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Abstract

:

The Amazon rainforest, spanning multiple countries in South America, is the world’s largest equatorial expanse, housing a vast array of relatively unknown plant and animal species. Encompassing the planet’s greatest flora, the Amazon offers a tremendous variety of plants from which natural lignocellulosic fibers (NLFs) can be extracted. In this century, NLFs, which have long been utilized by indigenous populations of the Amazon, have garnered interest as potential reinforcements for composites, whether polymer- or cement-based, in various technical applications such as packaging, construction, automotive products, and ballistic armor. A comparison with synthetic materials like glass, carbon, and aramid fibers, as well as other established NLFs, highlights the cost and specific property advantages of Amazon natural fibers (ANFs). Notably, the sustainable cultivation and extraction of ANFs, as alternatives to deforestation and livestock pasture, contribute to the preservation of the Amazon rainforest. This review article provides a comprehensive examination of recent studies directly related to ANF-reinforced polymer matrix composites. The specific advantages, proposed applications, and reported challenges are highlighted, shedding light on the potential of these unique natural fibers.
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1. Introduction


Nature has provided a comprehensive diversity of natural fibers throughout the ages. With a remarkably extensive history, these fibers have roots that date back to prehistoric times, unquestionably meeting human needs throughout history [1,2,3]. Vegetable fibers have been used for various purposes in different eras and regions of the world. Primitive humans used them to keep warm, protect themselves, and as materials for household utensils such as ropes and fishing nets [1,4,5,6].



The use of vegetable fibers for textiles dates back to the end of the Paleolithic period (12,000–8000 BC). Discoveries, like palm leaf fragments in a 10,000 BC Mexican cave and net bags in a Utah cave, reveal Native Americans’ skills in processing vegetable fibers [1]. Table 1 outlines the history of natural fiber use in prehistoric eras.



Vegetable fibers played a crucial role in human history, influencing agricultural, fishing, artisanal, and commercial activities [7,8]. Civilizations aimed to enhance their quality of life, driving improvements in living standards, technology, economics, and societal strength [6,8]. Technological progress in vegetable fiber production surged after the 18th-century Industrial Revolution, fostering economic growth. However, it brought challenges like increased resource consumption and pollution, impacting global sustainability efforts [9,10].



The pursuit of a better quality of life is an important demand, as is the technological progress of a nation. This means that integrating technology and sustainability represents a low-environmental-impact option for fully viable engineering applications. Thus, in the face of growing environmental concerns and the possibility of depleting oil reserves, natural fibers can be an environmentally friendly alternative, in line with the principles of sustainable development. These materials are known to be renewable and biodegradable, and they have been widely used in various industrial and engineering applications [11,12,13,14,15,16]. According to the annual report of the Discover Natural Fibers Initiative (DNFI), shown in Table 2, in the year 2023, global production of natural fibers was estimated at 31.9 million tons, surpassing the production of the year 2020. The utilization of fibers in the industry may result in the global fiber production in 2023 being higher than that of the years 2021 and 2022 [17].



Given the exponential growth in the use of natural fibers, a promising class of engineering materials has emerged from the need to improve the properties of conventional materials. An example of this is the composite materials made from raw natural fibers and polymeric matrices, which, when combined, result in a new material with unique properties and an enhanced combination of characteristics compared to the individual materials that compose them. These materials have become one of the most investigated research topics in recent times [12,13,18]. This trend is not only due to environmental concerns but also to the favorable mechanical properties offered by the fibers at a lower cost, which has attracted the interest of the industry, seeking to introduce alternative materials into the market to replace synthetic components [19,20,21].



One of the industries that extensively uses natural fibers in the production of parts is the automotive sector. Manufacturers such as Audi, Volkswagen, Toyota, Mercedes-Benz, Volvo, and Ford utilize these composites with natural fibers. These materials are primarily employed in non-structural components of car bodies, such as door panels, package trays, hat trays, instrument panels, internal engine covers, sun visors, luggage liners, oil and air filters, and are even progressing towards more demanding structural parts like seat backs and external floor panels [22]. In addition to the automotive sector, these composites are also being applied in other areas such as maritime structures, military vest production, sports, and general engineering, with potential for use in aerospace, wind energy, and even space applications like satellites [11,19,23,24,25,26,27]. The applications of these composites are diverse, and there is a variety of new industrial applications that can be fully realized using the concept of sustainability, including recycling [19,25].



Since 2015, the United Nations has established a technical document signed by more than 190 countries, based on the sustainable development of their societies: the 2030 Agenda. One of the Sustainable Development Goals (SDGs) is dedicated to recyclable plastic (goal 12) and the elimination of the use of plastic bags (goal 14). Therefore, one of the greatest solutions to minimize the global problem of plastic pollution is to use sustainable, biodegradable, and recyclable plastics and composites [28]. Recycling plays a crucial role within a circular economy, an economic model that aims to minimize waste and optimize the use of resources [29]. Unlike the traditional linear model (production, use, and disposal), the circular economy seeks to keep materials and products in use for as long as possible, promoting reuse, repair, and recycling at the end of their life cycle [30,31]. Reuse and recycling contribute to environmental sustainability because the reduction in the extraction of new resources decreases pressure on the environment and, at the same time, reduces the amount of waste that can cause negative impacts associated with production [25]. Thus, the incorporation of recyclable and/or bio-based polymer matrices in composites can allow for recyclability, non-toxicity, and lower environmental impacts [19]. In addition to the use of recyclable matrices, the use of natural fibers allows for greater recyclability of the composite, as well as easier degradation in nature. Therefore, new sustainable industrial applications can be fully realized using the concept of sustainability design for Natural Fiber-Reinforced Polymer Composites (NFRPCs) [32], as shown in Figure 1.



Additionally, unused fiber residues from composite production can also be utilized. These lignocellulosic residues emerge as a promising option to serve as an alternative source of energy, being repurposed as raw materials in a differentiated manner. For instance, they can be used for heat or electricity generation, or for the production of materials and chemicals, following the principles of green chemistry that advocate for the use of renewable raw materials [33]. Another alternative to address the excessive accumulation of plant residues is the utilization of these residues as fillers in polymeric composites and other conventional engineering materials. Within this context, waste management brings benefits to both organizations and society, promoting the commercialization of these materials and generating income through recycling and sustainability practices [16]. This is highly advantageous, considering that Brazil is currently one of the main producers of various natural fibers, thanks to the great diversity of these materials in the country, especially those originating from the Amazon [34,35,36].



Considering the context of Brazil in the production of natural lignocellulosic fibers, the country is home to the Amazon region. The Amazon rainforest boasts the highest biodiversity on the planet, housing a wide variety of plant species. This region’s biome stands out as the largest preserved forest in the world and the largest biome in Brazil, covering approximately 49.29% of the national territory and about 40% of the South American continent. With over 13,000 tree species, including 2956 endemic species, it is an incredibly rich ecosystem that contributes to a unique and unparalleled diversity in this region [37,38].



Encompassing all this diversity, Brazil demonstrates considerable potential to position itself as a global leader in the production of lignocellulosic fibers for use in composite materials [39]. This is already evident in the production of certain fibers, such as sisal, in which the country is the largest global producer, accounting for 44.7% of the world’s total production of this fiber [35]. In addition to sisal, the country also stands out as one of the main global producers of cotton fiber.



Based on the information presented in this introduction, it can be inferred that lignocellulosic natural fibers are an attractive option for use in composite materials as substitutes for synthetic fibers. The objective of this article is to conduct a review on natural fibers from the Amazon region, highlighting some of the various fibers of Brazilian origin, describing their main characteristics and areas of occurrence, as well as providing an overview of the current use of these fibers in engineering applications. In this way, the aim is to promote knowledge and utilization of these Amazon fibers, with the intention of encouraging further studies in this field.




2. Characteristics and Properties of Natural Lignocellulosic Fibers


In this section, the concepts related to lignocellulosic natural fibers will be addressed in order to provide a better understanding to the reader. Definitions, classifications, characteristics, and properties of these fibers will be presented.



Fibers can be classified into natural or artificial fibers. In recent decades, there has been an increase in the use of natural fibers as a replacement for artificial fibers due to advantages such as low cost, low density, and reduced tool wear. Additionally, natural fibers exhibit similar or even superior properties in various applications [40,41]. The extensive utilization of natural fibers as reinforcement in composites has driven research in a wide range of fibers. There are three main types of natural fibers based on their origins: plant fibers, mineral fibers, and animal fibers. However, animal fibers such as hair and silk [42,43,44] and mineral fibers like asbestos and basalt [45,46,47,48,49] are not as widely used as reinforcement compared to plant fibers [50,51,52]. On the other hand, several plant fibers have been extensively employed in biocomposites for automotive, maritime, aerospace, and construction applications [53,54,55,56,57,58,59,60,61]. Plant fibers can also be classified based on the region of the plant from which they are extracted, categorized as bast, fruit, grass, seed, leaf, stalk, and wood fibers [62,63]. Figure 2 illustrates the classification of plant fibers according to their extraction source.



Natural fibers have satisfactory mechanical performance when used as reinforcement agents in composite materials [64]. Although they have lower tensile strength compared to synthetic fibers, they offer several significant advantages. Additionally, natural fibers are typically rigid and do not fracture during processing, exhibiting specific strength and stiffness comparable to glass fibers []. They also have lower density and competitive Young’s modulus or elasticity [65]. The performance of polymer composites reinforced with natural fibers depends on various factors, including chemical composition, cell dimensions, microfibril angle, defects, structure, and the physical and mechanical properties of the fiber, as well as the interaction between the fiber and the polymer [66].



Natural fibers can be considered as natural composites, primarily composed of crystalline cellulose fibrils incorporated in an amorphous lignin matrix. These cellulose fibrils are aligned along the length of the fiber, and the effectiveness of natural fiber as reinforcement is related to the nature of cellulose and its crystallinity [67]. Figure 3, illustrated below, depicts the structure of a natural fiber.



Natural fibers, as shown in Figure 3, are composed of hollow cellulose fibrils interconnected by a matrix of lignin and hemicellulose [69]. The cell wall of a fiber is not uniform and consists of a complex layered structure. Each fibril has a thin primary wall, which is the first layer deposited during cell growth, surrounding a secondary wall. The secondary wall is composed of three layers, with the thick middle layer determining the mechanical properties of the fiber. This middle layer is formed by a series of helically twisted cellulose microfibrils, composed of long cellulose molecules [67].



These fibrils have a diameter ranging from 10 to 30 nm and are composed of 30 to 100 cellulose molecules in an extended chain conformation, providing mechanical strength to the fiber. The amorphous phase in a cell wall consists of hemicellulose, lignin, and in some cases, pectin. Hemicellulose molecules are linked by hydrogen bonds to cellulose and act as a cement matrix between cellulose microfibrils, forming the cellulose–hemicellulose network, which is considered the main structural component of the fiber cell. The hydrophobic network of lignin affects the properties of other networks, acting as a coupling agent and increasing the stiffness of the cellulose/hemicellulose composite [70].



The structure, microfibril angle, cell dimensions, defects, and chemical composition of the fibers are the most important variables determining their properties [71]. Typically, the tensile strength and Young’s modulus of the fibers increase with increasing cellulose content. The microfibril angle determines the stiffness of the fibers. Vegetable fibers are more ductile when the microfibrils have a spiral orientation relative to the fiber axis. If the microfibrils are oriented parallel to the fiber axis, the fibers will be rigid, inflexible, and have high tensile strength [67]. Cellulose has a positive relationship with the tensile strength and Young’s modulus of natural fibers, while lignin impairs these properties. In addition to cellulose, hemicellulose and wax contents have shown a positive correlation with the Young’s modulus, while lignin and pectin reduce the values of the Young’s modulus. Moisture absorption is affected by hemicellulose and lignin, where higher contents of these two components result in increased absorption [72,73]. Table 3 presents the relationship of each component in the natural fiber composition to their main characteristics and properties.





 





Table 3. The influence of chemical composition on the mechanical and physical properties of natural fibers. The (+) symbol represents a positive correlation and (-) symbol represents a negative correlation [73].
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The properties of fibers are influenced by the microfibril angle and the arrangement within the cell wall [74]. Although plants are composed of lignocellulosic material, there are significant differences between different types of plants that affect how different plant materials can be used in the manufacturing process [75]. Figure 3 illustrates the position of the chemical components, while Table 4 presents the chemical properties of some natural fibers. The amount of cellulose increases from the primary layer (S1) to the secondary (S2) and tertiary (S3) layers, while the hemicellulose content remains constant in each layer and the lignin content decreases proportionally to cellulose. Hemicellulose binds to cellulose and together they form a network with lignin and pectin, providing adhesive quality. The S2 layer is responsible for the physical and mechanical strength of the fibers. Additionally, better strength properties are achieved with high cellulose content and lower microfibril angle [76,77].



Based on the data presented in Table 4, a variation in the composition of different species of natural fibers can be observed, as reported in previous studies in the literature. Although there are sometimes significant differences in fiber composition, one factor that remains constant is the high cellulose content, always higher than the content of other fiber components. However, it is important to note that the cellulose level alone is not the sole determinant of the properties of natural fibers, but rather a series of interconnected factors. These factors include environmental growth conditions, extraction methods, harvesting timing, and harvesting methods [142]. Plant age, harvesting method, and fiber extraction method are crucial in determining fiber quality and, consequently, the quality of composites produced with these fibers.



Natural fibers with a relatively high cellulose content include jute, pineapple, flax, and ramie. Basically, a high cellulose content and a lower amount of lignin provide high tensile strength, as can be observed in the example of these fibers in Table 5. However, the correlation is not always linear due to various factors that affect tensile strength. Cellulose, especially in its crystalline parts, exerts a significant influence on the tensile strength value, as higher cellulose crystallinity leads to greater fiber strength. The position of lignin in the biomass also affects tensile strength, making it lower, as lignin is located between cellulose and hemicellulose and exhibits lower resistance.



As noted in Table 5, most natural fibers have a maximum density close to 1.60 g/cm3, making them heavier than water. Although some natural fibers, such as vakka, bamboo, and rachila abaca, among others, are hollow and have low densities in their natural state, they are often densified during processing. Thus, the density of natural fibers is considerably lower than that of synthetic fibers such as glass and carbon fibers.



The low density of natural fibers makes them attractive as reinforcements in engineering applications, as weight is a crucial factor in certain applications. Natural fibers are added to matrices, usually plastics, to improve mechanical performance, such as stiffness and strength, without significantly increasing density [143]. The generally lower impact performance of natural fiber composites compared to synthetic fiber composites tends to limit their use, and addressing this issue is an active area of research. The low density of natural fibers offers more flexibility in composite structure design [,144]. Thus, low density plays a significant role in reducing the weight of biocomposites, making them competitive in terms of mechanical properties [145]. In general, the use of natural fibers allows for a reduction in composite weight between 40 and 50%, while maintaining good tensile strength and modulus values [146].



To enhance the properties of natural fibers, interfacial adhesion with composites, and consequently, the properties of the composites, natural fibers undergo treatments, either physical or chemical, that improve their properties [147]. Natural fibers typically exhibit poor hydrophilic properties, resulting in low chemical resistance, inferior mechanical properties, and a porous structure, limiting their engineering applications [148,149]. The hydrophilic nature also reduces the applicability of textile products, especially in transportation and packaging [150]. Therefore, various treatments are applied to the fibers, generally leading to improvements in their properties. Among the physical treatments used to improve the properties of fibers, Corona Discharge, Plasma Treatment, Ultraviolet (UV) Treatment, Fiber Beating, and Heat Treatment are notable. Corona Discharge is particularly effective in surface oxidation of fibers, resulting in a change in the surface energy of cellulose fibers and improving compatibility with hydrophobic matrices [151]. Plasma treatment, on the other hand, has proven to be an efficient option for removing impurities and dust particles from fibers, leading to an enhanced fiber surface. Precise control of gas type, pressure, and concentration is crucial for effective processing [152]. Regarding UV treatment, this relatively new approach stands out for its ability to remove dust particles from the surface of plant fibers. However, it is important to note that certain factors, such as flow and gas type, are not controlled during this treatment [148,153].





 





Table 5. Comparison of the tensile properties of various natural fibers with synthetic fibers [154].
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	Fiber
	Density

(g/cm3)
	Diameter

(μm)
	Tensile

Strength (MPa)
	Tensile

Modulus (GPa)
	Elongation

(%)





	Jute
	1.46
	-
	393–800
	10–30
	1.5–1.8



	Sisal
	1.45
	30–300
	227–400
	9–20
	2–14



	Pineapple
	1.44
	20–80
	413–1627
	345–825
	0.8–1



	Kenaf
	1.40
	81
	250
	4.3
	-



	Red Banana
	-
	-
	482–567
	-
	30.6



	Nendranbanana
	-
	-
	407–505
	-
	28.3



	Rasthalybanana
	-
	-
	304–388
	-
	27.8



	Morrisbanana
	-
	-
	222–282
	-
	24.2



	Poovanbanana
	-
	-
	144–206
	-
	21.8



	Vakka
	0.81
	175–230
	549
	1.5–8.5
	3.46



	Abaca
	0.83
	114–130
	418–486
	12–13.8
	-



	Alfa
	0.89
	-
	35
	22
	5.8



	Softwood kraft pulp
	1.5
	-
	1000
	40
	4.4



	Viscose
	-
	-
	593
	11
	11.4



	Wool
	-
	-
	120–174
	2.3–3.4
	25–35



	Nettle
	-
	-
	650
	38
	1.7



	Flax
	1.50
	-
	345–1500
	27.6–80
	1.2–3.2



	Hemp
	1.48
	-
	550–900
	70
	1.6



	Banana
	1.35
	80–250
	529–759
	8–20
	1–3.5



	Coir
	1.15
	100–460
	108–252
	4–6
	15–40



	Root
	1.15
	100–650
	157
	6.2
	3



	Palymyrah
	1.09
	70–1300
	180–215
	7.4–604
	7–15



	Date
	0.99
	-
	309
	11.3
	2.7



	Bamboo
	0.91
	-
	503
	35–91
	1.4



	Talipot
	0.89
	200–700
	143–294
	9.3–13
	3.2–5



	Snake Grass
	0.88
	45–250
	279
	9.7
	2.9



	Elephant Grass
	0.81
	70–400
	185
	7.4
	2.5



	Petiole Bark
	0.69
	250–650
	185
	15
	2.1



	Spatha
	0.69
	150–400
	75.6
	3.1
	6



	Rachila
	0.65
	200–400
	61
	2.8
	8.1



	Rachis
	0.61
	350–408
	73
	2.5
	13.5



	Coconut tree leafs heath
	-
	-
	119.8
	18
	5.5



	Sansevieria ehrenbergii
	0.88
	20–250
	50–585
	1.5–7.7
	2.8–21.7



	Sanseveria rifasciata
	0.89
	83–93
	526–598
	13.5–15.3
	-



	Sanseveria cylindrica
	0.91
	230–280
	585–676
	0.2–11.2
	11–14



	Palm
	1.03
	400–490
	377
	2.75
	13.7



	Agave
	1.20
	126–344
	-
	-
	-



	Henequen
	1.20
	-
	430–470
	11.1–16.3
	3.7–5.9



	Bagasse
	1.25
	200–400
	290
	11
	-



	Curaua
	1.40
	170
	158–729
	-
	5



	Sea Grass
	1.50
	5
	453–692
	3.1–3.7
	13–26.6



	Oil Palm
	0.70–1.55
	150–500
	80–248
	0.5–3.2
	17–25



	Piassava
	1.4
	-
	134–143
	1.07–4.59
	7.8–21.9



	PALF
	0.80–1.60
	20–80
	180–1627
	1.44–82.5
	1.6–14.5



	Ramie
	1.00–1.55
	20–80
	400–1000
	24.5–128
	1.2–4.0



	Isora
	1.20–1.30
	-
	500–600
	-
	5–6



	Hivernal
	-
	12.9 ± 3.3
	1111 ± 544
	71.7 ± 23.3
	1.7 ± 0.6



	Alaska
	-
	15.8 ± 4.1
	733 ± 271
	49.5 ± 3.2
	1.7 ± 0.6



	Niagara
	-
	15.6 ± 2.3
	741 ± 400
	45.6 ± 16.7
	1.7 ± 0.6



	Oliver
	-
	13.7 ± 3.7
	899 ± 461
	55.5 ± 20.9
	1.7 ± 0.8



	Cotton
	1.60
	-
	287–597
	5.5–12.6
	3–10



	E—glass
	2.55
	17
	3400
	73
	3.4



	S—glass
	2.50
	-
	4580
	85
	4.6



	Aramid
	1.4
	11.9
	300
	124
	2.5



	HS Carbon
	1.82
	8.2
	2550
	200
	1.3



	Carbon (Std. PAN-based)
	1.4
	-
	4000
	230–240
	1.4–1.8








During the UV treatment process, the fibers are placed in a chamber for surface oxidation. Additionally, UV treatment increases the polarity of the fiber surface, improving fiber wettability and resulting in higher strength of the NFRPCs [151,152].



Chemical treatments have a significant impact on the mechanical properties of NFRPCs [155,156,157]. This is due to the presence of hydroxyl groups in cellulose and lignin [158]. Chemical treatment strategies involve the use of reagents or active groups capable of interacting with the structures of natural fibers, removing non-cellulosic materials [159]. Additionally, the hydroxyl groups resulting from chemical treatments can form hydrogen bonds within the cellulose fibers, limiting their movement towards the matrix [78,155]. As a result, chemical modifications activate these groups or introduce new structures that effectively bond with the matrix, promoting good adhesion [160]. Table 6 provides a summary of the main chemical treatments and their primary effects on the natural fibers.



In addition to characteristics such as recyclability, low density, mechanical properties, and treatments to improve fiber adhesion and properties, another important factor in choosing natural fibers is cost. Natural fibers have significantly lower purchasing costs compared to synthetic fibers [161,162]. However, a more accurate comparison of composite production costs should be performed specifically during the processing of each individual fiber and its use in a particular matrix. Factors such as the lifespan of the component can interfere with large-scale production costs, where logically, synthetic fibers would have an advantage due to their greater durability. However, each application will determine the requirements that need to be evaluated to determine the feasibility of raw material and production costs for NFRPCs. Huda et al. [163] investigated the costs of natural fibers and synthetic fibers for application in the automotive industry. According to the results obtained by the authors, natural fibers require much less energy to produce, which leads to advantages in terms of cost and energy compared to traditional reinforcement fibers such as fiberglass and carbon fiber. This comparison is shown in Table 7.




3. Amazon Natural Fibers


The Amazon region is globally recognized for its immense natural and cultural diversity. Located in South America, the Amazon spans eight countries: Brazil, Bolivia, Colombia, Ecuador, Guyana, Peru, Venezuela, and Suriname. However, the majority of its expanse is located in Brazil. The Amazon stands out for harboring the greatest fauna and flora on the planet, representing approximately 20% of the world’s biodiversity [164]. Figure 4 illustrates a map of South America, highlighting the Brazilian Amazon region.



The Amazon rainforest is rich in plant species that produce high-quality fibers used for a variety of purposes. Among the most well-known fibers are ubim, jute, buriti, piassava, and tucum. Each of these fibers has unique characteristics and interesting properties that make them valuable for different applications.



These natural fibers from the Amazon are widely used by local communities, both for traditional crafts such as baskets, mats, and nets, and for the construction of rural dwellings. Additionally, these fibers generate interest in the global market, being used in the textile industry, paper production, furniture manufacturing, and the creation of sustainable products.



In this section, we will discuss some plant fibers from the Amazon region that have applications in engineering composites. Among the countless plants from which fiber can be extracted, whether from leaves, stems, fruits, or roots, 10 fibers have been selected for this study. Throughout the review, we will address topics such as plant aspects, occurrence regions, fiber extraction characteristics, examples of fiber property characterization, and their application in composite materials, aiming for sustainability in the production of engineering materials with excellent properties.



3.1. Açaí


The açaí palm, scientifically known as Euterpe oleraceae Mart., is a palm tree belonging to the Arecaceae family and is widely cultivated in the Brazilian Amazon region (Figure 5a). This plant is prominently featured due to its economic significance in regional fruit cultivation, particularly in the state of Pará, where the production and commercialization of açaí pulp generate a significant market [166]. The fruit holds considerable nutritional value and is a fundamental part of the diet in the states of Pará and Amapá. Its composition is characterized by high levels of lipids, proteins, fibers, and anthocyanins [167]. The primary cultivation areas for this species are located in the estuary region of the Amazon River, considered its center of origin. In this area, dense and diverse populations inhabit periodically flooded lands due to tides [168].



The mature fruit exhibits a color ranging from purple to almost black, as illustrated in Figure 5b. The pulp can be obtained through the pulping process, which can be performed manually or mechanically. This pulp is consumed fresh or used in the production of various products such as cream, liqueur, jelly, porridge, ice cream, and sweets [169,170,171].





[image: Eng 05 00009 g005] 





Figure 5. Açaí (Euterpe oleraceae Mart.): (a) palm tree; (b) açaí fruit; (c) fruit after drying; (d) fiber extracted from the fruit. Figures (a,b) reprinted with permission from ref. [172]. Licensed under CC BY-NC 4.0. Figures (c,d) reprinted from ref. [173]. 
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The açaí fruit has a rounded shape, and approximately 70% of the fruit consists of residues, with only 3% of these residues being composed of lignocellulosic fibers. Although these residues can be used in bioenergy production, it is advisable to separate the fibers from the seeds since burning these components together can result in charcoal with varied chemical composition and thermal behavior, potentially altering the physical and mechanical properties of a specific material in which açaí fiber has been used [174].



The fibers from the açaí mesocarp are by-products of pulp extraction and adhere to the fruit’s seed, as shown in Figure 5c,d [174]. These fibers are lignocellulosic in nature and have an elliptical shape with an average thickness of 130 μm and a length of about 18 mm. They have a slightly higher density than water, approximately 1.11 g/cm3. Generally, açaí fibers are underutilized due to their toxic residues, leading to various environmental issues, and the extracted fiber yield is low [175,176,177].



Despite açaí being well-known, primarily for consumption, the properties of its fiber are relatively unexplored. Nevertheless, there are studies in the literature that examine the fiber’s properties and its application in composite materials. Castro et al. [178] conducted a study on the production of composites using two distinct polymeric matrices, namely, polypropylene (PP) and high-impact polystyrene (HIPS), both derived from recycling processes. In this study, pressed açaí fibers were employed as reinforcement agents in the composites. The manufacturing of the composites took place through the hot compression method, and their properties were subsequently evaluated through tensile, compression, and impact tests. The tensile test results revealed significantly superior performance for the PP/açaí composite compared to the HIPS/açaí composite. Furthermore, the PP/açaí composite demonstrated higher impact resistance when contrasted with the HIPS/açaí composite. Notably, the HIPS/açaí composite exhibited superior properties only in terms of compression resistance, indicating an overall inferior mechanical behavior. This phenomenon is attributed to the low interfacial adhesion present in the HIPS/açaí composite. Thus, this study emphasizes the importance of the choice of polymeric matrix and the quality of the interface between components in determining the mechanical properties of composites.



Bastos et al. [179] conducted a study in which they developed panels made solely of pressed açaí fibers for sustainable application in the acoustic insulation of a classroom. The authors extracted the açaí fibers from the fruit and used a binder to keep the panels fixed during the cold compression process. Acoustic parameter measurements were taken, simulating the effects in a classroom. After simulating and testing the panels, the authors demonstrated that açaí fiber panels are a highly attractive solution for schools in the Northern Region of Brazil, as they combine low cost and good acoustic performance.



Martins et al. [180] analyzed the morphological characteristics and thermal stability of manually extracted açaí fiber from the fruit. Through thermogravimetric analysis conducted in a nitrogen (N2) atmosphere and an oxidative atmosphere, the authors reported that the fiber exhibited good thermal stability when the test was conducted in a nitrogen atmosphere. However, thermal stability was compromised when heating was carried out in an oxidative atmosphere. The morphological analysis illustrated in Figure 6 showed that the fibers completely cover the açaí seed, and the fiber surface has numerous pores that may facilitate interfacial adhesion in a polymeric matrix.




3.2. Babassu


The babassu, belonging to the Arecaceae family and the Attalea genus, has the Brazilian species Attalea speciosa, a palm tree that can reach up to 20 m in height, as illustrated in Figure 7a. Its fruit contains oleaginous and edible seeds, with a high number of coconuts per cluster (between 150 and 250) and an average of four clusters per palm tree [181]. The fruits, as shown in Figure 7b, are ellipsoidal, measuring 8 to 15 cm in length and 5 to 7 cm in diameter, weighing between 90 and 280 g [182,183]. In Brazil, there are numerous babassu groves distributed from the southern Amazon region to the northeast, with occurrences also in Bolivia for the Attalea speciosa species [184].



In the states of Maranhão, Piauí, and Tocantins, the largest expanses of babassu forests in Brazil are found, forming homogeneous, dense, and naturally dark clusters due to the proximity of the large babassu palm trees [185]. This region is recognized as the world’s largest concentration of oil-producing plants and the primary source of extractive plant production, known as the “Mata dos Cocais” [186].
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Figure 7. Babassu (Attalea speciosa Mart ex Spreng.): (a) palm tree; (b) babassu fruit; (c) fiber extracted from the fruit. Figures reprinted with permission from ref. [187]. Licensed under CC BY-NC 4.0. 
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The production of babassu nuts is of significant importance for generating income for thousands of families that rely on babassu nut harvesting, with estimates suggesting that over 300,000 women depend on this activity. After maturation, the babassu nut falls to the ground, where it is harvested by workers. It is also collected by climbing the palm tree. When collected, it is transported in straw baskets, typically on the backs of animals. When not possible, the nut cracking is carried out at the base of the palm tree. The fruits are broken in a rudimentary manner, usually by women, using a machete as a cutting tool and a wooden bar for mechanical action. The babassu nut is a fruit that can be fully utilized [188].



Unlike other plants that yield natural fibers, babassu has a distinctive characteristic: the practicality of utilizing almost all parts of the plant. Its trunk is used for structural support in the construction of houses in these regions, and the leaves are used for roofing houses, fences, and in the fabrication of small utensils such as baskets and fans. From the babassu nut, almonds are extracted and used in the production of oil known as “azeite”. The mesocarp is used to prepare flour with medicinal properties, and the husk is employed in charcoal production. These products are used in the daily lives of families [189]. It is possible to obtain more than 60 products from babassu, many manufactured from the nut, such as oil, “azeite”, milk, for both fresh consumption and industries like food, cleaning materials, personal hygiene, cosmetics, as well as charcoal, fertilizers, and other by-products [190,191,192].



Babaçu fibers are manually obtained, extracted from both the coconut and the palm tree trunk. However, the most common extraction method is from the coconut. Chaves et al. [193] conducted the extraction of babaçu fibers with the aim of characterizing their properties for potential application in composites. Throughout the study, the authors followed a sequence of steps to obtain the fibers. Initially, the babaçu coconut is left to dry for 48 h for dehydration. Subsequently, the coconut shell is placed in a container for washing, where it remains for a period of 7 days. This phase is crucial to facilitate the extraction of fibers in the subsequent defibration process. Figure 8 illustrates the steps of fiber extraction carried out by the authors.



The babassu palm already has a significant history of applications, as mentioned earlier, including the use of its fibers in composites for engineering applications. In addition to the analysis of the properties of the fiber in isolation [193,194,195], the investigation of composite materials using this fiber as a reinforcing agent enables its application in various engineering fields while maintaining a sustainable approach to plastic materials.



An example is highlighted in the work of Furtado et al. [196], in which the authors produced low-density polyethylene (LDPE) composites reinforced with babassu fibers at concentrations ranging from 5 to 20 wt.%. They conducted a comprehensive analysis of the mechanical and photodegradative properties, simulating solar and ultraviolet (UV) radiation conditions, aiming for potential use in biodegradable plastic bags. The results obtained by the authors were promising for the composites, revealing good interfacial adhesion between the fiber and the polymeric matrix. Additionally, photodegradation tests indicated degradation under exposure to sunlight and UV, without the release of CO2 groups into the atmosphere. These results highlight babassu as a viable and highly potential option for the production of biodegradable and cost-effective plastic bags.



Dourado et al. [197] used babassu fibers as reinforcement in cementitious mortars, applying an alkaline treatment to the fibers to enhance the interfacial adhesion between the reinforcement phase and the matrix. Scanning Electron Microscopy images revealed the removal of a superficial layer, reducing the fiber’s adhesion to the matrix. Consequently, through tensile tests, the authors observed that the treated fibers exhibited higher tensile strength compared to untreated fibers. Additionally, liquid absorption tests indicated that the treated fibers showed lower total absorption. The incorporation of fibers into the mortar significantly increased the compressive strength of the composites, coupled with a reduction in porosity and water absorption. Overall, the addition of babassu fibers resulted in enhanced strength of the cementitious composites, making this material attractive for the construction industry.



Marinho et al. [198] investigated the biodegradation properties of polyhydroxybutyrate (PHB) composites reinforced with 20 wt.% of babassu fibers and different types of stabilizers. The authors conducted soil biodegradation tests and observed that composites with various stabilizers exhibited a more significant mass variation, indicating a better biodegradation capacity, as illustrated in Figure 9. Figure 9b–d present the results of the modulus of elasticity, tensile strength, and elongation at break properties obtained through tensile tests for both biodegraded and non-biodegraded samples. The results indicated a drastic reduction in the properties of the composites after biodegradation, emphasizing the ease of degradation of these materials in the environment and their utility as eco-friendly materials.




3.3. Buriti


The fiber from the Buriti palm (Mauritia Flexuosa) originates from a plant that is widely found in different regions of Brazil, with the main occurrence in the Amazon. Although buriti is also found in the Brazilian central region, as well as in the states of Bahia, Ceará, Maranhão, Minas Gerais, and Piauí, it is found predominantly in regions with a tropical climate, with an annual average temperature of between 26 °C and 30 °C and a rainfall of between 200 mm and 400 mm [199,200].



Buriti palm trees (Figure 10a) display some notable characteristics, reaching significant heights of up to 40 m, with a stem diameter between 50 and 60 cm. The leaves, which are over 15 cm long, remain attached to the stem after death, before eventually falling off. These leaves are widely used to make handicrafts and as roofing material in community dwellings. The fruit of the Buriti palm tree has horny scales with a reddish-brown hue, while the inner pulp displays an orange color. This pulp proves to be versatile, serving as human food, bait for hunting, a source of oil, and with potential medicinal applications. This diversity of uses highlights the ecological and socioeconomic significance of this species in local communities [201].



Products derived from buriti have gained high market value, and the practice of destructive harvesting of palm trees is a growing concern. The felling of palm trees to collect fruit in the Peruvian Amazon has been documented as a threat since the late 1980s [203]. Other products, such as young leaves and oil extracted from the buriti palm, are rapidly gaining economic value, presenting potential challenges of overexploitation [204]. Considering that a buriti palm produces, on average, one leaf per month [205], the intensive collection of young leaves, as opposed to the collection of fallen fruit and extraction of mature leaves for subsistence, can result in significant negative impacts on the sustainability of the buriti palm. In addition to its commercial value, buriti plays a vital role in indigenous communities, being one of the most relevant plant species for their subsistence needs, such as food, shelter, building material, and ornaments [206].



The extraction of buriti fiber (Figure 10b,c) is carried out in an artisanal manner, where residents of rural areas climb the trees, remove the green leaves, and cut the fibers, which can be obtained from both the leaves (known as linen) and the petiole [207]. The petiole, or stem of the leaf, can reach up to 3m long and its fibers have a high cellulose content (77.8%) and a low lignin content (24.0%). These fibers, extracted from the epidermis of the petiole, are useful for making mats and curtains [208]. However, a deep understanding of the inherent physical and chemical properties and characteristics of buriti fiber is essential to anticipate the behavior of this material when used as reinforcement in polymer matrix composites. Based on the properties and characteristics exhibited by buriti fibers, several researchers suggest their application as reinforcement in polymer matrix composites [209,210,211,212].



The buriti fibers exhibit a comparatively low density ranging from 0.63 to 1.12 g/cm3, coupled with a moderate tensile strength within the range of 129 to 254 MPa. This characteristic renders them suitable as reinforcement for polymer composites characterized by lower density yet relatively weaker strength [213].



The epoxy composite reinforced with buriti fabric at 10 vol.% showed promising results as a second layer of MAS against high-speed level III NIJ ammunition [214,215]. The work evaluated the ballistic performance of composite fabrics reinforced with synthetic and natural fabrics as a second layer of MAS with the same thickness (10 mm). Figure 11 shows a comparison in terms of indentation depth caused by the impact of a 7.62 mm projectile against a clay witness simulating a human body. However, this buriti fabric composite was unable to maintain its integrity after the impact of the 7.62 mm projectile. In practice, this constitutes a ballistic failure in a multiple-impact test, which requires the second MAS layer to be a whole number after six shots, according to the [215]. As a second MAS layer, the smaller the indentation depth, the better the ballistic performance. A depth greater than 44 mm is considered lethal trauma for a human being.



According to Demonsthenes et al. [208], the buriti composites reinforced with 10 vol.% epoxy failed to maintain their integrity and are not recommended according to the NIJ Standard [215]. Those reinforced with 20 vol.% buriti showed cracks, indicating that they also do not comply with the NIJ Standard. However, the composites reinforced with 30 vol.% showed partial damage caused by the cloud of fragments in the center of the plate, but did not manifest any open failure, unlike the 10 vol% and 20 vol% composites. This suggests that the 30 vol% proportion can be used as a material for ballistic vests, resisting level III 7.62 mm ammunition.



Cattani and Ramos [216] explored differents treatments for fibers extracted from a buriti palm tree, separated into five different groups: the group of fibers in natura; the fibers boiled by the original community; the fibers boiled in bleach (2–2.5 % sodium hypochlorite, boiled in 500 mL of water and 30 mL of bleach for 15 min); the fibers boiled in fabric softener for 15 min (boiled in 500 mL of water and 30 mL of fabric softener for 15 min); and the fibers boiled in lemon juice (500 mL of water with half a Tahiti lemon for 15 min). The results of the tensile properties of these fibers are shown in Table 8. According to the authors [216], there is no significant difference in the tensile properties associated with the treatment.



Buriti fiber is also used in civil engineering. Castro et al. [217] studied the use of buriti fibers treated with NaOH in mortar in civil construction. The author used a 1:2:0.5 mortar mix, adding 2% fiber treated with 2% NaOH. The mortar underwent a wet curing process for 28 days. The composites reinforced with buruti fibers obtained an 87–96% increase in flexural strength compared to pure mortar. Owing to its versatility and good properties, buriti stands out as a high-potential fiber for use in composite materials, which can be applied to both polymer and cementitious matrices.




3.4. Carnauba


The Carnauba tree, illustated in Figure 12a, is classified as a palm of the Arecaceae family and has xerophytic characteristics. Its scientific name is Copernícia prunífera and it originated in Brazil. The term “carnauba” comes from the indigenous language and means “the tree that scratches”, an allusion to the 44 thorns distributed along the stem. In addition to its primary name, the plant is also known by variations such as carnaúva, carnaba, carandaúba, and carnaíba. The genus Copernicia comprises approximately 28 species, distributed in regions of India and South America. On the South American continent, species such as Copernícia tectorum (found in Venezuela and Colombia), Copernícia alba (found in Bolivia, Argentina, and Paraguay), and Copernícia prunífera are predominant in Brazil [218].



It is estimated that the carnauba tree can reach a height between 10 and 15 m, with a productive life expectancy of around 200 years. Demonstrating remarkable resistance, this species adapts effectively to adverse climatic phenomena, such as severe droughts and floods. Its ideal habitat includes floodplains and riverbanks, and the plant thrives at altitudes ranging from 45 m above sea level to around 500 m. Natural propagation takes place predominantly in its native environment, especially in sandy, moist soils. The palm has opaque green leaves, arranged in a spiral around the stem, concentrated in the crown of the plant [220].



Every part of the carnauba palm finds utility; its roots are employed for medicinal purposes, the fruits serve as a significant component in animal nutrition, and the trunk constitutes a valuable source of timber for civil construction. Carnauba wax, derived from the palm, is extensively utilized in the manufacturing of lubricants and anti-corrosive agents. Additionally, the leaves of the carnauba palm find application in various domains, including house roofing, handicraft production, and the extraction of fibers [218,220].



Carnauba fiber exhibits highly promising outcomes for its application as reinforcement in epoxy matrix composites or within a biodegradable polyhydroxybutyrate (PHB) matrix. Noteworthy mechanical properties of carnauba fibers include significant elongation (1.7–2.6%), impressive tensile strength (205–264 MPa), and a substantial Young’s modulus (8.2–9.2 GPa) [219].



The quantification of chemical constituents within carnauba fibers constitutes a crucial aspect for comprehending the thermal and mechanical properties of these materials. As elucidated by Monteiro et al. [221], several factors exert direct influence on the properties of natural fibers, including cultivation and storage location, plant age, porosity, and internal defects. Ref. [218] conducted a comprehensive analysis encompassing chemical composition, thermal behavior, and morphological characteristics. The investigation revealed a moisture content of 7.2%, a notably lower value compared to other natural fibers (NLFs). Specifically, the examined carnauba fibers comprised 4.8% wax, 36.9% lignin, 40.9% hemicellulose, and 20.2% cellulose. Notably, when compared to other NLFs, carnauba fibers exhibited a lower percentage of cellulose in their composition. Through SEM micrographs, it is possible to identify surface defects present on the longitudinal surfaces of the fibers. Defects such as cracks, roughness, and surface porosity are identified. Furthermore, XRD analysis of carnauba fibers enabled the calculation of the crystallinity index (86.9%) and microfibril angle (7.48%). These parameters serve as indicative measures of favorable mechanical properties, emphasizing the comprehensive insights derived from the integrated analysis of various characterization techniques [218].



According to Junio et al. [222], the negative factors that influence the quality and properties of carnauba fibers can be minimized by selecting the average fiber diameter. NLFs in general show a tendency to reduce their properties as the average diameter increases, a fact related to the reduction in voids present in fibers with smaller diametrical intervals, giving the smaller fibers more resistance [223].



Junio et al. [222] studied the influence of the average diameter of carnauba fiber. When conducting studies with fibers with an average of 0.765 ± 0.22 mm, the author observed that the average density of the fibers was 1.13 ± 0.22 g/cm3, and there was a 54.5% reduction in density with increasing fiber diameter compared to the beginning and end of the fiber, as well as an 87.3% reduction in Young’s modulus and 83.4% in tensile strength.



Melo et al. [220] investigated the effect of chemical modification on the development of biodegradable composites of polyhydroxybutyrate (PHB) reinforced with carnauba fibers. Enhanced interfacial bonding was evident with alkali, peroxide, potassium permanganate, and acetylation treatments. Composites treated with hydrogen peroxide exhibited superior tensile strength compared to those utilizing untreated fibers or other fiber treatments. Scanning electron microscopy (SEM) observations further disclosed improved fiber–matrix adhesion after this treatment, contributing to heightened mechanical properties. Dynamic mechanical thermal analysis indicated an augmentation in storage modulus at elevated temperatures.



Eduard et al. [224] investigated the effects of incorporating carnauba fibers, at concentrations of 3% and 5%, with lengths of 20, 40, and 60 mm, into mortar. The study scrutinized the behavior of the mortar in both fresh and hardened states. In terms of the fresh state, the addition of fibers resulted in decreased consistency, indicating reduced fluidity and workability. This effect was attributed to the porous surface of carnauba fibers, leading to heightened water absorption and subsequently diminishing the flow capacity of the mortars [225]. Concerning the hardened state, compression tests demonstrated a reduction in compressive strength due to the incorporation of fibers, which increased the void content in the mixture, rendering the mortar less compact. Interestingly, the introduction of 60 mm long fibers contributed to enhanced ductility, acting as a retarder in crack initiation [226]. Additionally, the inclusion of 3% fibers (20, 40 mm) and 5% fibers (20 mm, 40 mm, and 60 mm) resulted in a reduction in flexural strength by 12–20%. However, the incorporation of 3% fiber (60 mm) led to a notable 10% improvement in flexural strength. Pellegrin et al. [227] posit that longer fibers impart superior mechanical performance to mortars, particularly in terms of flexural strength.




3.5. Curaua


Curauá (Ananas Erectifolius) is a hydrophilic species native to the Amazon region, from which lignocellulosic fibers are extracted, known for their excellent mechanical properties [228]. In the Amazon, curauá fibers are widely recognized in the Amazon River basin region, particularly in the western part of the state of Pará, where the first commercial plantations of this plant were pioneeringly established [229,230].



Distinctive characteristics of curauá include hard, flat, and erect leaves, with an average length of 1–1.5 m, a width of approximately 40 mm, and a thickness of 5 mm. Each curauá plant exhibits a remarkable leaf production, averaging 50–60 per year, weighing about 150 g each [231]. This yield results in an annual production of 3–9 tons of dry fibers per hectare, notably relying on natural irrigation from rainfall throughout the year [230,232].



Beyond its economic significance, curauá fibers play a crucial role in the traditional practices of indigenous peoples. Indigenous communities use these fibers to craft ropes, hammocks, and fishing lines, requiring materials with high strength and deformability [233]. This application underscores the versatility of curauá fibers, combining remarkable mechanical properties with a sustainable origin. Figure 13 illustrates the curauá plant and the fiber resulting from the extraction of the plant’s leaves.



Curauá fibers are obtained from the leaves of the plant, which are manually cut. These leaves undergo a process called decortication, in which rudimentary machines equipped with rotating cutting blades remove the mucilage, extracting the fibers. Subsequently, the extracted fibers undergo a mercerization process in tanks, lasting 36 h, followed by washing to remove mucilage residues. Finally, the fibers are dried in an oven at 50 °C for 5 h or in the open air for 2 days before being baled. Each curauá leaf produces between 3 and 8% of dry fibers. The majority of curauá fiber production is still carried out by small farmers in the city of Santarém and the state of Amazonas, characterizing a traditional process without the use of advanced technology and appropriate safety measures [229,231].



Since the early 2000s, the production of curauá fibers has experienced exponential growth, driven by their use in automotive components. Renowned companies such as Volkswagen and Mercedes Benz have played a crucial role in this advancement, adopting curauá fibers as reinforcement in polypropylene matrix composites [235]. This substitution of glass fibers has become particularly notable in the manufacturing of automotive parts, including bumpers, interior panels, trunk lids, and various other components. The success of this transition is evident in the successful integration of curauá fibers in the construction of vehicle parts, notably in Volkswagen’s VW Fox and VW Polo models [236,237]. This significant milestone has further propelled research into the application of curauá fibers not only in the automotive sector but also in various areas such as construction [238,239,240], ballistic armor [241,242,243,244], and biodegradable packaging [245,246,247], among other applications.



An example illustrating the application of curauá fiber is found in the work of Barbalho et al. [248]. In this study, the authors produced and characterized composites of biodegradable polyethylene derived from sugarcane alcohol (B-HDPE), reinforced with curauá in fractions of 0.1, 3, and 5 wt.%, along with 10 wt.% of maleic anhydride (PP-g-MA). This composition results in a fully biodegradable and sustainable composite. From the results obtained through thermal, chemical, and mechanical characterization, the authors revealed that the addition of small amounts of curauá fibers to this specific matrix contributed to a synergistic effect. This synergistic effect led to an increase in the mechanical properties and improvement in the thermal stability of the composite compared to pure B-HDPE. These findings highlight the significant potential of this material for applications in the automotive sector, emphasizing that it is biodegradable and sustainable.



Significant research related to curauá fiber has explored enhancements in its properties and those of the composite through functionalization with carbonaceous materials such as graphene, graphene oxide, and carbon nanotubes. The study conducted by Neto et al. [249] investigated the impact of functionalization using multi-walled carbon nanotubes (MWCNTs) on the thermal and morphological properties of epoxy matrix composites reinforced with curauá fibers. Both the epoxy matrix and the curauá fiber were independently functionalized. The influence of carbon nanotubes in each composite configuration was assessed and compared with the control group, which did not contain MWCNTs. Functionalizing the curauá fiber resulted in a significant increase in mechanical strength compared to the “in natura” fiber, as illustrated in Figure 14a. The addition of MWCNTs promoted a considerable increase in the flexural strength of the composites, as shown in Figure 14b.



When evaluating the composite configurations, it was observed that resin functionalization contributed to an increase in mechanical strength. However, functionalizing the curauá fiber resulted in higher flexural strength values. This observation was supported by scanning electron microscopy (SEM) analyses of the curauá fiber, as presented in Figure 14c,d. In Figure 14c, the fiber without the presence of MWCNTs exhibits a smooth and less rough surface, which may hinder interfacial adhesion with the matrix. In contrast, functionalization allowed the fiber, as depicted in Figure 14d, to obtain a rougher surface due to the MWCNT adherence in the fiber spaces, favoring interlocking between curaua fibers and epoxy matrix.




3.6. Guaruman


The guaruman plant (Ischnoshiphon Koern) is frequently found along the riverbanks in the Amazon region, especially in the Salgado Paeaense area in the state of Pará. Extracted from this region, these plants play a crucial role as raw material for handicrafts [250]. The Amazon is renowned for its vast diversity of native plant species, which play fundamental roles in food, medicine, construction, and fiber production. In the specific context of guaruman, this plant holds significant importance in the culture of riverside caboclos and various indigenous tribes. It is widely used in crafting, particularly in the creation of the famous straw weaving, a highly popular practice in the Para region [250,251].



Guaruman, also known as arumã, belongs to the Marantaceae family and is typically found in flooded várzea areas along riverbanks [252]. Barcarena, in the state of Pará, and more specifically, the Utinga-Açu community, are the main hubs for artisanal production of products made from guaruman fibers. The extraction process involves processing the guaruman stem, resulting in flexible, durable fibers with a distinctive golden hue, as illustrated in Figure 15 [250].



The crafting of handicrafts from these fibers often constitutes the main source of economic sustenance for the surrounding riverside communities. Similar to other non-timber materials used in artisanal production, the goal is always to transform these resources into higher value-added goods [250,252]. Research focused on the development of new products from guaruman not only contributes to the technological innovation of the country but also addresses the specific needs of the regional population that relies on the trade of these fibers.



Guaruman fiber is underexplored concerning the assessment of its properties, encompassing both the individual characteristics and properties of the fiber, as well as its application as reinforcement in composites. The lack of dissemination, coupled with the potential difficulty in obtaining the plant, may constrain studies on this fiber. However, although rare, some works have been identified in the literature. Reis et al. [253] conducted an analysis of the characteristics and properties of guaruman fibers, comparing them with commonly studied natural fibers. The results, presented in Table 9, highlight the favorable properties of guaruman compared to other natural fibers, such as low density and a reduced microfibril angle (MFA).



Continuing the study of guaruman fibers, Reis et al. [254] conducted research in which they employed guaruman fibers as reinforcement in epoxy matrix composites for use in multi-layer ballistic armor. To achieve this, they developed a prototype ballistic vest with a front layer made of aluminum oxide ceramic (Al2O3), the second layer composed of a composite using 30 vol.% guaruman fiber, and the final layer made of Kevlar. Ballistic tests were conducted using 7.62 × 51 mm caliber ammunition, and the prototype’s performance was assessed by measuring the indentation in the clay positioned behind it. The indentation in the clay, known as Backface Signature (BFS), should be less than 44 mm. The results of the ballistic tests, depicted in Figure 16, demonstrated that the prototype met the standard, with BFS below 44 mm. To illustrate, the authors compared the results with composites produced under similar conditions but using PALF fibers, achieving similar outcomes, meeting ballistic test standards, and showcasing the potential of guaruman fiber for military applications.



A more recent example is the work of Azevedo et al. [86], in which the authors conducted a preliminary study on the use of guaruman fiber as reinforcement in cementitious matrix composites. They used a Portland cement matrix of type CPIII, widely used in Brazilian construction, and added guaruman fibers in fractions of 2.5, 5, and 7.5 wt.% Additionally, they investigated two different conditions: untreated fibers and fibers treated with alkali using NaOH. Through the characterization of the composites, the authors observed that the addition of fibers reduced the density of the cementitious composite as the fiber content increased. However, the alkali-treated fibers showed an even greater reduction in density and, consequently, in liquid absorption.



Guaruman fiber has good mechanical properties and great potential to be explored in composites and sustainable applications, both in the field of materials science and engineering and in other areas of knowledge. However, the lack of knowledge about this fiber compared to other natural fibers, such as jute and sisal, for example, limits its utilization.




3.7. Periquiteira


The Periquiteira (Cochlospermum orinocense), also known as tree cotton, Envira-Branca, or Buxixão, is a plant from the Bixaceae family. This plant is characterized by being a medium-sized tree, ranging from 12 to 28 m in height, with a straight cylindrical trunk that can measure 40 to 75 cm and remain unbranched for up to half of the tree’s height. Its bark is whitish, with vertical fissures and fiber detachment, with 60 cm of cataphylls [255,256].



The wood has a coarse texture, a straight grain, is tasteless but slightly fragrant when fresh, lightweight, smooth, with low resistance to decay and attack by wood-eating insects, and it grows best in a sunny position. It is a fast-growing tree [256,257].



The occurrence of the Periquiteira is in Brazil, specifically in the Amazon Rainforest, but it also extends to countries in South America such as Peru, Colombia, Venezuela, and the Guianas. It mainly grows in more open areas of advanced secondary growth, in upland areas not subject to periodic flooding, plain areas, and highlands, usually on dry clay at altitudes of up to 450 m in Peru [256]. In Brazil, the Periquiteira is found in the states of Roraima, Rondônia, Amapá, Pará, Amazonas, Acre, Maranhão, and Mato Grosso [257].



Little is known about this plant, as there is still no precise information about its edible and/or medicinal uses. So far, it is known that the fiber is extracted from the inner bark of the fruit and is commonly used in rope manufacturing. The only studies found in the literature on the properties of periquiteira fibers are the works of [258,259]. The study conducted by Silva et al. [258] was the first to analyze the properties of periquiteira fibers, including the composition of lignocellulosic components and mechanical properties through tensile tests. The results of this study are presented in Table 10.



Based on the original results obtained by Silva et al. [258], the recently published paper by Pinheiro et al. [259] continued to map the knowledge about periquiteira fiber, bringing other fiber information such as density, crystallinity, microfibril angle, thermal stability, and tensile properties as a function of fiber diameter. As illustrated in Figure 17, the authors manually extracted the fiber from the plant’s bark.



Through the analysis, the authors identified the fiber diameter distribution, as well as characteristics such as high crystallinity (70.49%), low MFA (7.39°), thermal analysis results similar to other lignocellulosic fibers, and tensile strength values ranging from 100 to 255 MPa, where the smaller the fiber diameter range, the higher the mechanical strength.



In conclusion, the periquiteira plant holds great potential for application, both in the biomedical and botanical field due to its yet unknown properties, as well as in engineering and sustainability, thanks to the properties extracted from it and their possible applications. It is highly likely that in the coming years, new studies on this fiber will emerge, pushing the boundaries of knowledge about this plant and its fibers even further.




3.8. Piassava


Piaçava is a palm tree native to Brazil, belonging to the Arecaceae family. Its popular name comes from the indigenous Tupi language, meaning “Fibrous Plant”. The different species of Piaçava are found mainly in the states of Acre (Aphandria natalia), Figure 18a and Bahia (Attalea funifera), and Amazonas (Leopoldinia piassaba). This palm is capable of growing in low-fertility soils that are unsuitable for many crops [260].



Among the species of Piassava, Bahia is the largest fiber producer in the country, representing 95% of the national production, followed by the Piassava from Amazonas and Acre. These species of Piassava differ in the characteristics of their fibers [119,262]. The fiber from Bahia is the most commercialized due to its long, rigid, and waterproof fibers that maintain their elasticity even when wet. On the other hand, the fibers from Amazonas are softer, more flexible, and elastic. These fibers are commonly used in the manufacturing of brushes, brooms, ropes, crafts, and also in the composition of rustic coverings [260].



The extraction of Piassava fibers is carried out through extractivism, with different systems in the producing states. In Bahia, there are associations of collectors in the communities, which generates income and, at the same time, preserves the ecosystem in the Atlantic Forest [262,263]. In Amazonas, on the other hand, extractivism occurs through aviation, where the boss provides advanced food and goods in exchange for the services of the collectors. This type of extractivism does not benefit the collectors, often leaving them in a situation similar to slavery [264].



The collection of Piassava plant fibers is conditioned by the water level, which means that during dry periods, collectors are isolated without the opportunity to receive supplies and goods since the rivers are not navigable. Piassavas can be classified in two ways: by height and by the presence or absence of previous cutting [265]. The cutting method varies according to the size of the palm tree. As for height, Piassavas are classified as follows: new Piassava (up to 2 m), garrote (2 to 4 m), garrotão (4 to 6 m), and giant or old (over 6 m). Regarding the type of cutting, they can be non-extractable (poor or fiberless), mamaipoca (already cut, ready for recutting), or virgin (never cut) [266]. Piassava fibers originate from the base of the palm leaves and are collected manually. In this process, they are untangled, arranged, cut, and then tied together for commercialization, generating the fibers as illustrated in Figure 18b,c [267,268,269].



Piassava fibers have been widely used due to the high production of this palm tree, which can yield around 8 to 10 kg of fibers per tree. These fibers have various applications, ranging from crafts, utensils, and ropes, to engineering, as reinforcement in composites. As a result, numerous research studies are conducted annually using this fiber.



An example of the application of piassava fibers as reinforcement in composites is a study conducted by Carvalho et al. [270], in which a preliminary investigation was carried out to assess the effectiveness of piassava fibers as a reinforcement agent in polyurethane matrix plates for flooring. In the study, the piassava fibers were crushed and added to the composite in powdered form, at volume fractions of 10, 20, and 30 vol.%. The authors conducted abrasion tests on the composites, following the NBR 14050 standard [271], and observed that the composite with 30 vol.% fiber content showed potential for application, although it did not fully meet the requirements of the standard. The authors mentioned the need to investigate other parameters to achieve the specified requirements.



Silva et al. [272] evaluated the performance of polyester matrix composites reinforced with different fibers in impact and bending tests. For comparison, they used raffia, jute, mallow, piassava, and sisal fibers as reinforcements in similar compositions. The results of the Charpy test are illustrated in Figure 19.



Based on the results obtained, the authors observed that piassava fibers have high resistance compared to other fibers such as mallow, raffia, and jute, although their performance was slightly lower than the composite with sisal fibers. Among all natural fibers, sisal is one of the most resistant, if not the most resistant natural fiber among the species [273,274].



As another example, Nunes et al. [275] produced composites from recycled polypropylene (PPr), using piassava fibers as a reinforcing agent. To improve the interfacial adhesion of these composites, the authors added MAPP to the material at a fraction of 10 wt.%. The content of piassava fibers in the composite varied between 0, 10, 20, and 30 wt.%. From the results of the characterization of the mechanical properties of the composites, the authors observed that the addition of piassava fibers in the fractions of 20 and 30 wt.% considerably increased the flexural strength of the composites, in which the group without the presence of fiber presented a value of 32.7 MPa, while the composites with 20 and 30 wt.% of piassava presented values of 41.7 and 45.0 MPa, respectively. This behavior was repeated in the tensile and Shore D hardness tests, in which the composites with 20 and 30% piassava fibers showed superior performance; however, in the impact test, the sample without fiber showed superior performance to all the composites. The piassava fiber allowed the distribution of stresses, increasing the mechanical strength of the PPr, but the presence of MAPP allowed an increase in interfacial adhesion, resulting in superior properties.



The application of piassava fiber has many benefits. Its mechanical strength and durability make it ideal for making utensils and even for reinforcing construction materials and engineering composites. In addition, its use contributes to the preservation of the environment, as piassava is a native plant and its sustainable extraction promotes the socioeconomic development of local communities. Given its unique properties and environmental benefits, piassava fiber certainly has a promising role to play in a wide range of industries.




3.9. Tucum


The tucum, scientifically named Astrocaryum vulgare (Figure 20a), is a palm tree typical of the Amazon region. This plant has several scientific names, such as Astrocaryum chambira Burret and Astrocaryum aculeatum G. The fruits of the tucum are called tucumã and are widely used in local cuisine. In addition, the palm has a thorny trunk and can be used as a living fence to protect crops in short-cycle forestry of pioneer species. The purpose of this fence is to protect the seedlings from herbivory by animals [276].



Their fruits (Figure 20b) are up to 6 cm long and vary between 4 and 5 cm in diameter, with a rounded shape, a greenish color, and a sour taste. When ripe, the fruit is black in color and tastes sweet [278].



Tucum fibers are taken from the palm’s leaves (Figure 20c), which are very resistant and have the following characteristics: sheath and petiole covered in flat, yellowish spines; sheath 1.1 m long; petiole 2.6 m long; rachis 4.8 m long; 160 spines per side, linear or linear-lanceolate, irregularly arranged and arranged in different planes; with small spines on the margins, midribs subterminal; midribs 1.51–1.63 m long and 4–4.5 cm wide [278,279].



Tucum fiber, illustrated in Figure 20d, is obtained after the palm leaves have been removed and dried. This fiber contains a considerable amount of cellulose, over 80%, and has been an important source of income for communities in the region, being widely used in handicrafts. For several indigenous communities in the northwestern Amazon region, tucum fiber is of significant value. The fibers obtained from the unexpanded leaves are used to make a wide variety of products, such as hammocks, bags, and fishing nets [203,280,281,282,283]. Harvesting and processing these fibers is part of Aboriginal traditions and represents important moments of social interaction [284].



In recent years, products made from tucum fibers have become very popular with tourists and in craft shops. The tucum palm has become an important cash crop for indigenous families. However, frequent extraction, often carried out in a destructive manner, has depleted the natural populations of tucum in some areas of the Amazon [282,285].



The application of tucum fiber in engineering composites has been attracting a great deal of interest from researchers in recent years, especially in Brazil. This interest has intensified due to the potential of this fiber to improve the properties of composites and open up new application possibilities in industry. Various studies have been carried out to better understand the characteristics and behavior of this fiber in composites, with the aim of optimizing its use and exploiting its full potential. Cunha et al. [192] compared the effect of tucum fibers (Astrocaryum chambira Burret) and mallow fibers in polyurethane (PU) matrix composites. The authors produced composites only reinforced with tucum fibers (TPU) and only with mallow fibers (MPU), in fractions of 30, 50, and 70 wt.%, and the properties of the fibers and composites were analyzed. XRD analysis showed that the crystallinity of the tucum fiber was higher than that of the mallow fiber, with values of 79.34 and 68.56%, respectively. The results of the thermogravimetric analysis (TGA) indicated that the tucum fiber has slightly higher thermal stability. In the mechanical analysis, using the flexural test, the composites reinforced with tucum fibers showed higher values than the composites reinforced with mallow fibers, in all compositions. Based on the water absorption results, the TPU composites showed much higher absorption values due to greater interfacial adhesion.



Oliveira et al. [286] investigated the mechanical and ballistic properties of epoxy matrix composites reinforced with tucum fibers from the genus Astrocaryum vulgare. The authors produced composites by the cold compression method, using 20 and 40 vol.% fractions of tucum fibers. The results obtained by the authors are shown in Figure 21.



The results of the mechanical characterization of the epoxy/tucum composites were not good compared to some composites. As illustrated in Figure 21a, the tucum-reinforced composites showed superior performance to composites reported by other authors, reinforced with coir, ground nut shell, and lantana camara fibers. However, performance was much lower than composites reinforced with ramie, banana, and flax fibers, showing intermediate properties. In the Izod impact results, shown in Figure 21b, the composite reinforced with 20 vol.% tucum showed similar performance to plain epoxy, with little improvement in impact resistance, making the mechanical performance inferior to that of the other fibers used in the comparison, present in the Figure. On the other hand, the composite with 40 vol.% performed similarly to composites reinforced with fique fibers, both in the form of fibers, fabric, and ramie fibers, although the result was much lower than a composite reinforced with 20 vol.% mallow. The results of the ballistic tests carried out with 0.22 ammunition are inferior to plain epoxy. In general, the addition of natural fibers to epoxy in fractions ranging from 10 to 40 vol.% promotes an increase in ballistic resistance, as observed in studies with similar tests and compositions, but with epoxy/hemp [287] and epoxy/kenaf [288] composites. Even though the ballistic performance is lower, the authors report the importance of using natural fibers in composites for ballistic applications, where cost is a fundamental factor. The cost of natural fibers is significantly lower than synthetic fibers, and certain natural fibers have the potential for ballistic applications, aggregating sustainability and low production costs.



Another interesting example is the study carried out by Kieling et al. [23], in which the researchers produced composites using tucum powder, extracted from the seed of the genus Astrocaryum aculeatum. Recycled polypropylene was used as the polymer matrix. The composites were processed with different fractions of tucum (0, 10, 20, 30, 40, and 50 wt.%) and their properties were analyzed. During the tensile, flexural, and impact tests, the addition of tucum as a reinforcing agent resulted in a reduction in the mechanical performance of the composites. However, in the compression test, the tucum-reinforced composites showed a considerable improvement as the load increased. In relation to the water absorption test, the composites with 40 and 50 wt.% tucum showed a greater capacity to absorb liquid. This also resulted in greater resistance to the flammability test, where these two groups showed a lower flame propagation speed. Therefore, even with lower mechanical properties, tucum proved to be effective as a flame retardant additive in polypropylene.



Tucum fiber has significant potential to be explored as a reinforcement in composites. Although this fiber does not have excellent mechanical properties like sisal, curauá, or piassava, it can be used in studies in which different surface treatments can be applied to the fiber to improve interfacial adhesion with the composites and, consequently, their final properties. With the growing popularity of fiber in the engineering field, it is expected that new studies will emerge to further explore its potential.




3.10. Ubim


Ubim is a palm from the Arecaceae family, also known by its scientific name Geonoma baculífera [289]. The word ubim comes from the indigenous language, specifically the Tupi u’bi. The palm is also known by other names, such as Geonoma estevaniana Burret, Gynestum baculiferum Poit., Geonoma acutiflora Mart [290].



The Arecaceae family includes the genus geonoma, which is made up of small palms that generally grow in the understory. This genus is one of the largest in the Americas and is home to 15 species that are widely distributed across the continent, especially in tropical regions [291]. The species of Geonoma are commonly found in areas with high levels of rainfall, and are one of the most prevalent plant species in these environments. Palms of the genus Geonoma have a preference for riparian forest vegetation that occurs along watercourses, as well as open vegetation [292].



Ubim, illustrated in Figure 22, is a small cespitose palm with multiple, smooth stems and elongated, unbranched fibers. Its height varies between 1 and 4 m, with a diameter of 1 to 3 cm. The stem can be erect or partially creeping, and the plant has seven to twelve leaves, sparsely branched inflorescences, and globose or ovoid fruits. This species is typically found in the understory of forests with high rainfall, riparian forests, floodplains and igapós. The ubim is adapted to humid environments, is considered shade-tolerant, and generally grows in places with low incidence of direct light [289].



The occurrence of the ubim covers Central and South America, with records in the Guianas, Peru, Bolivia, and Venezuela. In Brazil, this plant can be found in the states of Amazonas, Acre, Amapá, Pará, Maranhão, and Piauí [294,295]. This species is widely used in the Amazon by extractivist communities who depend on the sustainable exploitation of various native species to meet their needs for construction materials for rural buildings. The leaves of the ubim, when intertwined along a stick, form ubim “cloths”, which are used as a covering in the constructions of these communities. This is a traditional practice, especially among those who live close to the border between Brazil and Bolivia. In Bolivia, ubim is commercially exploited, which indicates that the species may also have commercial potential on the Brazilian side [296].



In addition to its use in construction, ubim also has ecological importance for some indigenous and riverside communities. Ubim fibers (Figure 22b,c) are used to make baskets, mats, and other handicrafts. In addition, this plant has potential for ornamental purposes in gardens and interiors.



Ubim is widely used in the Amazon and Acre regions; however, the plant’s potential application depends on the development of the market, which currently lacks a regular and abundant supply of the product. It also faces the apparent lack of awareness of its existence on the part of consumers in the city of Rio Branco, in the state of Acre, which represents the largest potential market for this product in the region [296]. In addition to the potential of ubim daughters, ubim fiber has yet to be widely applied as a reinforcing material in industrialized products and engineering applications. Unlike better-known fibers such as sisal, bamboo, curaua, coconut, jute, and others, there are practically no scientific reports studying the properties of ubim fiber and its application.



Studies into the properties of ubim fiber and its applications are still limited. Recently, a pioneering study by Marchi et al. [297] evaluated the characteristics and properties of this fiber. The researchers identified important characteristics for evaluating the fiber, such as crystallinity, microfibril angle, diameter, density, and cellulose content. The results of this study are shown in Table 11.



The authors’ results show that the fiber has good characteristics such as high crystallinity, low microfibril angle, and low density. These characteristics suggest that the fiber has potential for application in engineering composites, combining low weight and possibly good mechanical properties.



Carrying on from their previous work, Marchi et al. [298] investigated the thermal, chemical, and ballistic properties of epoxy matrix composites reinforced with ubim fibers. Composites were produced with fiber fractions of 10, 20, and 30 vol.%, in which the properties were compared with pure epoxy. Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and ballistic tests were carried out. The FTIR analysis showed peaks characteristic of other natural lignocellulosic fibers. The thermal analyses showed that the fibers slightly improved the thermal stability of the composites, even though the onset degradation temperatures (Tonset) and maximum degradation temperatures (Tmax) occurred slightly earlier in the case of the composites. The data obtained from the ballistic test are shown in Table 12.



Based on the results of the ballistic test, the authors pointed out that the energy absorbed (Eabs) was reduced as a result of the increase in ubim fibers, but the velocity limit (vL) was also reduced. In general, the composites with fibers absorbed less energy, but reduced the velocity of the projectile, compared to pure epoxy, which points to a potential application of composites reinforced with ubim fibers for ballistic applications.



In summary, ubim fibers have potential application in engineering composites. Based on the promising results observed by Marchi et al. [298], it would be possible to expand the applications of ubim fibers by investigating other fiber properties, in addition to their application in composites with different matrices.





4. Final Remarks and Conclusions


The abundance of biodiversity in the Amazon region is reflected in the wide variety of natural fibers found in this area. Additionally, the local communities possess ancestral knowledge of the sustainable use of these resources, further underscoring the importance of preserving and valuing these fibers. The preservation of not only the Amazon rainforest but also the economic and social development of the communities that rely on these resources are intrinsically linked to this preservation.



It is important to highlight that there are several plants in the Amazon region whose fibers were not addressed in this study but also have promising applications in engineering composites. Some examples of these fibers include ouricuri [299], embira [300], taboa [301], titica vine [302,303], tururi [304,305,306], inajá [307], ubuçu [308,309], jarina [310], and patauá [311,312], among others. These fibers have significant potential for use in various industrial applications, replacing synthetic reinforcements with natural materials and promoting sustainability.



The development of new research is crucial to expand our knowledge about the properties of these natural fibers and further encourage their use in the industry. Advanced research is being conducted daily, covering topics such as hybrid composites, laminates, new processing methods, and many others. These studies aim to push the boundaries of knowledge about composite materials and maximize the potential of these natural fibers in engineering.



This review article highlights the potential of natural fibers found in the Amazon Rainforest for use in engineering composites and sustainable actions. The region’s natural fibers have a high cellulose content and exhibit mechanical properties that make them a promising alternative to synthetic fibers in various applications.



The use of natural fibers contributes to sustainable actions by reducing the environmental impact of production processes and promoting the use of renewable resources. However, it is important to note that there are challenges and limitations to be overcome. More research and development are needed to optimize the properties of natural fibers and improve processing methods.



The use of natural fibers drives industrial development, whether in the production of clothing and textiles or as reinforcement in composites to enhance the properties of plastic or cementitious materials. Sectors such as automotive and construction benefit by combining the cost-effectiveness of these materials with the excellent properties that reinforcements can impart to the matrix. In the well-established Brazilian market, cotton fiber stands out as one of the most utilized, particularly in clothing manufacturing. However, Amazonian natural fibers have the potential to further boost the country’s economy in the production of composite fabrics for engineering applications.



The lack of knowledge about these fibers has contributed to their underutilization in the national industry. Nevertheless, there is an observable growth in research involving these materials, exploring their properties and applications. Therefore, these fibers, previously unknown to the general public, have the potential to be incorporated into the industry on a large scale, generating income in the regions where the plants are extracted and boosting the economy of the Amazon region.



In summary, the use of natural fibers from the Amazon has the potential to drive economic growth and promote sustainable development. Furthermore, this utilization contributes to the preservation of the unique biodiversity of this important region.
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Figure 1. Diagram presenting the sustainable process of natural fiber-reinforced plastic composites. Reprinted with permission from ref. [32]. Copyright 2022, MDPI AG. Licensed under CC BY 4.0. 
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Figure 2. Classification of natural fibers based on the part of the plant of origin. 
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Figure 3. Schematic diagram of the natural fiber cell wall and its molecular structure. Reprinted with permission of ref. [68]. Copyright 2022, Elsevier. 
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Figure 4. Map of South America, highlighting Brazil and its main biomes: Amazon, colored in green; Cerrado, colored in orange; Pantanal, colored in red; and the Legal Amazon Region, highlighted with green dashed lines. Reprinted with permission from ref. [165]. Copyright 2023, Nature. Licensed under CC BY 4.0. 
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Figure 6. SEM micrographs of different regions of açaí: (a) fruit micrograph indicating the regions of peel, pulp, and fibers; (b) another region indicating the position of peel, pulp, and fibers; (c) micrograph of fine açaí fibers; (d) micrograph of a wider açaí fiber, showing the presence of pores and imperfections on the surface. Adapted with permission from ref. [180]. Licensed under CC BY 4.0. 
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Figure 8. Steps of babassu fiber extraction: (a) babassu coconut in drying process for 48 h; (b) washing babassu; (c) babassu after washing, ready for defibrillation; (d) manual defibrillation process; (e) extracted babassu fibers. Reprinted with permission from ref. [193]. Licensed under CC BY-NC-ND 4.0. 
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Figure 9. Results of the properties of PHB/babassu composites: (a) biodegradation results; (b) effect of biodegradation on the elastic modulus of the composites; (c) effect of biodegradation on the tensile strength of the composites; (d) effect of biodegradation on the elongation at break of the composites. Adapted with permission from ref. [198]. Licensed under CC BY-NC-ND 4.0. 
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Figure 10. Buriti (Mauritia flexuosa.): (a) palm tree; (b) bundle of fibers extracted from the leaf; (c) fabric produced from the extracted fibers with an inset for viewing the weave from an SEM micrograph. Reprinted with permission from ref. [202]. Copyright 2020, Elsevier. Licensed under CC BY-NC-ND 4.0. 
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Figure 11. Comparison between the ballistic performance of both synthetic fabrics and natural fiber-reinforced polymer composites as the MAS second layer with the same thickness. Adapted from ref. [208]. 
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Figure 12. Carnauba (Copernícia prunífera): (a) carnauba tree; (b) leaf stalks of carnauba tree; (c) leaf stalks of carnauba tree; (d) carnauba fibers extracted from leaf stalks. Adapted with permission from ref. [219]. Copyright 2020, MDPI AG. Licensed under CC BY 4.0. 
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Figure 13. Curauá (Ananas Erectifolius): (a) curauá plant; (b) bundle of manually extracted fibers; (c) SEM micrograph of a cross-section of a curauá fiber. Reprinted with permission from ref. [234]. Copyright 2020, Elsevier. Licensed under CC BY-NC-ND 4.0. 
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Figure 14. Results of epoxy matrix composites reinforced with curauá fibers and functionalized with MWCNTs: (a) tensile test results of the fibers; (b) flexural test results of the composites; (c) SEM micrograph of the “in natura” fiber; (d) SEM micrograph of the fiber functionalized with MWCNTs. Adapted with permission from ref. [249]. Copyright 2023, MDPI AG. Licensed under CC BY 4.0. 
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Figure 15. Guaruman (Ischnoshiphon Koern): (a) guaruman plant; (b) as-received, mechanically divided splints from the stalk; (c) manual separation of fibers from the splint; (d) bunch of the final isolated fibers (d). Adapted with permission from ref. [253]. Copyright 2020, Elsevier. Licensed under CC BY-NC-ND 4.0. 
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Figure 16. Results of BFS of composites produced with guaruman fibers after ballistic testing using 7.62 × 51 mm ammunition. Reprinted with permission from ref. [254]. Copyright 2021, MDPI AG. Licensed under CC BY 4.0. 
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Figure 17. Periquiteira (Cochlospermum orinocense): (a) periquiteira plant; (b) bark extraction site; (c) bark of the plant; (d) periquiteira fibers. Adapted with permission from ref. [259]. Copyright 2023, MDPI AG. Licensed under CC BY 4.0. 
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Figure 18. Piassava (Attalea funifera): (a) piassava palm tree; (b) piassava fibers extracted from leaf; (c) SEM micrograph of piassava fiber surface. Adapted with permission from ref. [261]. Copyright 2018, Scielo. Licensed under CC BY 4.0. 
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Figure 19. Comparison of impact resistance and flexural strength results as a function of the type of fiber used in polyester matrix composites. Graph produced with data results from ref. [272]. 
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Figure 20. Tucum: (a) tucum palm tree; (b) tucum fruits; (c) tucum leaves exhibiting a thorny characteristic to ward off predators; (d) tucum fibers extracted from the leaf. Adapted from ref. [277]. 
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Figure 21. Results of the epoxy/tucum composites: (a) comparison of the tensile strength results of the epoxy/tucum composite with the literature; (b) comparison of the Izod impact resistance results. Adapted from ref. [286]. Copyright 2020, MDPI AG. Licensed under CC BY 4.0. 
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Figure 22. Ubim (Geonoma baculífera): (a) ubim plant; (b) ubim stem; (c) ubim fibers extracted from the stem. Adapted from ref. [293]. 
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Table 1. Timeline of natural fiber use in antiquity [1].
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	Period (Year)
	Fact





	20,000 BC
	Humans making ropes and cords during the Paleolithic Age



	12,000 BC
	Evidence of the existence of cotton in Egypt



	10,000 BC
	First reports of the cultivation of wild plants and the manufacture

of fabrics from natural fibers



	9000 BC
	The discovery of a net bag in Utah indicated that the American

Indians had advanced skills in processing plant fibers in approximately 9000 BC.



	8000 BC
	The Swiss Lake Dwellers of the Stone Age cultivated flax and wove

it into linen fabric.



	6000 BC
	Hemp, believed by some to be the oldest cultivated fiber plant, originated

in Southeast Asia and spread to China



	5700 BC
	Evidence of cotton fabrics produced in Mexico during this period



	5000 BC
	The first evidence of weaving, through the manufacture of baskets using

plant fibers, dates from this period. Cotton was cultivated and used in the

Tehuacan Valley of Mexico.



	3500 BC
	Heavy, strong ropes were used to drag heavy objects in Egypt. The ropes

were made by twisting strips cut from hides or fibers from papyrus reeds



	3400 BC
	The art of spinning and weaving linen was well developed in Egypt by 3400 BC,

suggesting flax had been cultivated prior to that date



	3000 BC
	Spinning and weaving of cotton is practiced in Pakistan, evidenced

by the discovery of cotton fabrics and string from excavations at Mohenjo-Daro



	2900 BC
	The Emperor Shen Nung encouraged the growth of hemp in China



	2500 BC
	Cotton and cotton textiles existed in Peru



	2300 BC
	Cotton was cultivated in the Indus Valley



	1400 BC
	A Hindu hymn describes the manufacture of cotton yarns and the weaving

of cotton cloth



	445 BC
	Herodotus wrote of trees which grow wild in India, the fruit of which is a wool

exceeding in beauty and goodness that of sheep and from which the natives make clothing



	63 BC
	Lentullus Spinther introduced cotton awnings in the theater at the Appolinarian games










 





Table 2. Global production of natural fibers estimated by DNFI—Discover Natural Fibers Initiative in the period 2020–2023. Updated on 9 November 2023 [17].
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Fiber

	
Global Production (Ton)




	
2020

	
2021

	
2022

	
2023






	
Abaca

	
75,889

	
83,501

	
72,000

	
66,000




	
Agave Fibers

	
40,625

	
40,743

	
41,000

	
41,000




	
Coir

	
1,101,498

	
1,115,349

	
1,145,000

	
1,175,000




	
Cotton

	
23,989,000

	
25,176,000

	
25,314,609

	
24,515,567




	
Other fiber crops

	
739,145

	
755,326

	
733,000

	
742,000




	
Flax, processed but not spun

	
974,806

	
896,636

	
851,805

	
851,805




	
True hemp, raw or retted

	
251,062

	
302,318

	
272,000

	
272,000




	
Jute, Kenaf and Allied fibers

	
2,874,000

	
3,175,600

	
3,095,000

	
2,700,000




	
Kapok

	
78,674

	
82,150

	
80,000

	
80,000




	
Ramie, raw or retted

	
62,228

	
10,138

	
10,000

	
10,000




	
Sisal, Henequen and similar

	

	

	

	




	
hard fibers

	
280,800

	
281,400

	
273,000

	
278,000




	
Silk, raw

	
91,765

	
86,311

	
91,221

	
90,000




	
Total Natural Fibers

	
31,606,868

	
33,069,866

	
33,100,000

	
31,900,000











 





Table 4. Composition of some fibers reported in literature.
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	Fiber
	Cellulose

(wt.%)
	Lignin

(wt.%)
	Hemicellulose

(wt.%)
	Pectin

(wt.%)
	Wax

(wt.%)
	Reference





	Flax
	60–81
	2
	14–21
	2–5
	1–2
	[78,79]



	Hemp
	57–78
	3–13
	11–22
	1
	0–3
	[80,81,82]



	Ramie
	68–75
	0.8–1.5
	13–16
	4–5
	1–2
	[83,84]



	Kenaf
	45–66
	14–20
	12–20
	0.4–2.7
	0.3–3
	[40,85]



	Guaruman
	39–40
	10–12
	40–41
	-
	-
	[86]



	Jute
	61–72
	12–13
	13–20
	0.2
	-
	[87]



	Sisal
	67–78
	8–12
	10–14
	10
	2
	[88,89]



	Cabuya
	48–84
	8.3–17
	0.5–11
	-
	2
	[90,91]



	Abacca
	56–66
	7–13
	21–30
	1–3
	-
	[91,92]



	Betelnut
	53
	7
	33
	-
	0.6
	[93,94]



	Banana
	64–82
	5–8.5
	19
	-
	-
	[95,96]



	Coir
	32–50
	30–45
	0.15–15
	1.8–4
	-
	[97,98]



	Bamboo
	26–75
	10–31
	12–16
	0.37
	-
	[99,100]



	Bagasse
	32–55
	19–25
	27–32
	-
	-
	[101,102]



	Sponge gourd
	62
	11.2
	20
	-
	-
	[102,103]



	Rice husk
	35–57
	21
	12–33
	-
	-
	[104]



	Wheat Straw
	47–63
	5.5–18.5
	12–32
	-
	-
	[105]



	Oat
	31–48
	16–19
	-
	-
	-
	[91]



	Napier Grass
	45–59
	20–24
	20–33
	-
	-
	[106]



	Curaua
	73.6
	9.9
	5.5
	-
	-
	[107,108]



	Henequen
	60
	8
	25
	-
	2
	[109]



	Cotton
	77–96
	2–5
	3
	0.8–2.5
	0.6
	[91,110,111]



	Nettle
	72–84
	2.2–7.5
	6–12
	-
	-
	[112,113]



	Pineapple
	49–82
	5–31
	6–13
	-
	-
	[88,114,115]



	Hard Wood
	70–74
	2.6–5.2
	0.5–0.7
	-
	-
	[116]



	Soft Wood
	40–45
	25–34
	20–30
	-
	-
	[117,118]



	Piassava
	28–32
	45–48
	25–26
	-
	-
	[119,120,121]



	Açai
	45–47
	31–34
	10–15
	-
	-
	[122]



	Phormium

tenax
	67
	11
	30
	-
	-
	[123]



	Sansevieria

ehrenberg
	80
	3.8
	10
	-
	0.1
	[124]



	Sea Grass
	40–77
	5–11
	14–38
	10
	-
	[91,125]



	Isora
	71–75
	21–23
	3.1
	-
	-
	[126,127]



	Oil Palm
	60
	11
	-
	-
	-
	[128]



	Rachis
	43–45
	26
	28–31
	-
	-
	[129]



	Rachilla
	42
	16
	-
	-
	-
	[91,130]



	Coconut
	26–50
	49–53
	6–43
	-
	-
	[131,132]



	Barley
	31–45
	14–15
	-
	-
	-
	[91]



	Pigeon Pea
	55
	18
	-
	2.4
	-
	[133]



	Arundo donax L.
	75.3
	4.3
	-
	-
	-
	[134]



	Rye
	33–50
	16–31
	16
	-
	-
	[91,135]



	Esparto
	42–44.5
	12–17
	25.6–27.5
	-
	-
	[136]



	Sabai
	43–67
	14–18
	13–21
	-
	-
	[137]



	Phragmites communis
	43–48
	10–11
	33–36
	-
	-
	[138]



	Coniferous
	40–45
	26–34
	-
	-
	-
	[91]



	Deciduous
	38–49
	23–30
	-
	-
	-
	[91]



	Cytostachys renda
	42–49
	17–22
	19–23
	-
	-
	[139]



	Phychosperma macarthurii
	39
	18.2
	19.1
	-
	-
	[91]



	Petiole bark
	29–48
	23–42
	-
	-
	-
	[140]



	Kudzu
	43–78
	18–42
	1–18
	-
	-
	[141]










 





Table 6. Different chemical treatments and their effect on natural fibers [147].
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	Chemical Treatment
	Improvement in Natural Fibers





	Alkaline treatment
	Adhesion



	Silane treatment
	Control Fiber Swelling



	Acetylation treatment
	Moisture absorption



	Benzoylation treatment
	Thermal stability



	Peroxide treatment
	Adhesion



	Maleated coupling agents
	Bonding between fibers and matrix



	Sodium chlorite treatment
	Moisture absorption



	Acrylation and acrylonitrile grafting
	Coupling



	Isocyanate treatment
	Bonding



	Oleoyl chloride treatment
	Wettability



	Stearic acid treatment
	Water resistance



	Permanganate treatment
	Adhesion



	Fungal treatment
	Remove lignin



	Triazine treatment
	Adhesion










 





Table 7. Comparison of cost and energy expenditure for the production of natural and synthetic fibers [163].
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	Fibers
	Cost (USD/Ton)
	Energy (GJ/Ton)





	Natural fibers
	200–1000
	4



	Glass fiber
	1200–1800
	30



	Carbon fiber
	12,500
	130










 





Table 8. Results of tensile tests. The values are expressed as average of 20 determinations, including standard deviation and variation coefficient [216].
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	Set of Samples
	Count

Number (tex)
	Rupture

Strength (N)
	Toughness

(cN/tex)
	Elongation

(%)
	Young

Modulus (N/tex)





	In natura fibers
	223.4 ± 77.7

(34.8%)
	64.1 ± 28.0

(43.6%)
	28.4 ± 5.5

(19.6%)
	8.3 ± 0.5

(6.8%)
	6.1 ± 0.8

(13.1%)



	Fibers boiled by the origin community
	  196.9 ± 71.7

(36.4%)
	60.4 ± 25.7

(42.6%)
	31.1 ± 7.6

(24.7%)
	8.3 ± 0.7

(9.2%)
	7.2 ± 0.6

(9.5%)



	Fibers boiled in bleach
	199 ± 81.8

(41.1%)
	55.3 ± 28.6

(51.7%)
	27.6 ± 7.1

(25.9%)
	7.8 ± 0.5

(7.4%)
	5.9 ± 1.1

(19.9%)



	Fibers boiled in softener
	208.7 ± 83.8

(40.1%)
	49.9 ± 31.8

(63.7%)
	22.0 ± 8.7

(39.7%)
	8.6 ± 1.8

(21.5%)
	4.9 ± 0.9

(19.7%)



	Fibers boiled in lemom juice
	194.6 ± 67.2

(34.5%)
	58.4 ± 25.9

(44.3%)
	29.7 ± 6.4

(21.7%)
	8.5 ± 0.5

(6.4%)
	5.8 ± 0.7

(13.4%)










 





Table 9. Comparison of the mechanical properties and microfibril angle of guaruman fiber with other fibers known in the literature [253].
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	Fiber
	Density

(g/cm3)
	Tensile Strength

(MPa)
	Young Modulus

(GPa)
	MFA (°)





	Guaruman
	0.57
	614
	21
	7.8



	Jute
	1.45
	597
	20
	8.0



	Ramie
	1.50
	685
	44
	6.2



	Hemp
	1.45
	539
	35
	7.5



	Sisal
	1.38
	478
	19
	20.0



	PALF
	1.44
	180
	59
	11.5



	Coir
	1.52
	135
	5
	51.0










 





Table 10. Properties of periquiteira fiber [258].
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	Fiber
	Hemicellulose

(%)
	Lignin

(%)
	Cellulose

(%)
	Tensile

Strength (MPa)
	Young

Modulus (GPa)
	Elongation

(%)





	Periquiteira
	-
	12.03
	60.15
	83.93–168.19
	4.04–7.09
	0.19–0.81










 





Table 11. Physical properties of ubim fiber [297].
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	Fiber
	Diameter

(μm)
	Density

(g/cm3)
	Cellulose

(%)
	Crystallinity

(%)
	Microfibril

Angle (°)





	Ubim
	510–620
	0.44–0.97
	66
	63–83
	7.46










 





Table 12. Ballistic parameters obtained in ballistic test with 7.62 mm ammunition [298].
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Samples

	
vi (m/s)

	
vr (m/s)

	
Eabs (J)

	
vL (m/s)






	
Epoxy

	
812.58

	
±

	
3.84

	
786.28

	
±

	
5.93

	
203.82

	
±

	
18.92

	
204.82

	
±

	
9.36




	
10 vol.%

	
833.75

	
±

	
12.81

	
810.28

	
±

	
15.39

	
187.03

	
±

	
25.99

	
195.98

	
±

	
13.57




	
20 vol.%

	
808.42

	
±

	
9.84

	
786.56

	
±

	
10.81

	
169.07

	
±

	
33.73

	
185.98

	
±

	
18.00




	
30 vol.%

	
815.28

	
±

	
8.70

	
794.85

	
±

	
10.54

	
159.42

	
±

	
26.32

	
180.79

	
±

	
14.93
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