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One of the biggest problems in agricultural crops in general and, given its agronomic characteristics, in the pineapple crop, is the disposal of harvest residues. Currently, residues are removed and deposited in areas adjacent to the crop, becoming a focus of insect pests and diseases. Given the above context, the use of the afore mentioned foliar residues was evaluated as an alternative for obtaining composite materials from the plant's leaf fiber, thus generating added value to this residue. Initially, the leaves were subjected to three treatments to verify the effect on the tensile characteristics of the fibers. The treatments consisted of subjecting the leaves to fermentation at two temperatures (ambient and 30 °C) and in the presence of a NaOH solution [5%]. Subsequently, composite briquettes were made from pineapple fibers in proportions of 20 % and 30 % mixed with glycerol, guar gum, magnesium stearate and starch, evaluating the effect of the concentration of these fibers on the physico-mechanical properties of tension and elongation. Likewise, the effect of the use of a nanoclay in concentrations of 2.5 % and 5 % as reinforcement of the composite materials in a mixture with a fiber percentage of 20 % and 30 % was evaluated. In fermentation, significant differences (P>0.5) were found between the treatments, verifying that the best pretreatment was presented by the fermentation at room temperature with stress values of 373.33 ± 10.67 MPa, followed by the treatment at a temperature of 30 °C with 261.33 ± 23.09 MPa. On the other hand, when evaluating the tension and elongation, significant differences (P>0.5) were found between treatments, reporting values of 0.51 ± 0.03 MPa and 0.18 ± 0.0028 MPa for fiber concentrations of 20 % and 30 %, respectively. The effect of the use of nanoclay evidenced a higher strain in the treatment with 30 % fiber and 5 % nanoreinforcement with a value of 0.15 ± 0.0172 MPa.
Introduction
One of the great challenges currently facing the different production chains is the management of post-harvest solid waste and its insertion into the circular economy, thus generating higher value chains. Currently, the treatment of agricultural waste generated after the end of the pineapple crop production cycle is a major problem, since it is generally removed by four methods: the first method consists of abandoning the stubble in the field, which requires approximately 13 months, becoming a limitation for the producer since it is not possible to wait that period of time to carry out the new planting, in addition there is the possibility of the multiplication of insects such as the white fly affecting the environment (Salas, 2018); the second method, consists of performing chemical or physical burns (Lizarazo, et al. , 2020), thus generating high environmental damage in terms of loss of soil fertility and air pollution, causing damage to fauna, flora and people; the third method, consists of shredding the waste for application as herbicides, but one of the disadvantages of this action is the abuse given to herbicides thus causing a restriction in soil fertility; finally, the fourth method consists of burying the pineapple waste in pits, an action that not only causes loss of the fertile layer of the soil, but also its economic cost is high (Salas, 2018) , not only because of the characteristics of the fibers, but also because it is more than 60% of the total biomass produced in the plantation.In this order of ideas, the use of pineapple leaves to obtain composite materials is an alternative that plays a crucial role in the valorization of waste (Fontanelli, et al., 2015; Murcia, Ardila, Barrera, 2020).
Material and methods
The research was carried out with pineapple leaves (Ananas comosus (L.) Merr) (Figure 1) from the "Raíces" farm in the municipality of Puerto López, Meta, Colombia. These were conditioned and processed in the laboratory of Natural Ingredients of the Fundación Universitaria Agraria de Colombia - UNIAGRARIA.
As described by Suárez-Rivero, et al. (2016), this laboratory has the necessary equipment for the analysis of raw materials of biological origin, thus generating, from this space, added value to the productive chains.
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Figure 1: Pineapple (Ananas comosus (L.) Merr) harvest residue used for fiber extraction.

2.1. Pretreatment of pineapple leaves and its influence on the physicochemical characteristics of the fibers obtained.
The pineapple leaves were subjected to three pretreatments: alkaline, fermentation at 30°C and fermentation at room temperature, evaluating the physicochemical and physic-mechanical characteristics for each pretreatment, following the methodology proposed by Aguilar & Tapia (2023). Subsequently, the fibers obtained in the pretreatments were evaluated for dimensional characteristics, morphological analysis by optical microscopy and physicochemical analysis (Romero Granados, 2021). 
For the dimensional analysis, the width, length, and thickness of 10 fibers chosen at random for each pretreatment were determined. On the other hand, for the morphological analysis, given the dimensions of the fiber obtained, an optical microscope with a coupled camera was used (Suárez-Rivero, et al., 2017). Likewise, for the chemical analysis, which was performed following the methodology proposed for vegetable fibers by Roni, Dian, Satriyo, (2014), who reflect that, to generate added value to these, at least their cellulose, hemicellulose and lignin content must be known; contents that can be calculated as shown in equations 1 to 3.




Where: (a) is the weight of the sample, (b) is the weight of the initial dry residue after boiling in water, (c) is the weight of the dry residue after the first digestion with 1N H2SO4, (d) is the weight of the dry residue after the second digestion with 1N H2SO4 and (e) corresponds to the weight of the final dry residue after being calcined in a muffle at a temperature of 600°C for four hours.

2.2. Analysis of the effect of pineapple leaves pretreatment on the physical-mechanical characteristics of the fibers obtained.
Analysis of the breaking strain: An analysis of the mechanical characteristics of the fibers was carried out in which the breaking strain was determined according to ASTM C1557-20 (2020). The tests were performed following the methodology presented by Romero Granados (2021). Thus, the nominal breaking strain was determined using equation 4, where (F) represents the force and (A) represents the cross-sectional area of the test specimen. The analysis was performed in triplicate.
                                                                                                                                                          
Determination of the modulus of elasticity of the fibers: To determine the stiffness of the material, the method established in Standard D3039/D3039M-08 (2014) was used. The tests were performed following the methodology presented by Cárdenas & Perdomo (2020). The value of Young's modulus or elastic modulus was determined with equation 5, where (L0) represents the initial length, (ΔL) represents the increase in length or deformation of the specimen and (A) represents the cross-sectional area. The analysis was performed in triplicate.

2.3. Concentration of pineapple leaf fibers on the physic-mechanical characteristics of the obtained composite materials.
After determining the best pretreatment by means of the physical-mechanical tests performed to the pineapple fibers, the effect of the concentration of pineapple fibers on the physical-mechanical characteristics in obtaining composite materials was established, the above considering previous studies (Alfaro, 2017) in which it is evidenced that the fiber concentration can significantly affect the mechanical characteristics of the composite materials. Following the methodology carried out by previous studies authors (Both, Leites, Tessaro, 2021), the obtaining of composite materials was carried out by mixing materials such as glycerin, water, guar gum, modified corn starch, magnesium stearate and pineapple leaf fiber.
For the analysis of the concentration of pineapple leaf fibers on the mechanical characteristics of tension and elongation of the composite materials, the fiber content was varied between 20% and 30% (Vercelheze, et al., 2012; Suárez-Rivero, et al., 2023) leaving constant the concentrations guar gum (1%), magnesium stearate (1.5%) and glycerin (10%); it is important to mention, that the amount of water varied depending on how the composition of the mixture was (Matsuda et al., 2013) and (Martins, Benelli, Tessaro, 2020). Similarly, it should be noted that a blank consisting only of starch was made, leaving constant concentrations of guar gum (1%), magnesium stearate (1.5%) and glycerin (10%) (Vercelheze, et al., 2012).
Results and Discussion
3.1. Effect of pretreatment of pineapple leaves on the physicochemical characteristics of the fibers obtained.
It is important to mention that for each of the pretreatments, ten random samples were chosen, and their measurements were taken, taking the average for each pretreatment. The variability in the results is because during the process of enlistment and extraction of the fibers, these tend to fracture. Similarly, when comparing the results obtained by each method, it is observed that between pretreatment A and F-30 there is a small difference in the thickness, but in the width and length there is a significant difference. Likewise, a significant difference is observed between F-A and the other two pretreatments. Therefore, the best pretreatment in the dimensional characteristics of pineapple leaf fibers was F-A, because it has both thickness, width, and length with greater measure (Table 1).
Tabla 1. Características dimensionales de las fibras obtenidas en cada pretratamiento. 
	Pretreatments
	Thickness (mm)
	Width (mm)
	Length (mm)

	[bookmark: _Hlk153436665]Alkaline (A)
	0,029
	0,140
	170

	Fermentation at 30°C (F-30)
	0,025
	0,078
	199,2

	Fermentation at room temperature (F-A)
	0,371
	1,100
	386



Figure 2 describes the behavior of cellulose, hemicellulose, and lignin in the fiber structure of pineapple leaves, according to pretreatment. As can be observed for the percentage of cellulose, all pretreatments are significantly different with a probability P<0.05.

Figure 2: Percentage of cellulose, hemicellulose, and lignin in pineapple leaf fibers according to pretreatment. (The bars represent the error at 95% CI).

[bookmark: _GoBack]Likewise, for the percentage of hemicellulose the pretreatments F-30 and F-A are significantly different from pretreatment A, with a probability P<0.05, but when comparing F-A and F-30 no significant differences are observed between them. On the other hand, when analyzing the percentage of lignin, it is observed that F-30 and F-A do not differ from each other, but differ significantly with a probability P <0.05 with respect to pretreatment A, the latter presenting the lowest values.

3.2. Effect of pretreatment of pineapple leaves on the physic-mechanical characteristics of the fibers obtained.
As can be seen in Table 2, the highest values are for pretreatment F-A with a range 373.33 ± 10.67 MPa, evidencing that pretreatment F-A presents a greater range of both stress and deflection compared to the other pretreatments analyzed. The differences between the stress means for all pretreatments are significantly different with a probability P <0.05.

Table 2. Fiber breaking strain according to pretreatment.
	Pretreatment
	F-30 
	A 
	F-A

	Breaking strain (MPa)
	261 ± 23
	36 ± 3
	[bookmark: _Hlk150280321]373.33 ± 10.67



When evaluating Young's Modulus, as can be seen in Table 3, the highest values were presented for pretreatment F-30, with a range 38338 ± 456 MPa, i.e., F-30 presents a greater stress range with a lower deviation value; on the contrary, it is observed that pretreatment A, as well as F-A present data with greater heterogeneity, which causes from the statistical point of view a nominal deformation. The differences between the means of Young's modulus for all pretreatments are significantly different with a probability P <0.05.

Table 3. Young's modulus data of the fibers.
	Pretreatment
	F-30 
	A 
	F-A 

	Young's modulus (MPa)
	[bookmark: _Hlk150280466]38338 ± 456
	3088 ± 2298
	28759 ± 1490



3.3. Physic-mechanical characteristics of the composite materials obtained.
According to the analysis presented above, the pretreatment by fermentation at room temperature (F-A) was chosen. In this sense, two mixtures (F-A1 and F-A2) were made with the fibers obtained, with the different concentrations mentioned in section 2.3, to establish the effect of the concentration of these fibers on the physical-mechanical characteristics of the briquettes obtained, compared with a mixture called control or blank. Thus, when evaluating the breaking strain, as can be seen in Figure 3, the highest values were found in the F-20 briquette, registering values of 0.51 ± 0.03 MPa, followed by F-30 0.18 ± 3.06 MPa. Thus, the differences between the stress means demonstrate that the F-20 briquette differs significantly from the blank and F-30, but the latter two do not have significant differences between them with a probability P <0.05.
[image: ]
Figure 3: Tensile strength of briquettes varying the percentage of pineapple (Ananas comosus (L.) Merr) leaf fiber. (The bars represent the error at 95% CI).

On the other hand, the deformity analysis, as shown in Figure 4, evidences that the highest values are for the F-A1 mixture, coinciding with the highest strain values shown in Figure 3, presenting in this case a range 140.68 ± 1.78 MPa. The differences between the means of Young's modulus for all the briquettes are significantly different with a probability P <0.05, where the F-A1 briquettes differ significantly with the rest of the briquettes analyzed, but there are no significant differences when comparing the behavior of this variable for the white and F-A2 briquettes with a probability P <0.05.
[image: ]
Figure 4: Young's modulus of the briquettes varying the percentage of pineapple leaf fiber (Ananas comosus (L.) Merr).  

In tension and deformation tests, a correct adhesion of the matrix used in the manufacture of the briquettes, as well as the reinforcement used, has multiple factors that play against it, highlighting in the first place the humidity of the environment that penetrates the matrix before being melted, so it obtains a certain resistance to flow, which becomes one of the main disadvantages. Another of these can be associated with the irregularities of the mold, which leads to the appearance of pores in the briquettes that will become stress concentrators that affect the isotropy of the composite; finally, the method of inserting the fiber in the mold can cause the matrix not to achieve the ideal adhesion to the reinforcement, creating areas where the reinforcement can detach from the binder material more easily (Suárez-Rivero, et. al., 2023).

Conclusions
The low experimental stiffness presented in both tension and deformation tests, in the briquettes, under the formulations studied may be related to the presence of pores in the structure and the fiber; it could also be explained by the matrix-reinforcement adhesion ratio, which may not reach the optimum point; likewise, in this article a homogeneous distribution of the reinforcement along the matrix is assumed, which in practice is complex due to the manufacturing process used.
An increasing proportional relationship between the maximum tensile stress and the percentage of fiber is evidenced using the aligned arrangement of these, which reflects an increase of the stress as the amount of reinforcement increases; the behavior of the tensile modulus of elasticity presents a decreasing proportional tendency in the case of the long fiber, which means that the material has greater ductility when it has a lower percentage of reinforcement.
Nomenclature
A         Alkaline
F-A      Fermentation at room temperature
F-30    Fermentation at 30°C
F-A1    Fermentation at room temperature (16 g of starch / 4 g of natural fiber / 15 ml of H2O)
F-A2    Fermentation at room temperature (14 g of starch / 6 g of natural fiber / 17 ml of H2O)
C         Control (20 g of starch / 0 g of natural fiber / 15 ml of H2O)
Acknowledgments
To the Fundación Universitaria Agraria de Colombia - UNIAGRARIA, its laboratory section and the other institutions named in the authors' affiliation for having financed and supported the development of the project. Also, to the owner of the "Raíces" farm in the municipality of Puerto López, Department of Meta, Colombia, who donated the raw material and will be the main beneficiary of the results of the project, given the generation of value chains. 

References
Aguilar, G., Tapia Blácido, D., 2023, Evaluating how avocado residue addition affects the properties of cassava starch-based foam trays. International Journal of Biological Macromolecules. 240. https://doi.org/10.1016/j.ijbiomac.2023.124348 
Alfaro, A. I., 2017, Estudio del biocompuesto Ácido poliláctico-fibra de hoja de piña, [Tesis para optar al grado de licenciado en Ingeniería Ambiental, Instituto Tecnológico de costa Rica], Repositorio Institucional – https://n9.cl/eppyy 
ASTM Internacional – ASTM, 2014, Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. D3039/D3039M-08, https://www.astm.org/d3039_d3039m-08.html  
ASTM Internacional – ASTM, 2020, Método de prueba estándar para resistencia a la tracción y módulo de juventud de las fibras. C1557-20, https://standards.globalspec.com/std/13946841/ASTM%20C1557-20  
Both Engel, J., Leites Luchese, C., Tessaro, I.C., 2021, How are the properties of biocomposite foams influenced by the substitution of cassava starch for its residual sources?, Food Hydrocolloids, 118, http://doi.org/10.1016/j.foodhyd.2021.106790 
Cárdenas, A. J., Perdomo, J., 2020, Desarrollo de un producto a partir de la fibra del rastrojo de la piña tipo nativa en la reserva Miramar en el municipio de Dibulla, La Guajira, [Tesis para optar al grado de Ingeniería Industrial, Universidad de La Salle], Repositorio Institucional – https://ciencia.lasalle.edu.co/ing_industrial/143/ 
Fontanelli M., Frasconia C., Martelloni L., Pirchio M., Raffaellia M., Peruzzi A., 2015, Innovative Strategies and Machines for Physical Weed Control in Organic and Integrated Vegetable Crops, Chemical Engineering Transactions, 44, 211-217, https://doi.org/10.3303/CET1544036 
Lizarazo, D. L., Correa, S. N., Gómez, U. E., Galindo, G. M., Gómez, D. T., 2020, Análisis de la estructura económica y ambiental de los residuos del cultivo de la piña en una zona de Lebrija Santander. XVI Encuentro de Semilleros de Investigación UNAB. Repositorio Institucional –  http://hdl.handle.net/20.500.12749/22733 
Martins C., Benelli P., Tessaro I. C., 2020, Study of interactions between cassava starch and peanut skin on biodegradable foams, International Journal of Biological Macromolecules, 1343-1353, https://doi.org/10.1016/j.ijbiomac.2019.10.098 
Matsuda D., Verceheze A., Carvalho G., Yamashita, F., Mali, S., 2013, Baked foams of cassava starch and organically modified nanoclays, Industrial Crops and Products, 44, 705-711, https://doi.org/10.1016/j.indcrop.2012.08.032 
Murcia J. F., Ardila A., Barrera, R., 2020, Producción de etanol a partir de piñas de rechazo de cultivos del Chocó, Artículos de Investigación Científica y Tecnológica, Revista ION, 33(1), DOI: 10.18273/revion.v33n1-2020005 
Romero L.L., 2021, Desarrollo de un empaque para postcosecha a partir de residuos de piña (Ananas comosus (L.) Merr.). [Tesis para optar al grado de Magister en ingeniería de procesos y sistemas industriales, Universidad Jorge Tadeo Lozano], Repositorio Institucional –  https://acortar.link/nwvRoT 
Roni M., Dian M., A.I. W., Satriyo K., 2014, Alkaline Pretreatment on Sugarcane Bagasse for Bioethanol Production, Energy Procedia, 47, 150-254, http://dx.doi.org/10.1016/j.egypro.2014.01.221 
Salas O., 2018, El cultivo de la piña genera retos para este sector, dentro de los que destacan evitar la contaminación ambiental y procurar un manejo sostenible del terreno. Nota de prensa de la Universidad de Costa Rica. https://www.ucr.ac.cr/noticias/2018/06/21/desechos-de-la-pina-un-dolor-de-cabeza-para-productores.html 
Suárez-Rivero D., Marin-Mahecha O., Salazar Torres V., Real X., Ortiz Aguilar J., Suarez-Rivero M., 2017, Biomass production and morpho-phsysiological effects on sunflower plants (Helianthus annuss L.) under induced magnetic fiels, Chemical Engineering Transactions, 57, 115-120, https://doi.org/10.3303/CET1757020  
Suárez-Rivero D., Marin-Mahecha O., Lizeth Ojeda-Barrera, Jannet Ortiz-Aguilar, Tomas de J Guzman-Hernandez, Beatriz Millan-Malo, Leonardo A. Alonso-Gómez, Mario E. Rodriguez-Garcia, 2023, The effect of the electromagnetic field on the physicochemical properties of isolated corn starch obtained of plants from irradiate seeds, International Journal of Biological Macromolecules, 236, https://doi.org/10.1016/j.ijbiomac.2023.123981.
Suárez-Rivero D., Sua Villamil A.M., Marin-Mahecha O., Mejia Teran A., Suarez Rivero M., Santis Navarro A.M., 2016, Evaluation of the effect of two types of fertilizer on the growth, development and productivity of hydroponic green forage oat (Avena sativa L.) and ryegrass (Lolium multiflorum Lam.) as a biomass source, Chemical Engineering Transactions, 50, 385-390 https://doi.org/10.3303/CET1650065 
Vercelheze A., Fakhouri F., Dall'Antonia L., Urbano A., Youssef E., Yamashita F., Mail, S., 2012, Properties of baked foams based on cassava starch, sugarcane bagasse fibers and montmorillonite, Carbohydrate Polymers, 87(2), 1302-1310, https://doi.org/10.1016/j.carbpol.2011.09.016  
F-30 (1)	1.8375861560029587	1.8375861560029587	52.849321422265042	A (2)	3.2157320863680527	3.2157320863680527	35.764648388016525	F-A (3)	1.0283405783948527	1.0283405783948527	59.282869124571334	Samples 

Cellulose  %




 F-30	0.3007813297006483	0.3007813297006483	1.4164266662455078	 A	4.8263050111199357	4.8263050111199357	8.2778637360896852	 F-A	1.8377718651607631	1.8377718651607631	2.7799308658800719	Samples

Hemicellulose %




F-30 (1)	0.62510388385042714	0.62510388385042714	8.782375781332318	A (2)	0.6413467513149268	0.6413467513149268	5.9562747635055375	F-A (3)	0.59346279552912429	0.59346279552912429	9.7418965926455225	Samples

Lignin  %




image3.png




image4.png
Briquettes
mC mF20  mF30





image5.png
150,00
120,00
90,00
60,00
30,00
0,00

Deformation (MPa)

)

Briquettes
mF20

WF-30




image1.jpeg




image2.jpeg
AIDIC




