In the development of polymeric composites reinforced with Amazonian agro-extrativism and
timber industry residues, the choice of polymer matrix is crucial for the performance and
sustainability of the final material [98,99]. This is because the polymer matrix not only binds the
reinforcement materials together, providing structural integrity, but also significantly influences the
mechanical properties, thermal stability, and environmental impact of the composite [100]. For
instance, thermoplastics offer recyclability and ease of processing, which are advantageous for
applications requiring durability and environmental responsibility [101]. Thermosets, on the other
hand, provide superior thermal and chemical resistance, making them suitable for high-performance
applications, though they are more challenging to recycle [102]. Biodegradable polymers enhance
sustainability by being compostable, reducing long-term environmental impact [103]. Each type of
polymer matrix thus presents unique benefits that must be carefully matched to the specific
requirements of the intended application [104].

The Figure 2 illustrates how conventional and biodegradable polymers contribute to the
formation of polymeric composites, highlighting how different types of polymers impact the
mechanical properties, manufacturing efficiency, and environmental impact of composites.
Conventional polymers such as polypropylene (PP), polyethylene (PE), and epoxy resins are often
chosen for their durability and robustness in a wide range of industrial applications. However, as the
demand for sustainable materials grows, biodegradable polymers such as PLA and PBAT are
attractive alternatives because they degrade in specific environmental conditions.

»
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Figure 2. Contribution of conventional and biodegradable polymers in polymeric composites.

Conventional polymers like polypropylene (PP) and polyethylene (PE) are widely used due to
their high durability, impact resistance, and low production cost [105]. Studies show that
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polypropylene (PP) and polyethylene (PE) can take hundreds of years to decompose in landfills. For
instance, PP exhibits high resistance to degradation, and even after five years in a landfill, it only
shows initial signs of deterioration, such as the formation of microplastics and biofilms of
microorganisms on the material’s surface [106]. In terms of environmental impact, the production of
1 kg of PP emits approximately 1.58 kg of CO, equivalent, highlighting a considerable carbon
footprint [107]. These factors underscore the complexity of managing conventional plastic waste.

On the other hand, biodegradable polymers like polylactic acid (PLA) and polybutylene adipate-
co-terephthalate (PBAT) offer a more sustainable solution. Danyluk et al. [108], for example, observed
that PLA bottles without caps and labels were completely composted after four weeks in an industrial
composting environment. The study also documented the complete degradation of PLA bottles with
HDPE and PP caps and labels by the eighth week, with only small residues found inside the caps and
labels, which acted as barriers, limiting microbial access to the PLA. By week 12, no significant PLA
residue was found in the samples, indicating that the material had nearly fully decomposed.

However, in terms of costs, conventional polymers like PP are significantly cheaper compared
to biodegradable ones. As highlighted in the European Commission’s report on the sugars platform
for biofuels and biochemicals, PP, for example, costs around $1,500 per ton, while
polyhydroxybutyrate (PHB), a biodegradable polymer, can cost up to $6,500 per ton, making it 4 to 5
times more expensive than PP. Polylactic acid (PLA), another biodegradable polymer, has an average
cost of $2,000 to $2,200 per ton, still more affordable than PHB but approximately 30% more expensive
than PP. PS and PE also have lower costs compared to biodegradable polymers. The price of PS is
around $2,100 per ton, while PE, depending on the grade, costs about $1,500 per ton. In comparison,
PLA, priced between $2,000 and $2,200 per ton, is more expensive than both. PHB, at up to $6,500 per
ton, is significantly more expensive than PS and PE, being approximately 3 to 4 times the cost of PS
and up to 5 times the cost of PE [109].

Other aspects are also important. Conventional polymers, such as polypropylene (PP), exhibit
high mechanical strength, with studies reporting tensile strength of up to 38 MPa [110], as well as
high impact and fatigue resistance, making them ideal for durable structural applications. Similarly,
high-density polyethylene (HDPE) has shown tensile strength of up to 31 MPa [111]. However, as
mentioned earlier, both PP and HDPE have a low biodegradability rate [106]. On the other hand,
biodegradable polymers present highly variable characteristics. PLA, for instance, has good tensile
strength but low elongation at break. According to the findings of Gigante et al. [112], pure PLA
exhibited an elastic modulus of 3.04 GPa, a yield strength of 63.6 MPa, and an elongation at break of
only 7.1%, making it relatively stiff and brittle. In contrast, PBAT is a much more flexible polymer. In
the study by Tsou et al. [113], PBAT showed a tensile strength of 30 MPa, yield strength of 13 MPa,
and elongation at break of 1200%, indicating high ductility. Therefore, while PLA tends to be more
brittle, PBAT enhances the elasticity of blends. Technological advances, such as the modification of
polymer matrices and the addition of reinforcing fillers, have improved these mechanical properties,
making biopolymers more competitive in engineering applications. Thus, the choice between these
types of polymers involves balancing technical performance and environmental impact, with
biodegradable polymers becoming increasingly viable in applications that require sustainable
solutions.

Thermoplastic polymers are widely utilized in composite formulations due to their ability to be
repeatedly melted and reshaped, offering significant processing flexibility and adaptability in various
applications [114]. These polymers are favored for their excellent chemical resistance and mechanical
robustness, making them ideal candidates for integrating natural fillers [115,116]. In the context of
composites reinforced with Amazonian residues, thermoplastics like polypropylene (PP) and
polyethylene (PE) are particularly effective, as they can be processed at lower temperatures and
molded into complex shapes, allowing for the efficient incorporation of natural materials such as
wood fibers, seeds, and shells [117]. This adaptability not only enhances the mechanical properties
and thermal stability of the resulting composites but also aligns with sustainable practices by utilizing
abundant and underused natural resources [118].
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Polypropylene (PP) has been extensively studied in combination with natural fillers such as
wood fibers and agricultural residues. The incorporation of these fillers enhances the mechanical
properties of the composite, particularly its tensile strength and stiffness, while also contributing to
environmental sustainability by reducing the dependency on virgin polymer materials [119]. In a
similar vein, high-density polyethylene (HDPE), which is often derived from post-consumer recycled
sources, further bolsters the sustainability profile of composites when combined with Amazonian
lignocellulosic residues. This synergy not only enhances the performance characteristics of the
material but also aligns with the principles of a circular economy, supporting the efficient use of
natural resources within the region [120]. In addition to PP and HDPE, other thermoplastics such as
polystyrene (PS) and polyvinyl chloride (PVC) can also be used in composites reinforced with natural
waste.

Several studies have shown that the incorporation of natural residues into polymer matrices like
polyethylene results in significant improvements in the mechanical properties of composites
compared to pure polymers. Campos et al. [121] used Brazil nut pod fibers as reinforcement in high-
density polyethylene (HDPE) composites and observed a substantial increase in the tensile strength
and flexural modulus of the composites compared to pure HDPE, with up to a 20% increase in tensile
strength and even greater improvement in the flexural modulus. On the other hand, Souza et al. [122]
investigated the use of textile fiber residues in HDPE composites and found impressive increases of
53.5% in tensile strength and 112.5% in the modulus of elasticity when 10% fibers were added to the
composite compared to pure HDPE. Additionally, Gomes et al. [123] studied recycled low-density
polyethylene (LDPE) composites reinforced with jupati particles, observing a 17.9% increase in the
modulus of elasticity (MOE) with the addition of 15% jupati particles, although the modulus of
rupture (MOR) showed a decrease.

Thermosetting polymers are characterized by their irreversible curing process, which results in
materials with high rigidity, chemical resistance, and thermal stability. These properties make
thermosets ideal for applications requiring structural integrity and long-term durability [102]. When
reinforced with Amazonian residues, such as wood shavings and bark, thermosetting matrices can
produce composites that not only exhibit superior mechanical properties but also contribute to waste
valorization by utilizing by-products that would otherwise be discarded [116,124]. The integration of
these natural fillers can enhance the mechanical strength and stiffness of the composites, making
them more robust while promoting sustainable practices in material design [125]. Among the most
commonly used thermosetting polymers are epoxy resins, unsaturated polyester resins, phenolic
resins, and others, each offering distinct advantages depending on the application.

Epoxy resins, like other thermosets, have been extensively studied in the context of polymeric
composites. Epoxy resins are known for their strong adhesive properties and compatibility with
various reinforcement materials [126]. The incorporation of Amazonian residues into epoxy matrices
can lead to the development of high-performance composites suitable for a wide range of industrial
applications, from construction to automotive components. For example, Mendes et al. [127] used
sawdust from a non-Amazonian species as reinforcement in epoxy composites, resulting in an
approximately 43.5% increase in tensile strength compared to pure epoxy resin, with the addition of
10% by weight of sawdust to the matrix. Although this study used sawdust from a non-Amazonian
species, the approach could be similarly applied to residues from the Amazon timber industry, such
as local wood sawdust.

In line with the growing demand for environmentally friendly materials, biodegradable
polymers like polylactic acid (PLA) and polybutylene adipate terephthalate (PBAT) have gained
significant attention in the development of sustainable composites. PLA is derived from renewable
resources such as corn starch or sugarcane, and is capable of degrading under specific environmental
conditions, making it an attractive choice for applications where environmental impact is a primary
concern [128]. On the other hand, PBAT, although fossil-based, is biodegradable and can break down
more rapidly in natural environments compared to conventional plastics [129,130].

To address these challenges, current research has increasingly focused on developing 100% eco-
sustainable composites. This involves replacing non-biodegradable polymers with biodegradable
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alternatives derived from renewable resources. By integrating Amazonian agro-extrativism residues
with these biodegradable matrices, it is possible to create composites that not only retain desirable
mechanical properties but also enhance the biodegradability of the final product. For example,
Ferreira et al. [131] investigated biodegradable composites based on polybutylene adipate-co-
terephthalate (PBAT) reinforced with three different natural fibers from the Amazon forest: Croton
lanjouwensis, Malvastrum tomentosum, and Trema micrantha. The study with these species showed that
all composites presented a significant increase in modulus of elasticity compared to pure PBAT,
ranging from 48% to 72%. In another study, Pinheiro et al. [132] explored PBAT composites reinforced
with fibers from Munguba (Pseudobombax munguba), a tree abundant in the flooded areas of the
Amazon. The addition of Munguba fibers resulted in a significant increase in the modulus of elasticity
of the composites, from 51.0 MPa in pure PBAT to up to 97.0 MPa in composites with 20% fibers,
representing an approximately 90% increase. However, it was observed that the addition of fibers
reduced tensile strength and elongation at break, due to the weak interaction between the fibers and
the polymer matrix.

4. Polymeric Composites with Amazonian Timber Industry Residues
4.1. Types and Sources of Timber Residues

The diversity of exploited species is reflected in the variety of residues available, including
sawdust, shavings, chips, and other by-products of wood processing [133]. Among the most exploited
species in the Amazon is Magaranduba (Manilkara huberi), known for its dense and durable wood,
which generates significant quantities of sawdust during processing [56]. Other widely exploited
species include Cedrinho (Erisma uncinatum), Cupitba (Goupia glabra), and Jatoba (Hymenaea
courbaril), each contributing specific residues that can be valorized in composite manufacturing
[56,134]. For instance, Magaranduba sawdust is an abundant and underutilized by-product that can
be incorporated into polymer matrices to enhance their mechanical and thermal properties. Similarly,
residues from Cupitiba and Jatoba also possess characteristics that make them promising candidates
for reinforced composite production. Utilizing these residues not only contributes to environmental
sustainability by reducing waste and promoting material recycling but also offers economic benefits
by adding value to timber industry by-products [135,136].

Another significant residue is wood shavings, also known as planing chips, produced during
the planing of wood in sawmills or carpentry shops. Shavings are coarser and longer compared to
sawdust and can be used as filler in composites. Firewood, including bark, trimmings, and offcuts, is
typical of the larger volume residues generated during log cutting and planing [137,138].
Additionally, bark removed during log preparation constitutes another significant type of residue.
Often considered of low value, bark is rich in organic compounds and can be used for energy
generation or as raw material in wood panel production [139]. Proper classification of these residues
is essential to optimize their use in composite manufacturing, ensuring better material valorization
and minimizing waste [140].

Figure 3 illustrates the industrial wood processing chain, where only 15-25% of the original
volume of processed logs results in a final product, while the remainder is converted into waste such
as bark, shavings, sawdust, and offcuts [141]. These residues, which would normally be discarded,
can be reintegrated into the production chain by incorporating them into polymer matrices, adding
value by transforming by-products into useful materials for the fabrication of polymer composites.
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Flow of Generation and Utilization of Timber
Industry Residues in Polymeric Composites
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Figure 3. Flowchart illustrating the production process in the wood industry, from the cultivation of
planted forests to the generation of residues such as bark, shavings, sawdust, and offcuts.

Beyond the types of residues already mentioned, it is essential to consider the chemical
composition and specific properties of these materials, determining their potential use in polymer
composites [142]. Sawdust, for example, is not only a voluminous residue but also a rich source of
cellulose, hemicellulose, and lignin. These chemical components confer high mechanical strength and
good thermal stability to sawdust, making it ideal for producing reinforced composites [143]. The
cellulose present in materials such as sawdust also contributes significantly to the mechanical
properties of composites, enhancing tensile strength and stiffness, especially when combined with
appropriate chemical modifications [144].

As an illustration, Nobre et al. [89] highlighted that the sawdust from Magaranduba (Manilkara
huberi) is particularly noteworthy for its high lignin content (34.68%) and holocellulose levels
(69.41%), which significantly enhance the mechanical performance of composites by providing
increased rigidity and thermal stability. Similarly, their study found that other Amazonian woods
like Cedrinho (Erisma uncinatum) and Jatoba (Hymenaea courbaril) exhibit lignin content ranging from
16-24% and holocellulose content from 65-82%, making them promising candidates for enhancing the
structural properties of polymer composites. Bimestre et al. [145], in a comprehensive study of
Amazonian woods, found that Amescla (Trattinnickia sp.) exhibited the highest lignin content at
33.86%, while Mandioqueira (Ruizterania albiflora) had the highest cellulose content at 55.90%.
Likewise, Mamica de Porca (Fagara sp.) was noted for its high hemicellulose content, reaching 17.00%.
These findings underscore the suitability of these species for composite applications due to their
robust chemical compositions.

4.2. Residue Availability and Environmental Impact in the Timber Industry

The availability of waste generated by the timber industry in the Amazon varies considerably,
depending on the locality and the wood species being processed. It is estimated that 30 million tons
of wood waste are generated annually in Brazil, of which 91% come from sawmills and lumber
industries [146,147]. According to the DOF (Document of Forest Origin) report by IBAMA (Brazilian
Institute of Environment and Natural Resources) in 2017, approximately 938,000 m? of wood residues
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were produced in the Amazon (Northern) region of Brazil alone. The timber industry in the Amazon
continues to generate large volumes of waste [61]. Figueira et al. [148] reported that in 2020, local
sawmills processed about 69,300 m® of wood, achieving a production yield of 55%, which left a
significant amount of waste with no specific destination. Moreover, Mendoza et al. [137] revealed
that about 50% of the volume of logs processed is considered waste, raising environmental concerns
due to the lack of alternatives for utilizing these residues. Numerous studies have explored the
percentages of waste generated by sawmill companies, highlighting significant variations in the
volumes of waste produced. According to Ramos et al. [136], in a key urban area of the Eastern
Amazon, companies generate an average of 398.9 m? per month of timber waste, with a total of 12.3
thousand cubic meters per month produced by the 31 companies evaluated. The amount of waste
generated varies between 0.63 and 919 m? per month, influenced by the consumption of raw materials
and the production of each company.

As illustrated in Figure 4, which presents the main export and import routes of sawdust and
wood residues from Brazil in 2022, several countries stand out for their significant growth in this
trade. According to COMTRADE (United Nations Commodity Trade Statistics Database) [149], Brazil
plays a substantial role in the global trade of sawdust and wood residues, contributing approximately
1.5% to this market, translating to a total trade flow of USD 118 million. These residues are directed
to multiple destinations, with the top five importing countries demonstrating significant demand.
The leading importing country is Italy, with a substantial value of USD 68.8 million. The United
Kingdom follows with imports valued at USD 37.6 million, reflecting a strong demand for wood
residues. In third place, the Netherlands imports USD 5.6 million, showcasing the diversity of the
European market. France, in fourth place, acquires USD 2.5 million, representing a significant fraction
of the trade, while Belgium, in fifth place, imports USD 1.6 million, contributing to the commercial
dynamics in the region.
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Figure 4. Main export and import routes of sawdust and wood residues from Brazil (2017-2022).

When analyzing the trade flows of Brazilian exports to Latin America (Figure 5), it is observed
that Brazil also exports wood residues to neighboring countries. The following data illustrate this
dynamic within the top five countries: Uruguay imported USD 404,000 worth of wood residues,
showing a notable growth of 135% from 2017 to 2022. Brazil, with a share of less than 0.1% in the
global trade of sawdust and wood residues, registered a total export value of USD 593,000, evidencing
a growth of 126% over the same period. The top five importing countries of these products were
Chile, with an import value of USD 102,000, indicating a developing potential market; Mexico, in
third place, with USD 28,500; Paraguay, in fourth place, with USD 26,300; and Ecuador, in fifth place,
with USD 14,200 worth of sawdust and wood residues [149]. However, while Brazil is exporting
wood residues, such as sawdust, at significant values, there is untapped potential to add even more
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value to these residues. Instead of merely exporting the raw material, these residues could be utilized
domestically to produce high value-added products, such as advanced polymer composites. This
would not only increase the economic value generated from these residues but also contribute to the
development of a more sustainable and circular economy in the Amazon region.
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Figure 5. Main export and import routes of sawdust and wood residues from Brazil (2017-2022).

4.3. Applications of Residues from the Amazon Timber Industry in Polymeric Composites

Numerous studies in the literature have explored the application of Amazonian timber industry
residues in polymeric composites, highlighting their potential to enhance the mechanical, thermal,
and environmental properties of these materials [150,151]. Researchers have investigated a wide
range of wood residues, such as sawdust, shavings, and bark, incorporating them into various
polymer matrices to create composites with improved performance and sustainability [152,153]. A
summary of key examples from the literature, illustrating the significant improvements in
mechanical properties, such as increased tensile strength and modulus of elasticity, is provided in
Table 4.3. While this table offers selected examples, it reflects broader trends observed across multiple
studies [154].

Santos et al. [151] conducted a study on the impact of moisture content in mercerized wood
residues on the modulus of rupture of thermopressed polyurethane-based composites. The research
focused on tropical wood residues from the Amazon, specifically Louro Itatba, Louro Gamela, and
Macaranduba, investigating the effects of different NaOH concentrations (5% and 10%) and moisture
levels (3% and 12%) during the thermopressing process. The study evaluated residues from Louro
Itatiba, Louro Gamela, and Magaranduba, showing notable increases in the modulus of rupture of
the composites. For Louro Gamela, the modulus of rupture increased from 12 MPa to 16 MPa, while
for Louro Itatba, it increased from 2 MPa to 9 MPa. In the case of Magaranduba, the modulus of
rupture rose from 3 MPa to 11 MPa. These results indicate that the incorporation of Amazonian wood
residues enhances the strength of the composites, improving their rupture resistance and making
them more suitable for various industrial applications. The study highlights the potential of these
residues to improve the mechanical properties of composites while promoting a sustainable solution
for the use of by-products from the Amazonian timber industry.

The development of biodegradable composites using natural fiber residues as reinforcement
faces challenges due to incompatible interfaces between fillers and matrices. Rocha et al. [155] studied
the use of a starch coating as a natural coupling agent to improve the compatibility between
lignocellulosic residues — including sugarcane bagasse, magaranduba, and pinus — and a polylactic
acid (PLA) matrix. The mechanical properties table shows that the starch coating significantly
improved the stiffness and strength of the composites reinforced with macaranduba and pinus
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residues. The PLA-Pinus composite exhibited the greatest increase in Young’s modulus, with a 34%
increment (from 2.6 GPa to 3.5 GPa), while maintaining almost the same tensile strength, whereas the
PLA-Magaranduba composite showed a 15% increase in Young’s modulus (from 2.6 GPa to 3.0 GPa).
On the other hand, the sugarcane bagasse demonstrated less efficiency in the starch coating, with a
reduction in Young’'s modulus to 2.1 GPa, suggesting that the larger surface area of the bagasse
hindered the formation of a uniform coating. In terms of impact absorption, the PLA-Macaranduba
composite also stood out, with a significant increase from 0.193 J/m to 0.357 J/m. Additionally, the
thermal properties of the composites were evaluated, showing that the initial decomposition
temperature (T10%) of all composites was slightly lower than that of pure PLA, with a reduction of
about 10°C, which is associated with the lower thermal stability of the lignocellulosic residues and
starch compared to PLA.

Surdi et al. [152] investigated the effective use of wood residues from the mechanical processing
of Amazonian species for high-density particleboard production, offering a sustainable solution to
waste management challenges in the timber industry. The study used residues from Caryocar
villosum, Hymenolobium excelsum, Mezilaurus lindaviana, Erisma uncinatum, Tachigali myrmecophyla, and
Qualea paraensis to manufacture panels with a nominal density of 850 kg/m? and a thickness of 15.7
mm, utilizing 8% phenol-formaldehyde adhesive. The results showed that particleboards produced
with residues from Caryocar villosum, Hymenolobium excelsum, and Tachigali myrmecophyla exhibited
superior mechanical properties compared to the others, meeting or exceeding the minimum
requirements of the ANSI A208.1 standard for high-density panels (H-1 classification) and floor
production (PBU classification). Specifically, panels made with Caryocar villosum residues had a
modulus of rupture of 9.39 MPa and a modulus of elasticity of 1616.74 MPa, while panels with
Tachigali myrmecophyla residues showed the highest modulus of rupture at 10.04 MPa. Additionally,
the panels made with Hymenolobium excelsum exhibited the highest internal bonding strength at 1.41
MPa, making them the best option for structural applications. These findings highlight the potential
of transforming wood processing residues into high-value engineered materials, contributing to
resource efficiency and environmental sustainability within the timber industry.

The utilization of jatoba wood (Hymenaea courbaril) residues combined with short malva fibers
in polymeric composites presents an innovative approach to material recycling. As Costa et al. [156]
demonstrated, the mechanical properties of these composites highlight the influence of fiber length
on tensile strength. The study found that composites reinforced with 15 mm malva fibers achieved a
tensile strength of 25.09 MPa, while hybrid composites with a 75/25 ratio of 15 mm fibers and jatoba
wood residues exhibited a slightly higher tensile strength of 26.06 MPa. The microstructural
characterization indicated that the incorporation of jatoba wood residues did not significantly affect
the tensile strength, but the presence of fewer voids and the good rigidity in the hybrid composites
contributed to their performance. These results suggest that the inclusion of a small percentage of
wood residues can be a viable strategy for developing high-performance hybrid composites while
promoting the reuse of wood waste.

Another study by Ferreira et al. [157] evaluated jatoba (Hymenaea courbaril) wood powder as a
reinforcement in polypropylene (PP) composites, focusing on the influence of PP viscosity on
thermal, mechanical, thermomechanical, and morphological properties. The addition of jatoba
powder improved the mechanical performance of the composites, particularly in terms of elastic
modulus, with an increase of 59% for composites with 40% jatoba powder in the PP H103 matrix
(rising from 800 MPa to approximately 2000 MPa) and 50% in the PP H503 matrix. Thermal properties
were also enhanced, as the composites exhibited increased heat deflection temperature (HDT) with
the highest value recorded at 138°C for PP H103 with 40% jatoba powder, compared to 89°C for neat
PP H503. Vicat softening temperature (VST) and Shore D hardness also improved with higher filler
content, indicating better thermomechanical stability. However, there was a slight reduction in
tensile strength (up to 23% lower for PP H103 with 40% jatoba powder) and elongation at break, likely
due to poor interfacial adhesion and wood powder agglomeration observed in the SEM images.
Despite these decreases, the study confirmed that jatobd powder enhances the overall stiffness and
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thermal resistance of the PP composites, making them suitable for applications requiring high
dimensional stability at elevated temperatures.

Table 2. Comparative Analysis of Mechanical Properties of Polymeric Composites Reinforced with
Timber Industry Residues.

Study Timber Residue Composition Improv.e d Original Values Improov ement
Properties (%)
Modulus of
Rupture: Louro Gamela (12
. O,
Louro Itatiba, 5-10% Louro Gamela (16 MPa),, Gar/nela. +33%,
Santos et MPa), Louro Itatiba (2  Itatiba: +350%,
Louro Gamela, NaOH-treated )
al. [151] Macaranduba  wood residue Louro Itaaba (9 MPa), Macaranduba:
¢ MPa), Macaranduba (3 +266%
Magaranduba (11 MPa)
MPa)
Young’s Modulus:
Pinus (+34%), Young’s
PLA with20% M
Magaranduba, with 20% acaranduba o4 lus: 2.6 GPa, +34% (Pinus),
Rocha et Pinus, Magaranduba/ (+15%). o
al. [155] Sugarcane Pinus Impact Impact +15%
' 8 . P . Absorption: 0.193 (Magaranduba)
Bagasse residues Absorption: J/m
Macaranduba
(+0.357 J/m)
C.aryocar 8% Modulus of Modulus of
villosum, Rupture (10.04
. . Phenol- Rupture: 8.5 MPa,
Surdiet Hymenolobium MPa), Rupture: +18%,
formaldehyde Modulus of ..
al. [152] excelsum, . Modulus of .. Elasticity: +15%
. resin with wood .. Elasticity: 1400
Tachigali . Elasticity (1616.74
residues MPa
myrmecophyla MPa)
75% Jatoba
Costaet Jatoba + Malva wood + Tensile Strength: Tensile Strength: 49,
al. [156] Fibers 25% Malva 26.06 MPa 25.09 MPa ¢
fibers
40% 2
Ferreiraet Jatoba Wood 0 ‘/N(])Ztgba Elastic Modulus: Elastic Modulus: 1599
al. [157] Powder , 2000 Mpa 800 MPa ’
powder in PP

5. Polymeric Composites with Agro-Extrativism Industry Residues from the Amazon
5.1. Types and Sources of Agro-Extrativism Residues

The Amazon region produces an extensive array of agro-extrativism residues, each with distinct
characteristics that make them valuable for enhancing polymer composites. These residues are by-
products of the processing of various Amazonian plants and include a wide variety of materials such
as seeds, shells, leaves, and bagasse [158]. These materials, often overlooked or underutilized,
represent a significant untapped resource that can be harnessed to improve the properties of polymer
composites. Figure 6 illustrates the application of residues from the Amazonian agro-extrativism
industry in polymer composites, highlighting the diversity of materials available for this purpose.
Brazil nut shells, acai seeds, and the epicarp, mesocarp, and endocarp of babassu coconut, as well as
palm fibers and palm kernel cake, are examples of traditionally underutilized by-products that
present new opportunities for composite development. The integration of these residues into
polymer matrices not only adds value to agro-industrial by-products but also contributes to
sustainability and the circular economy in the Amazon region. By utilizing these abundant renewable
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materials, it is possible to create composites with enhanced properties for various industrial

applications.
m Brazul nut shells
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Figure 6. Agro-extrativism industry residues applied in polymer composites: Examples include Brazil
nut shells, agai seeds, babassu coconut components (epicarp, mesocarp, and endocarp), palm fibers,
and palm kernel cake.

Each type of residue offers a unique combination of physical and chemical properties that can
be strategically leveraged to enhance the mechanical strength, thermal stability, and biodegradability
of composites [131,159]. For example, seeds and shells, typically rich in lignin and cellulose, can
provide structural reinforcement when incorporated into polymer matrices, resulting in composites
with superior durability and strength. Leaves and bagasse, which are often fibrous and contain
bioactive compounds, can improve the flexibility, impact resistance, and environmental
sustainability of the composites [160-162]. A notable example is the Brazil nut shell (Bertholletia
excelsa). This material has excellent mechanical strength and thermal stability, making it ideal for use
in construction materials and automotive parts. Research has shown that the thick mesocarp of the
Brazil nut, composed of fibers and sclereids, provides high compressive strength and toughness [163].
Additionally, the mesocarp’s unique microstructural properties, including a high lignin content,
contribute to its ability to withstand high mechanical forces, further highlighting its potential in
creating durable and impact-resistant materials [90]. Another valuable by-product is the agai seed
from the Euterpe palm. Often discarded during the processing of agai fruits, these seeds are rich in
lignin and cellulose, making them suitable for reinforcement in biodegradable polymers. The
incorporation of acai seed residues in polymer composites can improve mechanical properties and
biodegradability, contributing to waste reduction and adding value to the agro-extrativism industry
[164].

Tucuma seeds, from the fruit of the Astrocaryum aculeatum palm, are rich in fatty acids and
antioxidants. These seeds can improve the thermal and mechanical properties of polymeric
composites [165,166]. Additionally, corn fiber, derived from harvest residues, can be used in
biocomposite films. The addition of corn fiber improves the tensile strength and Young’s modulus of
the films, as well as reducing moisture adsorption, making them suitable for biodegradable
packaging [167]. Likewise, coir fiber, derived from the husk of coconuts, is a lignocellulosic material
known for its high lignin content and durability. When incorporated into polymer matrices, coir fiber
enhances mechanical properties such as tensile strength and thermal stability [168]. In a similar vein,
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palm kernel cake, a by-product of the palm oil industry, serves as an effective filler in polymer
composites. Its lignocellulosic composition enhances tensile and flexural strength, especially when
treated to improve bonding within the composite matrix [169].

5.2. Residue Availability and Environmental Impact in the Agro-Extrativism Industry

The acai (Euterpe oleracea) industry is a significant contributor to the agro-extrativism sector in
the Amazon region. In 2022, the processing of acai fruits primarily for pulp and juice generated a
substantial number of seed residues, which are estimated to constitute approximately 70% of the
fruit’s total weight. This translates to more than 1.19 million tons of acai seed waste being produced
[62,170]. These residues, often underutilized, represent a significant biomass resource with potential
applications in various industries. The vast availability of acai seeds offers an excellent opportunity
for their incorporation into polymer composites, which can enhance the mechanical properties of
these materials and contribute to more sustainable manufacturing practices. By valorizing these
residues, the acai industry can mitigate environmental impacts, reduce waste, and promote a circular
economy within the region [171,172].

The Brazil nut (Amazon nut) (Bertholletia excelsa) industry also produces a considerable amount
of waste. Brazil’s annual production of Brazil nuts is estimated to be around 40.3 thousand tons. For
every ton of cleaned nuts, approximately 1.4 tons of residues, including shells and the fruit’s outer
casing (known as the ourico), are generated. Consequently, the total amount of shells and ourigos
produced exceeds 56 thousand tons per year [141,173]. This high generation of residues is due to the
fruit being enclosed within the pericarp (ouri¢o) and the disposal of the mesocarp (shell), as well as
broken nuts that do not meet commercial standards, as noted by Santos [174] in his research. This
abundance of Brazil nut residues offers a valuable opportunity for sustainable material applications.
Their properties make them ideal for incorporation into polymer composites, as they can reduce
environmental impact, lower waste management costs, and contribute to eco-friendly composite
development.

Another residue comes from the African oil palm (Elaeis guineensis, Jacq.), which was introduced
into Brazil for oil extraction. The processing of oil palm fruits generates a variety of products and by-
products, including crude palm oil, palm kernel oil, palm kernel cake, empty fruit bunches, press
fiber, shells, and significant amounts of liquid effluent. As highlighted by Chavalparit et al. [175], for
every ton of fresh fruit bunches processed, approximately 23% are empty fruit bunches, 14% are fiber,
5.5% are shells, 3.2% are decanter cake, and 5% are boiler ash. Based on these percentages, the annual
production of 2.8 million tons of fresh fruit bunches in the Eastern Amazon results in approximately
640,000 tons of empty fruit bunches, 390,000 tons of fiber, 150,000 tons of shells, 90,000 tons of
decanter cake, and 140,000 tons of boiler ash [62,175]. These residues, when incorporated into
polymer composites, reduce environmental impact, lower waste costs, and promote a circular
economy, adding value to the oil palm industry.

The Amazon region is rich in oil-producing industries, such as those of buriti, andiroba, and
copaiba, which generate residues that can be effectively utilized in polymer composites, adding value
to what would otherwise be waste. A prime example of this is the babassu coconut industry. After
oil extraction, the remaining 93% of the fruit comprises 13% epicarp (rich in fibers), 20% mesocarp
(high in starch), and 60% endocarp [176]. In 2022, babassu nut extraction in Brazil reached 30,478
tons, resulting in approximately 3,963 tons of epicarp, 6,096 tons of mesocarp, and 18,287 tons of
endocarp residues [62]. Babassu residues constitute a significant biomass resource with diverse
application potential. Despite their abundance, improper disposal has led to environmental concerns
[141].

5.3. Applications of Agro-Extrativism Industry Residues in Polymeric Composites

Researchers across the globe are exploring innovative ways to incorporate these materials into
polymeric matrices, aiming to create sustainable and high-performance composites. In this context,
several case studies have emerged, highlighting the practical applications and benefits of these
composites in various industries. Table 5.3 presents a selection of examples from the literature,
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illustrating the improvements in mechanical properties, such as increased tensile strength and
modulus, as well as reduced water absorption. These examples represent broader findings in the
field, demonstrating the significant potential of agro-extractivism residues for enhancing composite
performance.

One such example is the study by Kieling et al. [177], which investigated a novel wood-plastic
composite (WPC) made from recycled polypropylene (PP) and Tucuma endocarp powder (TEP),
addressing both social and environmental issues. The study highlights the significant potential of
using TEP, a lignocellulosic residue abundantly produced in Manaus, Brazil, to enhance the
properties of WPCs. Composites were produced with varying TEP content (10, 20, 30, 40, and 50 wt%)
through injection molding and were characterized using techniques such as SEM, FTIR, and
mechanical testing. The incorporation of TEP increased the elastic modulus by up to 28% (from 0.73
GPa to 0.94 GPa) and the dynamic friction coefficient but reduced tensile strength by 59% (from 23.06
MPa to 9.36 MPa) and impact resistance by 76% (from 149 J/m to 35 J/m) as TEP content increased to
50 wt%. Despite these reductions in strength, the composites exhibited minimal water absorption (up
to 1.6%) and maintained physical integrity after aging, making the WPCs promising candidates for
sustainable engineering applications. The study demonstrates the feasibility of producing WPCs
without coupling agents, utilizing waste materials that would otherwise contribute to environmental
pollution. Composites with 20 wt% TEP showed an optimal balance of mechanical properties,
suggesting their potential for eco-friendly engineering solutions.

Barbosa et al. [164] investigated the use of acai seed residue (Euterpe oleracea Mart.) as a
reinforcement material in polymeric composites, motivated by the substantial amount of agro-waste
generated from agai processing. The study focused on two main factors: the particle size
(granulometry) of the acai seed residues and the percentage of resin used in the composite
formulations. The results indicated that particle size significantly influenced water absorption and
thickness swelling, with larger particles exhibiting lower water absorption rates. For example, the
composite with larger particles and higher resin content showed the lowest water absorption after 24
hours at 21.11%, compared to 56.65% for the composite with smaller particles and lower resin content.
Additionally, the mechanical properties, such as screw withdrawal and internal bonding, were
assessed. Although the screw withdrawal results did not meet the NBR 14810-2:2018 standard, the
internal bonding test showed that composites with larger particle sizes performed better, with the
largest particle size composite exhibiting the highest internal bonding strength. This suggests that
larger particle sizes and lower resin weight fractions enhance bonding performance. The results
highlighted the potential of acai seed residues in creating sustainable composites, particularly for
non-structural indoor applications like partitions and ceilings.

Palm kernel cake (PKC), a byproduct of the palm oil extraction industry, has shown significant
potential as a filler material in polymer composites. Although underutilized in the Amazon region,
Cionita et al. [169] demonstrated its effectiveness in reinforcing epoxy composites. The study
incorporated PKC filler into epoxy resin at varying concentrations, with the best mechanical
properties achieved at 30 wt% filler loading. At this concentration, the composite exhibited a tensile
strength of 31.20 MPa and a flexural strength of 39.70 MPa. When the filler loading increased to 40
wt%, both tensile and flexural strengths decreased due to weaker interfacial bonding, reaching values
of 22.90 MPa and 30.50 MPa, respectively. Additionally, a 5 wt% alkaline treatment using NaOH
further enhanced the mechanical properties, improving the tensile strength by 23% and the tensile
modulus by 15%, demonstrating that palm kernel cake, widely available in the Amazon due to the
palm oil industry, could be a valuable and sustainable reinforcement material for polymer
composites, supporting its broader adoption in the region.

Table 3. Comparative Analysis of Mechanical Properties of Polymeric Composites Reinforced with
Agro-extractivism Industry Residues.

Ti
Study R;rs?gf; Composition  Improved Properties Original Values Improvement (%)
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6. Conclusions

This perspective highlights the immense potential of agro-extrativism and timber industry
residues from the Amazon in the development of sustainable and high-performance polymeric
composites. By integrating these natural residues into polymer matrices, can enhance both the
mechanical and thermal properties, but more sustainable practices that contribute to the circular
economy in the region can also be promoted. Composites made from residues like acai seeds, Brazil
nut shells, and wood sawdust demonstrate significant potential in improving tensile strength,
thermal stability, and biodegradability. These materials provide a viable solution for waste
management in the Amazon, transforming previously underutilized by-products into valuable
resources for the industry.

Nevertheless, challenges remain, such as enhancing matrix-reinforcement compatibility and
developing more efficient, low-impact manufacturing processes. Continued exploration in this area
may address these issues by investigating new methods of chemical modification and the use of
natural additives to further enhance composite properties. In summary, the incorporation of agro-
extrativism and timber industry residues from the Amazon into polymeric composites not only
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contributes to the valorization of these residues but also offers a promising pathway for developing
more sustainable materials. This approach benefits local industries and supports global efforts
toward sustainable and responsible development.
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