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Abstract

:

Knowing the genotypes of Musa textilis and its fiber production properties is key for developing cultivars with homogeneous properties and focusing on specific products or market segments that generate added value to the fiber. For this reason, the objective was to determine the optimal use of five genotypes of M. textilis (MT01, MT03, MT07, MT11, and CF01) with high productivity grown in the tropical region of Costa Rica. Therefore, anatomical, physical-mechanical, chemical, and energetic analyses were carried out on these fibers to define whether any genotype has the ideal conditions for a specific use. The results showed differences between the genotypes, obtaining significant differences in physical-mechanical properties (tension, water retention, and color), chemical properties (holocellulose, lignin, extractives, and elemental values of nitrogen, carbon, and sulfur), and energetic properties (volatiles, ash, and caloric value thermogravimetric analyses), which resulted in the establishment of two groups of genotypes with a dissimilarity degree of 35%. The first group, composed of MT03 and MT01, presented characteristics suitable for paper production, biodegradable materials, and composite materials. On the other hand, the second group, made up of MT07, MT11, and CF01, showed properties suitable for textiles, heavy-duty fibers, and bioenergy.
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1. Introduction


The development of policies to reduce greenhouse gases and the Industrial Revolution 4.0 have led to a change in the use of raw materials in various industries worldwide. [1,2,3]. A new generation of biomaterials has been established to optimize energy and water resources, reduce the use of chemical compounds, and minimize residues [4,5]. Natural fibers stand out among the raw materials with greater adaptability to new trends, being biodegradable materials, and renewable, with a wide versatility of use and a minimum production cost and impact on the environment [6,7]. It can be combined with synthetic materials to create resistant biomaterials that are applicable in the textile, construction, furniture, automotive, aviation, biomedical, and microelectronics industries [8,9]. Among the most used fibers are the following: Ananas comosus (pineapple), Musa × paradisiaca (banana), Cocos nucifera (Coconut), Corchorus capsularis (Jute), and Musa texitilis (Abacá) [10,11,12].



In the case of M. textilis, it is an herbaceous plant belonging to the Musaceae family, native to the Philippines [13,14], which grows in humid tropical climates with an optimum temperature of between 28 and 30 °C [15] and rainfall of more than 2000 mm per year [16], reaching heights of 6.5 m with diameters of 15 cm at the bottom [16,17]. The fiber is obtained from the pseudostem and is characterized by a high mechanical resistance (for intensive use), tolerance to salinity (for materials in contact with water or chemical solutions), and high percentages of cellulose and hemicellulose (for stationery and textiles). In addition, it shows the moisture stability and compatibility with thermoplastic or biodegradable polymers, enabling the development of smart materials [18,19]. It is also considered one of the most versatile fibers available and adaptable to multiple technologies and develops matrices with uniform fiber distribution [20,21].



However, the M. textilis fiber’s problem in the international market is its wide variability of mechanical, physical, chemical, and energetic properties [22]. Traditionally, plantations have focused on maximizing fiber production, reducing harvest time, and homogenizing the color and visual quality [21]. In addition, genetic improvement has focused on selecting genotypes with higher growth and production, lower nutritional consumption, resistance to pathogens, and adaptability to the site’s environmental conditions [23]. This approach has reduced the impact and development of new biomaterials that use the fiber of M. textilis due to lower production efficiency and the susceptibility of changing properties depending on the origin [24], aspects that do not occur with other species used for natural fibers [25]. The impact of property variability affects the restriction to markets with higher quality requirements (which would increase the profit margin), the use of fiber in highly technical and specialized industries (medical and electrical), and compliance with international quality and environmental management certifications [26,27].



An alternative to increasing the competitiveness of M. textilis is the identification and differentiation of fiber properties in each genotype [28]. Multiple studies developed in other fiber-producing species have shown the effect of the genotype in the industry; for example, Debnath et al. [29] determined improvements in paper quality by selecting Musa sp. genotypes with a low lignin content and high holocellulose content (cellulose + hemicellulose), which significantly reduced the use of chemicals in paper production. On the other hand, Diabor et al. [30] identified differences in the mechanical properties of the Manihot esculenta fibers, identifying genotypes with greater resistance and ideal use in structural products. For their part, Lundqvist et al. [31] with Eucalyptus spp. identified the ideal varieties for biomaterials resistant to fire and chemical exposure, allowing the substitution of highly polluting synthetic fibers. Finally, Rennebaum et al. [32] defined the fiber quality and optimal use of Linum usitatissimum as a reinforcement material for multiple industrial products and the importance of using genotypes with the ideal properties for each target market.



Over the next decade, the market for natural fibers will increase significantly, and production will need to adapt to the changes and be compatible with the principles of sustainability and efficient use of natural fibers [33]. In this scenario, the cultivation of genotypes of M. textilis with fiber properties compatible with a specific market is vital; it has to promote the development of new high-efficiency biomaterials and boost prices in the market, improving the income of producers and allowing buyers a higher quality product. Therefore, the objectives of this study were the following: i. characterize the physical, mechanical, chemical, and energetic properties of five genotypes of M. textilis; ii. differentiate genotypes according to their properties; iii. define the optimal use of each genotype according to the industry’s current demand. The study hypothesized that it is possible to differentiate and define the optimal use of each genotype according to the properties of its fiber, and based on this, fiber-reinforced composite studies can be developed for specific markets.




2. Materials and Methods


2.1. Genotypes and Study Site


The following five genotypes of Musa textilis were used: MT01, MT03, MT07, MT11, and CF01 (most used material in commercial production) from the genotype collection of the Agricultural Transfer Institute (INTA) in Costa Rica. This material was previously selected for having the highest levels of fiber production at the pilot plantation level. The material was collected on a plantation located in Guápiles, Limón, Costa Rica. At (10°15′ N, 83°46′ W), at an altitude of 825 m, an average annual temperature of 25 °C, and an annual rainfall of 4000 mm, with a rainy season from May to December and a dry season from January to April.



The site presented an inceptisol soil with a dominant composition of clay and silt; the site’s topography was characterized by being flat and with an optimal water infiltration system. At the chemical level, it showed a pH of 5.5 with the optimal nutritional conditions for developing the species (concentrations of nitrogen, phosphorus, and potassium) [17].




2.2. Fiber Processing


Five plants were selected at a flowering stage with average crop dimensions for each genotype. Pseudostem was defibrated using the Gölthenboth and Mühlbauer [17] technique with mechanical shredding and subsequently separated into first and second commercial quality fiber (differentiated by fiber color). The first quality fiber was used for the study, which was dried at 60 °C for 72 h until it reached a moisture content of less than 20%.




2.3. Anatomical Properties


For each genotype, 18 fibers of 10 mm in length were used and placed in a tabletop microscope model TM3000 scanning electron microscope (SEM) (Hitachi High-Tecnology Copr., Tokyo, Japan). Each fiber was photographed with a 300× and 400× optical magnification on the transverse side of the fiber. Next, the mean area, diameter, mean cell lumen thickness, and percentage of free space within the fibers were determined. The analysis was performed with Image J software version 2.44 (HNI, Bethesda, MD, USA) [34].




2.4. Physical-Mechanical Properties


Regarding physical properties, moisture content was evaluated in green conditions and after fiber drying, colorimetry, dry moisture content, water absorption, and density were analyzed.



Five samples of 3 g of fiber from each genotype were used and placed in an Ohaus model MB 45 moisture analyzer (OHAUS, Newark, NJ, USA) to estimate green and dry moisture content. Colorimetry analysis was implemented with Valverde and Arias [35] methodology, using four 5 g per genotype samples placed uniformly in a press to measure the color with a standardized NIX Pro spectrophotometer CIE chromatography (Nix sensor Ltd., Hamilton, ON, Canada). The color was determined from the 400 to 700 nm range with a 10 mm diameter measuring port. The measurement of the specular component included (SCI mode) was taken at an angle of 10°, which is typical for the heterogeneous surface (D65/10), with a D65 (corresponding to daylight at 6500 K). The color was evaluated in CIELAB format, which generated the following three parameters to explain color consisting of: L* (lightness), a* (color trend from red to green), and b* (color trend from yellow to blue).



For fiber moisture retention, three samples of 2 g each were used per genotype and dried at 105 °C for 72 h. Subsequently, the samples were weighed and placed in containers with distilled water and weighed every 24 h for 240 h by ASTM D570-98 to determine the accumulated absorption in each period.



The mechanical analysis focused on the tensile test, where the ASTM D3822M-14 standard was used. For genotype, 30 fibers of 300 mm in length were applied, pressed into pieces of wood 30 mm long at their ends and installed in a Tinius Olsen H10 KT universal mechanical testing machine (Tinius Olsen TMC, Pasadena, CA, USA). The machine was programmed at a speed of 14 mm min−1.




2.5. Chemical and Energetic Properties


For each genotype, three samples were used. The following chemical properties were determined: lignin content using the lignin test T222 om-02, holocellulose by Seifert [36], extractives in hot and cold water with ASTM D1110-84, extractives in sodium hydroxide with the test ASTM D1109-84, extractable with dichloromethane with ASTM D1108-84, extractives with ethanol-toluene with ASTM D1107-96, ash content with test ASTM D1102-84, volatile content with the test ASTM D1762-84, fixed carbon was evaluated with ASTM D3172-07a and caloric power with ASTM D5865-87. In addition, an Elementar model Vario Micro Cube analyzer (Elementar, Langenselbold, Germany) was implemented to estimate carbon (C), hydrogen (H), nitrogen (N), and sulfur (S).



Thermogravimetric analysis (TGA) was applied to three samples per genotype using the Sebio-Puñal methodology [37]. For this purpose, 7.5 g of fiber per sample (moisture content of 12%) were placed in an SDT model Q600 analyzer (TA Instruments, New Castle, DE, USA) with a gas flow rate of 100 mL min−1 and a calorimetric range of 20 to 800 °C with a heating ramp of 20 °C min−1 and a constant atmosphere of 100 mL min−1 of nitrogen.




2.6. Genotype Differentiation and Optimal Use


Differentiation between genotypes was performed with all the data obtained in the characterization, and multivariate analysis with the divisive method were used to identify the similarity between genotypes and determine the main properties that generate differentiation. Subsequently, each group of genotypes compared their average properties with the data reported by Simbaña et al. [19], del Río et al. [38], Narayana et al. [39], Muthu et al. [40], Girones et al. [41], Saragih et al. [42], Saragih et al. [43], and Reed et al. [44] for the production of different natural fiber products. As a result, the following three categories of use were established: high (it has optimal properties for use), medium (properties are compatible; however, they are not ideal), and minimal (poorly compatible properties).




2.7. Statistical Analysis


The study was developed using a mixed with lmne package v. 3.1-157 [45]. A variance analysis (ANOVA) was applied for each variable analyzed to determine significant differences between genotypes, if necessary, Tukey’s test was applied to identify genotypes with different behavior. Subsequently, a multivariate analysis was carried out with FactoMineR package v. 2.4 [46]. All analyses were performed in the R program version 4.2.1. at a significance of 0.05.





3. Results and Discussion


3.1. Anatomical Properties


Anatomical analyses did not identify significant differences between the five fiber genotypes (Figure 1). The fiber showed an average diameter of 1.52 mm; each microfiber showed an average diameter of 89.56 µm, a cross-sectional area of 6316.52 µm2, and an average cell wall thickness of 20.11 µm. A proportion of free percentage within 55.3% showed that the cultivars presented a remarkable homogeneity at an anatomical level.



The anatomical values were within the ranges reported by Simbaña et al. [21], Bautista [47], and Balakrishnan et al. [48], with a microfiber diameter from 70.33 to 110.45 µm, with a cross-sectional area that ranged from 4500 to 11,200 µm2, and an average wall thickness of 18.89 µm, slightly lower than that obtained in the study. Previous studies developed by Mukul [49] determined that the difference in anatomical properties of the genotypes is expressed when there are changes in the environmental conditions in which the plant develops (for example, thermal and hydric stress). When environmental conditions are homogeneous, anatomical differentiation tends to be minimal; therefore, it is recommended to evaluate the genotype under different environmental conditions and analyze the degree of anatomical variability.




3.2. Physical-Mechanical Properties


In physical properties (Table 1), no significant differences were obtained in fiber density, achieving an average value of 1.50 g cm−3. Regarding water absorption, differences were only found at 24 h, where MT03 and MT07 showed a lower absorption (an average of 83.50%) compared to the other genotypes (89.32%); this behavior varied at 48 and 72 h, where no differences in absorption were found (with average values of 94.39% and 99.06%). With fiber color in the green condition, the five genotypes showed similar values with a lightness (77.56 L*), and an average value of a* and b* (−2.62 and 1.56, respectively), which indicates that the fiber showed a slightly yellowish-green coloration with low lightness, resulting in low color saturation (average C* of 1.40). On the other hand, with fiber in dry condition, it was shown that the value of L* was reduced to 77.54 with increases in a* and b* (1.37 and 4.03, respectively), considering a yellow-reddish coloration of medium brightness but maintaining the tendency to show no differences in color between genotypes.



Fiber densities are within the ranges reported by Barba et al. [50]; the lack of density differentiation is due to the uniformity of the environmental conditions in which the genotypes developed. Therefore, as with anatomical analysis, tests should be performed with different environmental and nutritional conditions to analyze the variability of each genotype [51]. On the other hand, they report significantly lower values for water absorption at 48 h compared with the studies of Hirondo et al. [52], which determined a 10% higher absorption, a difference that can be associated with variations in cell wall that showed a 20% lower thickness. The water absorption capacity of the fiber is relevant when developing composite matrices or reinforcing materials and defining their industrial use; it is a characteristic related to hygroscopicity and fundamental in defining the target market for the fiber [53]. The genotypes with a low hygroscopicity allow the development of matrices with structural stability and a slow response to climate (specifically relative humidity), which allows their use outdoors and in parts that are in constant contact with water [54]. In contrast, the fibers with high hydroscope are ideal for developing materials that require plasticity and adaptability to the environment that are readily biodegradable and that in industrial processes use the least amount of water and energy (in the drying of the matrix) [55].



Regarding fiber color in green conditions, it was not possible to compare the results with previous studies because the fiber is marketed with a moisture content below 20%, and it is under this condition that color becomes vital in the sales process. In contrast, dry fiber showed a coloration different from Richter et al. [27] for M. textilis, with a decrease between 15 and 25% of a* and between 10 and 17% of b*, which denotes a more whitish fiber. These differences may be due to the post-drying period of the fiber, during which oxidation and degradation of extractives occur [56]. Traditionally, the color has been a determining variable when marketing and estimating its market value; fiber with a uniform whitish tendency shows a higher price due to the reduction of the chemicals and bleaching processes, which allows it to be used more efficiently in textiles, paper, or reinforcement of materials with colors previously defined by the market [40,52,55].



Concerning the mechanical characterization (Figure 2), the tensile test showed a variation in the maximum strength of the genotypes. Therefore, two groupings were obtained, the first made up of the genotypes MT01, MT03, and CF01, which presented a maximum tensile strength of 405 MPa with a maximum elongation of 7.9% and significantly lower values, compared to the second group made up of MT07 and MT11, which showed a maximum tensile strength of 615 MPa with a maximum elongation of 10.8%.



The tension values obtained in the genotypes with the lowest strength were found within the normal ranges (330–450 MPa) for M. textilis described by Gironès et al. [41] and Bande et al. [56]. Fibers with a tensile strength below 500 kPa are ideal for products or biomaterials requiring moderate strength and ease of recycling [57]. In contrast, MT07 and Mt11 can be considered high-strength genotypes ideal for matrices/products of intensive use, which must withstand temporary loads and have a long life cycle [58]. Vazquez et al. [3] highlight that M. Textiles fiber increases the resistance of biomaterials (with polymers) between 10 and 15%, with the advantage that it is more resistant than other natural fibers. Its percentage in the matrix can be reduced, which allows the mixture to be optimized and adapted according to the requirements of each industry.




3.3. Chemical Properties


Chemical characterization (Table 2) showed the following conditions: i. For holocellulose, only the MT03 genotype showed a significantly different value (87.91%) than the other genotypes, which showed no statistical differences (average 90.67%). ii. Lignin showed a variation according to the genotype; MT07 and MT11 showed high values (an average of 14.81%), in contrast to MT01, MT03, and CF01, which were lower than 11.95%. iii. MT07 and MT11 showed the lowest values in cold water, ethanol-toluene, and dichloromethane extractives; in the case of hot water extractives, only MT07 showed significant differences; iv. extractives with sodium hydroxide did not show differences between genotypes; the average value was 1.31%. An elemental analysis showed that MT07 and MT11 indicated statistical differences in C, H, N, and S composition; on the other hand, the remaining three genotypes showed no significant differences.



Fiber chemical differentiation is critical to optimizing genotype utilization; Moreno and Protacio [59] demonstrate that in paper and textile production, the high percentages of holocellulose are essential to generate higher quality products and reduce the use of chemicals for lignin degradation. Furthermore, the extractives are relevant for the reinforcement of materials and the creation of stable matrices because they affect the adaptability of the fiber to be combined with synthetic materials or other natural fibers [38]. Our study shows the formation of two groups with different percentages of extractives, which shows that the use of the fiber must have a different response depending on the biomaterial used. Moreno and Protacio [60] reported that fibers with a low amount of extractives simplify the transformation and adaptability to reinforce biomaterials for structural use; on the other hand, fibers with a high extractive value are ideal for the extraction of compounds and their use in industries that require specific extractives to generate stability in mixtures.



Elemental composition is an essential variable in the degradation and generation of fiber composites generally used in the electronics industry [41]. The differences in nitrogen values between genotypes have affected the fiber transformation efficiency and the quality of the target compounds; therefore, they should be as uniform and adaptable as possible according to the technology—method to be developed [61].




3.4. Energetic Properties


The energetic characterization (Figure 3) showed a variation of results according to the variable analyzed. In volatile content (Figure 3a), the MT11 and CF01 genotypes showed significantly higher percentages (on average, 83.14%) than the other three fiber genotypes, which did not differ. On the other hand, with ash content (Figure 3b), the MT01 genotype showed the highest ash values (1.8%), followed by MT03 (1.4%), and a grouping formed by MT07, MT11, and CF01 with an average value of 0.9%. In contrast, the carbon fix (Figure 3c) showed a minimum value in MT11 and CF01 genotypes (<9%), and the other three genotypes showed values of >24%. Finally, with the net caloric value (NCV) (Figure 3d), the genotypes MT07 and MT11 showed the highest (an average of 18,380 kJ kg−1), followed by MT01 and MT03 with 17,290 kJ kg−1 and CF01 with the lowest caloric value, with only 16,800 kJ kg−1.



For calorimetric characteristics, no data were found for the volatile content of the species; for ash, the values obtained for the genotypes MT07, MT11, and CF01 were significantly lower than those reported by Jiménez et al. [62] of 1.3%. In contrast, the caloric power of MT07 and MT11 exceeded the values determined by Agung et al. [63] of 14,000 to 17,000 kJ kg−1. Differentiation in energetic properties facilitates the selection of genotypes according to their potential use as an energy source (low-quality fiber) or their use in biomaterials with different manufacturing processes and uses [64]. For example, fibers with a high tolerance to heat allow the generation of high-resistance matrices with high-temperature thermoforming techniques and reduce the use of chemicals to increase combustion resistance, reducing production costs [53,64]. Shamsuyeve et al. [65] mention that in a circular industry where waste is used as an energy source, the NCV and content of volatiles and fixed carbon are fundamental for energy transformation efficiency and the determination of the optimal combustion technology. When the NCV is higher, greater energy efficiency and greater energy autonomy can be generated, significantly reducing energy costs and waste management [66].



The TGA analysis (Figure 4) showed that in the first 200 °C of fiber degradation temperature, there were no differences between genotypes with an average weight loss of 18%. However, after 300 °C, the MT01 genotype showed the most significant loss of weight or mass, reaching 54% at 400 °C, at which cellulose and lignin are degraded. In contrast, the other four genotypes at the same temperature lost on average less than 40% of their weight, a behavior that was maintained up to 780 °C where the remaining weight of genotype MT01 remained at 38.9%, significantly higher than the other genotypes that presented an average remaining weight of 24.9%.



The performance of the MT01 genotype showed differences compared to the results reported by Aung et al. [63] and Mozón et al. [67]. In general, in the first 200 °C, degradation varied between 15 and 20%, a range shared by all the genotypes. After that, 300 °C fiber degradation increased, which led to differences between genotypes, with MT01 as the material with the lowest weight loss at maximum temperature (40%) and the other four genotypes with the most significant degradation, with losses greater than 70%. De la Rosa et al. [68] mentioned that this difference might be due to the percentages of cellulose, polymerization of waxes, and other fiber constituents.



By TGA analysis, Salvador et al. [69] report that for natural flax, cotton, hemp, and kenaf fibers, a critical degradation temperature is 320–350 °C. The results obtained with the fiber from this study follow those of Yang et al. [66], and indicate that natural lignocellulosic materials decompose thermally between 150–500 °C, particularly hemicelluloses, which degrade between 150–350 °C, cellulose between 275–350 °C, and lignin at a temperature between 250–500 °C.




3.5. Genotypes Differentiation and Optimal Use


Fiber characterization identified significant differences among the five genotypes, finding two groupings of similarity among the materials (Figure 5a). With a similarity of 89%, the first grouping consisted of materials MT01 and MT03, which maintained similarities in most of the properties analyzed. On the other hand, the second grouping consisted of FC01 and MT11, with a similarity of 79% and a similarity of 74%. A similarity of 67% was obtained among all the genotypes analyzed.



When analyzing the variability of the genotypes according to the properties analyzed (Figure 5b), it was found that the physical and anatomical properties did not show statistical differentiation; on the other hand, the chemical, energetic, and mechanical properties showed a tendency for two groupings, an aspect that influenced the degrees of similarity defined among the genotypes.



Based on the properties of the identified fibers and the defined groupings, a proposal for the material’s potential use was developed (Table 3). The fiber was recommended for the MT01 and MT03 genotypes for stationery, biodegradable materials, and fast degrading composite materials. These products are proposed due to the need to have materials with high cellulose and hemicellulose content and low lignin content; the process of pulping and homogenization of the mixtures for stationery is facilitated, and the creation of higher quality paper is enhanced [59]. Ritcher et al. [27] mention the key to having low-resistance fibers to develop biodegradable biomaterials for single-use or short life cycles. Furthermore, Shibata et al. [70] recommended using fibers with low mechanical resistance and low lignin levels to use ecological, moderate-use, and low-value-added materials compatible with both genotypes.



On the other hand, MT07, MT11, and CF01 materials show ideal conditions for more intensive use with the possibility of being used in textiles, thermal resistance materials, or higher strength composite materials due to their high lignin content tensile strength and energy values [44]. Valasek et al. [58] and Simba et al. [21] recommend high-strength fibers for intensive use in materials exposed to outdoor, variable climatic conditions and a long-life cycle. For their part, Agung et al. [63] highlight that fibers with similar properties to the studied fibers are ideal for use in textiles due to their strength, low cellulose composition that reduces material degradation, and energy values that affect the strength of the material so that it is ideal for exposure to temperatures below 50 °C. Finally, Barba et al. [50] highlight the implementation of biocomposites with high-strength natural fibers, ideal for developing structures in automobiles or materials with moderate structural use and that are easy to recycle or reuse. According to Muñoz et al. [71], the adequate performance of a given natural fiber depends on its physical, thermal, and morphological properties, as these are some of the factors that can affect the excellent performance of lignocellulosic fibers in a composite material. This information is fundamental in exploring the properties of natural fibers as reinforcement materials in thermoplastic matrices and other applications.



Therefore, the results obtained confirm the proposed hypothesis. It is possible to differentiate and specialize M. textilis plantations oriented to specific markets/products and adapted to the fiber properties requested by the market. This type of result opens the possibility of developing and using biomaterials with high efficiency and adaptability to the industry [72]; resulting in an increase in product quality and a reduction in the use of water and chemicals in the process of adapting the fiber to each product, which generates short-term environmental and economic benefits [8]. Based on this result, it is possible to take the next step in the change of reinforcement polymers and to determine the optimal technology to produce products that reduce the consumption of resources and waste and that are competitive with the materials available on the market with a more significant environmental impact [73]. Differentiation and identification of genotypes should influence advances in creating new biomaterials and promote the transition to sustainable production systems [74].





4. Conclusions


The characterization of the five genotypes showed significant differences in fiber properties, which allowed the generation of two groupings. The first group formed by MT01 and MT03 stood out for having energetic, mechanical, and chemical properties that made the material show a high adaptability for use in stationery, materials of fast degradation, and composite materials of low intensity. Aspect deferred to the second group formed by MT07, MT11, and CF01, which showed optimal fiber characteristics for use in composite materials of high resistance, textiles, and materials with thermal exposure. Therefore, the differentiated use of genotypes could impact the availability of materials for specific use in a productive sector, which would impact the fiber that responds to market demand.



Therefore, it is critical to characterize the genotypes and initiate tests with plastics to determine the specific uses of biomaterials. Our results made it possible to begin research on the application of the different fibers in matrices with polymers and other natural fibers and evaluate the efficiency and quality of the products, which should influence changes in the use of the fiber and the creation of a new market. Therefore, these results are considered a first step to changing the paradigm of M. textilis plantations in the tropics.







Author Contributions


Conceptualization, J.C.V.; methodology, J.C.V. and M.A.; software, J.C.V.; validation, M.A., C.M. and F.M.; formal analysis, J.C.V.; investigation, J.C.V. and D.A.-A.; resources, D.A.-A., C.M.; data curation, J.C.V.; writing—original draft preparation, J.C.V., C.M.; writing—review and editing, J.C.V., M.A. and C.M.; visualization, J.C.V.; supervision, D.A.-A. and F.M.; project administration, D.A.-A.; funding acquisition, D.A.-A. All authors have read and agreed to the published version of the manuscript.




Funding


We would like to thank the Vice-Rectory for Research and Extension of Instituto Tecnológico de Costa Rica for the financial support of the study.




Institutional Review Board Statement


The study did not require ethical approval.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pearson, P.J.; Foxon, T.J. A low carbon industrial revolution? Insights and challenges from past technological and economic transformations. Energy Policy 2012, 50, 117–127. [Google Scholar] [CrossRef]

	



Valverde, J.C.; Arias, D.; Campos, R.; Jiménez, M.F.; Brenes, L. Forest and agro-industrial residues and bioeconomy: Perception of use in the energy market in Costa Rica. Energy Ecol. Environ. 2021, 6, 232–243. [Google Scholar] [CrossRef]

	



Vasquez, J.Z.; Diaz, L.J.L. Unidirectional abaca fiber reinforced thermoplastic starch composite. In Materials Science Forum; Trans Tech Publications Ltd.: Zúrich, Swizerland, 2017; pp. 56–61. [Google Scholar]

	



Oliver-Cervelló, L.; Martin-Gómez, H.; Mas-Moruno, C. New trends in the development of multifunctional peptides to functionalize biomaterials. J. Pept. Sci. 2022, 28, e3335. [Google Scholar] [CrossRef] [PubMed]

	



Qin, D.; Bi, S.; You, X.; Wang, M.; Cong, X.; Yuan, C.; Yu, M.; Cheng, X.; Chen, X.-G. Development and application of fish scale wastes as versatile natural biomaterials. Chem. Eng. J. 2022, 428, 131102. [Google Scholar] [CrossRef]

	



Dungani, R.; Aditiawati, P.; Aprilia, S.; Yuniarti, K.; Karliati, T.; Suwandhi, I.; Sumardi, I. Biomaterial from oil palm waste: Properties, characterization and applications. Palm Oil 2018, 31, 1–6. [Google Scholar]

	



Petre, D.G.; Leeuwenburgh, S.C. The use of fibers in bone tissue engineering. Tissue Eng. Part B Rev. 2022, 28, 141–159. [Google Scholar] [CrossRef]

	



Ilyas, R.; Zuhri, M.; Norrrahim, M.N.F.; Misenan, M.S.M.; Jenol, M.A.; Samsudin, S.A.; Nurazzi, N.; Asyraf, M.; Supian, A.; Bangar, S.P. Natural Fiber-Reinforced Polycaprolactone Green and Hybrid Biocomposites for Various Advanced Applications. Polymers 2022, 14, 182. [Google Scholar] [CrossRef]

	



Bendigeri, C.; Jwalesh, H. Review on Fatigue Behaviour of Polymeric Biomaterials with Natural Fibers. Int. J. Adv. Res. Sci 2016, 3, 2349–6495. [Google Scholar]

	



Kicińska-Jakubowska, A.; Bogacz, E.; Zimniewska, M. Review of natural fibers. Part I—Vegetable fibers. J. Nat. Fibers 2012, 9, 150–167. [Google Scholar] [CrossRef]

	



Ramli, N.; Mazlan, N.; Ando, Y.; Leman, Z.; Abdan, K.; Aziz, A.; Sairy, N. Natural fiber for green technology in automotive industry: A brief review. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Selangor, Malaysia, 21–23 November 2017; p. 012012. [Google Scholar]

	



Ramamoorthy, S.K.; Skrifvars, M.; Persson, A. A review of natural fibers used in biocomposites: Plant, animal and regenerated cellulose fibers. Polym. Rev. 2015, 55, 107–162. [Google Scholar] [CrossRef]

	



Batra, S.K. Other long vegetable fibres: Abaca, banana, sisal, henequen, flax, ramie, hemp, sunn, and coir. Handb. Fiber Sci. Technol. 1985, 4, 727–807. [Google Scholar]

	



Yllano, O.B.; Diaz, M.G.Q.; Lalusin, A.G.; Laurena, A.C.; Tecson-Mendoza, E.M. Genetic Analyses of Abaca (Musa textilis Née) Germplasm from its Primary Center of Origin, the Philippines, Using Simple Sequence Repeat (SSR) Markers. Philipp. Agric. Sci. 2020, 103, 311–321. [Google Scholar]

	



Moreno, L.; Gapasin, R. Participatory action research on comparison of growth performance of different abaca (Musa textilis Nee) planting materials for abaca industry rehabilitation. Philipp. J. Crop Sci. (Philipp.) 2017, 42, 82. [Google Scholar]

	



Armecin, R.B.; Cosico, W.C.; Badayos, R.B. Characterization of the different abaca-based agro-ecosystems in Leyte, Philippines. J. Nat. Fibers 2011, 8, 111–125. [Google Scholar] [CrossRef]

	



Göltenboth, F.; Mühlbauer, W. Abacá-cultivation, extraction and processing. Ind. Appl. Nat. Fibres 2010, 8, 163–179. [Google Scholar]

	



Moreno, L.; Parac, A.; Ocon, F.; Gapasin, R. Fiber characteristics of promising abaca (Musa textilis Nee) accessions in NARC [National Abaca Research Center] germplasm suited for specific industry end uses. Philipp. J. Crop Sci. (Philipp.) 2010, 35, 113. [Google Scholar]

	



Armecin, R.B.; Sinon, F.G.; Moreno, L.O. Abaca fiber: A renewable bio-resource for industrial uses and other applications. In Biomass and Bioenergy; Springer: Berlin/Heidelberg, Germany, 2014; pp. 107–118. [Google Scholar]

	



Shahri, W.; Tahir, I.; Ahad, B. Abaca fiber: A renewable bio-resource for industrial uses and other applications. In Biomass and Bioenergy; Springer: Berlin/Heidelberg, Germany, 2014; pp. 47–61. [Google Scholar]

	



Simbaña, E.A.; Ordóñez, P.E.; Ordóñez, Y.F.; Guerrero, V.H.; Mera, M.C.; Carvajal, E.A. Abaca: Cultivation, obtaining fibre and potential uses. In Handbook of Natural Fibres; Elsevier: Amsterdam, The Netherlands, 2020; pp. 197–218. [Google Scholar]

	



Lalusin, A.G.; Villavicencio, M.L.H. Abaca (Musa textilis Nee) breeding in the Philippines. In Industrial Crops; Springer: Berlin/Heidelberg, Germany, 2015; pp. 265–289. [Google Scholar]

	



Christelová, P.; Valárik, M.; Hřibová, E.; Channelière, S.; Roux, N.; Doležel, J. A platform for efficient genotyping in Musa using microsatellite markers. AoB Plants 2011, 2011, plr024. [Google Scholar] [CrossRef]

	



De Souza, N.; d’Almeida, J. Tensile, thermal, morphological and structural characteristics of abaca (Musa textiles) fibers. Polym. Renew. Resour. 2014, 5, 47–60. [Google Scholar] [CrossRef]

	



Bolton, A. Natural fibers for plastic reinforcement. Mater. Technol. 1994, 9, 12–20. [Google Scholar] [CrossRef]

	



Piotrowski, S.; Carus, M. Natural fibres in technical applications: Market and trends. In Industrial Applications of Natural Fibers: Structure, Properties and Technical Applications; Wiley: Chichester, UK, 2010; pp. 73–86. [Google Scholar]

	



Richter, S.; Stromann, K.; Müssig, J. Abacá (Musa textilis) grades and their properties—A study of reproducible fibre characterization and a critical evaluation of existing grading systems. Ind. Crops Prod. 2013, 42, 601–612. [Google Scholar] [CrossRef]

	



Moreno, L.; Ocon, F.; Gonzal, L.; Pono, G.; Borines, L.; Salamat, E.; Cardines, R. Collection conservation, maintenance and utilization of abaca (Musa textiles Nee) germplasm in the Philippines. Philipp. J. Crop Sci. (Philipp.) 2004, 29, 69. [Google Scholar]

	



Debnath, S.; Bandvopadhvav, B.; Bauri, F.; Misra, D. A preliminary study on extraction of natural fibre from leaf sheath of some commercial genotypes of banana (Musa sp.) in West Bengal. Hortic. J. 2010, 23, 59–63. [Google Scholar]

	



Diabor, E.; Funkenbusch, P.; Kaufmann, E.E. Characterization of cassava fiber of different genotypes as a potential reinforcement biomaterial for possible tissue engineering composite scaffold application. Fibers Polym. 2019, 20, 217–228. [Google Scholar] [CrossRef]

	



Lundqvist, S.-O.; Grahn, T.; Olsson, L.; Seifert, T. Comparison of wood, fibre and vessel properties of drought-tolerant eucalypts in South Africa. South. For. A J. For. Sci. 2017, 79, 215–225. [Google Scholar] [CrossRef]

	



Rennebaum, H.; Grimm, E.; Warnstorff, K.; Diepenbrock, W. Fibre quality of linseed (Linum usitatissimum L.) and the assessment of genotypes for use of fibres as a by-product. Ind. Crops Prod. 2002, 16, 201–215. [Google Scholar] [CrossRef]

	



Asyraf, M.R.M.; Syamsir, A.; Zahari, N.M.; Supian, A.B.M.; Ishak, M.R.; Sapuan, S.M.; Sharma, S.; Rashedi, A.; Razman, M.R.; Zakaria, S.Z.S. Product Development of Natural Fibre-Composites for Various Applications: Design for Sustainability. Polymers 2022, 14, 920. [Google Scholar] [CrossRef]

	



Ferreira, T.; Rasband, W. ImageJ user guide. ImageJ/Fiji 2012, 1, 155–161. [Google Scholar]

	



Valverde, J.C.; Arias, D.; Mata, E.; Figueroa, G.; Zamora, N. Determinación de las condiciones fotográficas óptimas para la caracterización anatómica de diez especies maderables de Costa Rica. Rev. Cuba. Cienc. For. 2020, 8, 439–455. [Google Scholar]

	



Seifert, K. Zur frage der cellulose-schnellbestimmung nach der acetylaceton-methode. Das Pap. 1960, 14, 104–106. [Google Scholar]

	



Sebio-Puñal, T.; Naya, S.; López-Beceiro, J.; Tarrío-Saavedra, J.; Artiaga, R. Thermogravimetric analysis of wood, holocellulose, and lignin from five wood species. J. Therm. Anal. Calorim. 2012, 109, 1163–1167. [Google Scholar] [CrossRef]

	



del Río, J.C.; Gutiérrez, A. Chemical composition of abaca (Musa textilis) leaf fibers used for manufacturing of high quality paper pulps. J. Agric. Food Chem. 2006, 54, 4600–4610. [Google Scholar] [CrossRef]

	



Narayana, V.L.; Rao, L.B. A brief review on the effect of alkali treatment on mechanical properties of various natural fiber reinforced polymer composites. Mater. Today Proc. 2021, 44, 1988–1994. [Google Scholar] [CrossRef]

	



Muthu, S.S.; Gardetti, M.A. Sustainability in the Textile and Apparel Industries: Sourcing Synthetic and Novel Alternative Raw Materials; Springer Nature: Berlin/Heidelberg, Germany, 2020. [Google Scholar]

	



Gironès, J.; Lopez, J.; Vilaseca, F.; Herrera-Franco, P.; Mutje, P. Biocomposites from Musa textilis and polypropylene: Evaluation of flexural properties and impact strength. Compos. Sci. Technol. 2011, 71, 122–128. [Google Scholar] [CrossRef]

	



Saragih, S.W.; Lubis, R.; Wirjosentono, B.; Eddyanto. Characteristic of abaca (Musa textilis) fiber from Aceh Timur as bioplastic. In AIP Conference Proceedings; AIP Publishing LLC: Melville, NY, USA, 2018. [Google Scholar]

	



Saragih, S.W.; Wirjosentono, B.; Meliana, Y. Thermal and Morphological Properties of Cellulose Nanofiber from Pseudo-Stem Fiber of Abaca (Musa textilis). In Macromolecular Symposia; Wiley Online Library: Hoboken, NJ, USA, 2020; p. 2000020. [Google Scholar]

	



Reed, A.R.; Williams, P.T. Thermal processing of biomass natural fibre wastes by pyrolysis. Int. J. Energy Res. 2004, 28, 131–145. [Google Scholar] [CrossRef]

	



Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; Heisterkamp, S.; Van Willigen, B.; Maintainer, R. Package ‘nlme’. Linear Nonlinear Mix. Eff. Models Version 2017, 3, 1–10. Available online: https://svn.r-project.org/R-packages/trunk/nlme/ (accessed on 6 March 2022).

	



Makosso-Kallyth, S.; Diday, E. Principal Component Analysis of Distributional Data. In Analysis of Distributional Data; Chapman and Hall/CRC: London, UK, 2022; pp. 205–246. [Google Scholar]

	



Bautista, M. Morpho-Anatomical Characterization of Some Banana (Musa spp. Linn.) Cultivars in Relation to Fiber Quality. Available online: https://agris.fao.org/agris-search/search.do?recordID=PH9411066 (accessed on 6 March 2022).

	



Balakrishnan, S.; Wickramasinghe, G.D.; Wijayapala, U.S. A novel approach for banana (Musa) Pseudo-stem fibre grading Method: Extracted fibres from Sri Lankan Banana Cultivars. J. Eng. Fibers Fabr. 2020, 15, 1558925020971766. [Google Scholar] [CrossRef]

	



Mukul, M. Elucidation of genotypic variability, character association, and genetic diversity for stem anatomy of twelve tossa jute (Corchorus olitorius L.) genotypes. BioMed Res. Int. 2020, 2020, 9424725. [Google Scholar] [CrossRef] [PubMed]

	



Barba, B.J.D.; Madrid, J.F.; Penaloza, D.P., Jr. A review of abaca fiber-reinforced polymer composites: Different modes of preparation and their applications. J. Chil. Chem. Soc. 2020, 65, 4919–4924. [Google Scholar] [CrossRef]

	



Campbell, B.; Jones, M. Assessment of genotype× environment interactions for yield and fiber quality in cotton performance trials. Euphytica 2005, 144, 69–78. [Google Scholar] [CrossRef]

	



Hirondo, M.; Hirondo, L.L.; Mataya, K.J.; Francisco, E.; Mazon, A.; Natal, P.; Senoro, D.; Catajay-Mani, M. Abaca Fiber (Musa textilis Nee) and Plastic Post-Consumer Wastes (A/PCW) as Potential Building Material. J. Environ. Sci. Manag. 2020, 1, 8–17. [Google Scholar] [CrossRef]

	



Chen, J.; Chang, H.; Chen, S.-R. Simulation study of a hybrid absorber–heat exchanger using hollow fiber membrane module for the ammonia–water absorption cycle. Int. J. Refrig. 2006, 29, 1043–1052. [Google Scholar] [CrossRef]

	



Putra, A.; Abdullah, Y.; Efendy, H.; Farid, W.M.; Ayob, M.R.; Py, M.S. Utilizing sugarcane wasted fibers as a sustainable acoustic absorber. Procedia Eng. 2013, 53, 632–638. [Google Scholar] [CrossRef]

	



Sahu, P.; Gupta, M. A review on the properties of natural fibres and its bio-composites: Effect of alkali treatment. Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2020, 234, 198–217. [Google Scholar] [CrossRef]

	



Bande, M.M.; Grenz, J.; Asio, V.B.; Sauerborn, J. Fiber yield and quality of abaca (Musa textilis var. Laylay) grown under different shade conditions, water and nutrient management. Ind. Crops Prod. 2013, 42, 70–77. [Google Scholar] [CrossRef]

	



Praveena, B.; Shetty, B.P.; Akshay, A.; Kalyan, B. Experimental study on mechanical properties of pineapple and banana leaf fiber reinforced hybrid composites. In AIP Conference Proceedings; AIP Publishing LLC: Melville, NY, USA, 2020. [Google Scholar]

	



Valášek, P.; D’amato, R.; Müller, M.; Ruggiero, A. Musa textilis cellulose fibres in biocomposites—An investigation of mechanical properties and microstructure. BioResources 2018, 13, 3177–3194. [Google Scholar] [CrossRef]

	



Moreno, L.O.; Protacio, C.M. Chemical composition and pulp properties of abaca (Musa textilis N’ee) cv. Inosa harvested at different stages of stalk maturity. Ann. Trop. Res. 2012, 34, 45–62. [Google Scholar] [CrossRef]

	



Moreno, L.; Protacio, C. Fiber morphology and recovery chemical composition and pulp properties of abaca (Musa textilis Nee) cv. Inosa harvested at different stages of stalk maturity. Philipp. J. Crop Sci. (Philipp.) 2013, 38, 103. [Google Scholar]

	



Alotaibi, F.; Tung, T.T.; Nine, M.J.; Kabiri, S.; Moussa, M.; Tran, D.N.; Losic, D. Scanning atmospheric plasma for ultrafast reduction of graphene oxide and fabrication of highly conductive graphene films and patterns. Carbon 2018, 127, 113–121. [Google Scholar] [CrossRef]

	



Jiménez, L.; Ramos, E.; De la Torre, M.; Pérez, I.; Ferrer, J. Bleaching of soda pulp of fibres of Musa textilis nee (abaca) with peracetic acid. Bioresour. Technol. 2008, 99, 1474–1480. [Google Scholar] [CrossRef]

	



Agung, E.; Sapuan, S.; Hamdan, M.; Zaman, H.; Mustofa, U. Study on abaca (Musa textilis Nee) fibre reinforced high impact polystyrene (HIPS) composites by thermogravimetric analysis (TGA). Int. J. Phys. Sci. 2011, 6, 2100–2106. [Google Scholar]

	



Chegdani, F.; Mezghani, S.; El Mansori, M.; Mkaddem, A. Fiber type effect on tribological behavior when cutting natural fiber reinforced plastics. Wear 2015, 332, 772–779. [Google Scholar] [CrossRef]

	



Shamsuyeva, M.; Endres, H.-J. Plastics in the context of the circular economy and sustainable plastics recycling: Comprehensive review on research development, standardization and market. Compos. Part C Open Access 2021, 6, 100168. [Google Scholar] [CrossRef]

	



Yang, H.-S.; Wolcott, M.; Kim, H.-S.; Kim, H.-J. Thermal properties of lignocellulosic filler-thermoplastic polymer bio-composites. J. Therm. Anal. Calorim. 2005, 82, 157–160. [Google Scholar] [CrossRef]

	



Monzón, M.; Ortega, Z.; Benítez, A.; Ortega, F.; Díaz, N.; Marrero Alemán, M.D. Developments towards a more sustainable rotational moulding process. In Proceedings of the 15th European Conference on Composite Materials: Composites at Venice, ECCM 2012, Venezia, Italy, 24–28 June 2012. [Google Scholar]

	



De Rosa, I.M.; Kenny, J.M.; Puglia, D.; Santulli, C.; Sarasini, F. Morphological, thermal and mechanical characterization of okra (Abelmoschus esculentus) fibres as potential reinforcement in polymer composites. Compos. Sci. Technol. 2010, 70, 116–122. [Google Scholar] [CrossRef]

	



Salvador, M.; Amigó, V.; Nuez, A.; Sahuquillo, O.; Llorens, R.; Martí, F. Caracterización de fibras vegetales utilizadas como refuerzo en matrices termoplásticos. J. Clean. Prod. 2017, 18, 573–580. [Google Scholar]

	



Shibata, M.; Ozawa, K.; Teramoto, N.; Yosomiya, R.; Takeishi, H. Biocomposites Made from Short Abaca Fiber and Biodegradable Polyesters. Available online: http://www.upv.es/VALORES/Publicaciones/CNM08_Fibras_naturales.pdf (accessed on 6 March 2022).

	



Muñoz, F.; Ballerini, A.; Gacitúa, W. Variabilidad de las propiedades físicas, morfológicas y térmicas de la fibra de corteza de Eucalyptus nitens. Maderas. Cienc. Tecnol. 2013, 15, 17–30. [Google Scholar] [CrossRef]

	



Hayajneh, M.; AL-Oqla, F.M.; Aldhirat, A. Physical and mechanical inherent characteristic investigations of various Jordanian natural fiber species to reveal their potential for green biomaterials. J. Nat. Fibers 2021, 1–14. [Google Scholar] [CrossRef]

	



Roy, P.; Tadele, D.; Defersha, F.; Misra, M.; Mohanty, A.K. Environmental and economic prospects of biomaterials in the automotive industry. Clean Technol. Environ. Policy 2019, 21, 1535–1548. [Google Scholar] [CrossRef]

	



Lakes, R.S. Composite Biomaterials; CRC Press: Boca Raton, FL, USA, 2003; pp. 79–80. [Google Scholar]








[image: Polymers 14 01772 g001 550] 





Figure 1. Electron microscopic cross-section view of the fibers of five genotypes of M. textilis. 






Figure 1. Electron microscopic cross-section view of the fibers of five genotypes of M. textilis.



[image: Polymers 14 01772 g001]







[image: Polymers 14 01772 g002 550] 





Figure 2. Fiber tension test for five genotypes of M. textilis. 
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Figure 3. (a) volatile content; (b) ash content; (c) carbon fix; (d) NCV for five genotypes of M. textilis. Note: Different letters show significant differences at 0.05. 
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Figure 4. Fiber TGA test for five genotypes of M. textilis. 
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Figure 5. Cluster analysis (a); similarity clustering (b) of the fiber properties of five genotypes of M. textilis. 
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Table 1. Fiber physical properties of five genotypes of M. textilis.
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Parameter

	
Genotype




	
MT01

	
MT03

	
MT07

	
MT11

	
CF01






	
Density (g cm−3)

	
1.52 A (0.02)

	
1.50 A (0.01)

	
1.49 A (0.02)

	
1.51 A (0.02)

	
1.50 A (0.03)




	
Green moisture content (%)

	
42.5 A (1.50)

	
45.80 A (3.33)

	
35.56 B (4.01)

	
41.22 A (4.21)

	
43.45 A (4.99)




	
Water absorption (%)

	
24 h

	
87.90 A (3.23)

	
82.90 B (2.89)

	
84.11 B (4.23)

	
90.11 A (3.78)

	
89.94 A (3.82)




	
72 h

	
94.56 A (3.02)

	
93.38 A (2.11)

	
91.11 A (3.46)

	
95.99 A (2.87)

	
96.89 B (3.11)




	
240 h

	
98.99 A (3.00)

	
99.02 A (2.34)

	
98.88 A (3.56)

	
99.50 A (3.17)

	
98.93 A (2.87)




	
Color (Green)

	
L*

	
89.90 A (2.22)

	
90.12 A (3.23)

	
90.25 A (3.55)

	
88.89 A (3.40)

	
90.98 A (3.45)




	
a*

	
−0.09 A (1.33)

	
−2.89 B (3.09)

	
−0.90 A (2.67)

	
−0.34 A (0.23)

	
−2.90 B (3.02)




	
b*

	
1.45 A (1.90)

	
2.89 B (2.88)

	
1.12 (2.08)

	
1.11 A (1.89)

	
1.08 A (1.22)




	
C*

	
1.22 A (2.45)

	
2.55 B (2.39)

	
1.1 A (2.24)

	
0.10 A (2.88)

	
1.05 A (2.14)




	
Color (Dry)

	
L*

	
77.89 A (3.09)

	
74.89 B (2.80)

	
77.90 A (2.11)

	
78.80 A (3.45)

	
78.23 A (3.29)




	
a*

	
1.18 A (1.22)

	
1.89 A (1.30)

	
1.44 A (1.24)

	
1.00 A (1.99)

	
1.34 A (2.04)




	
b*

	
3.99 A (2.34)

	
4.50 A (1.33)

	
3.89 A (2.89)

	
3.99 A (2.09)

	
3.80 A (2.80)




	
C*

	
3.56 A (2.33)

	
4.45 A (2.11)

	
4.30 A (2.90)

	
3.87 A (2.87)

	
4.11 A (2.33)








Note: Values in parentheses correspond to standard deviation; different letters show significant differences at 0.05.













[image: Table] 





Table 2. Fiber chemical properties for five genotypes of M. textilis.
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Parameter

	
Genotype




	
MT01

	
MT03

	
MT07

	
MT11

	
CF01






	
Hollocelulose (%)

	
89.62 A (0.95)

	
87.91 B (0.46)

	
89.38 A (0.98)

	
93.06 A (0.37)

	
90.65 A (90.56)




	
Lignin (%)

	
11.43 A (0.28)

	
11.46 A (0.23)

	
15.49 B (0.39)

	
14.13 B (0.26)

	
11.66 B (0.10)




	
Extracts

	
Hot water (%)

	
11.01 A (0.18)

	
10.17 A (0.41)

	
7.75 B (0.24)

	
10.88 A (0.15)

	
3.90 C (0.20)




	
Cool water (%)

	
11.27 A (0.24)

	
10.35 A (0.22)

	
6.76 B (0.20)

	
7.33 B (0.31)

	
3.67 C (0.16)




	
Ethanol-toluene (%)

	
11.07 A (0.11)

	
10.43 A (0.23)

	
5.93 B (0.15)

	
7.19 B (0.16)

	
2.14 C (0.13)




	
Sodium hidroxide (%)

	
1.33 A (0.10)

	
1.33 A (0.11)

	
1.30 A (0.09)

	
1.32 A (0.10)

	
1.31 A (0.09)




	
Dichloromethane (%)

	
9.23 A (0.11)

	
9.44 A (0.09)

	
4.56 B (0.10)

	
5.01 B (0.09)

	
4.89 B (0.10)




	
Nitrogen (%)

	
0.14 A (0.02)

	
0.11 B (0.01)

	
0.09 B (0.02)

	
0.10 B (0.02)

	
0.10 B (0.02)




	
Carbon (%)

	
62.21 A (1.15)

	
66.44 B (0.74)

	
66.11 B (0.50)

	
66.49 B (0.45)

	
66.57 B (0.41)




	
Hydrogen (%)

	
6.44 A (0.02)

	
6.72 A (0.10)

	
6.61 A (0.12)

	
6.78 A (0.43)

	
6.90 A (0.29)




	
Sulfur (%)

	
1.55 A (0.09)

	
1.50 A (0.07)

	
1.32 B (0.03)

	
1.33 B (0.02)

	
0.33 B (0.03)








Note: Values in parentheses correspond to standard deviation; different letters show significant differences at 0.05.
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Table 3. Potential uses for M. textilis fibers of each genotype.
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Potential Use

	
Genotype

	
References




	
MT01

	
MT03

	
MT07

	
MT11

	
CF01






	
Paper

	
High

	
High

	
Medium

	
Medium

	
Medium

	
[38]




	
Materials with high degradation

	
High

	
High

	
Medium

	
Medium

	
Medium

	
[39]




	
Textile

	
Medium

	
Medium

	
High

	
High

	
High

	
[40]




	
Rope, heavy use

	
Medium

	
Medium

	
High

	
High

	
High

	
[41]




	
Composite materials (Low use)

	
High

	
High

	
Medium

	
Medium

	
Medium

	
[42]




	
Composite materials (High use)

	
Medium

	
Medium

	
High

	
High

	
High

	
[21,42]




	
Thermal exposition

	
Low

	
Medium

	
High

	
High

	
High

	
[43]




	
Energy

	
Low

	
Low

	
High

	
High

	
Medium

	
[44]




	
Electronic

	
High

	
High

	
High

	
High

	
High

	
[21]
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