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Abstract

:

In this work, the adhesion behavior of chemically treated banana and coir Colombian fibers embedded in polylactic acid (PLA) and unsaturated polyester resin (UPR) matrices was investigated. Both types of fibers were treated with a 5 wt.% sodium hydroxide solution for one hour. The properties of treated and untreated fibers were determined by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and tensile tests. To evaluate the adhesion behavior of the fibers in PLA and UPR matrices, pull-out tests were performed, and the percentage of broken fibers was determined. The results showed that alkaline treatment improved the fibers’ physicochemical, mechanical, and thermal properties. In addition, the alkaline treatment was able to improve the adhesion behavior of coir and banana fibers to PLA and UPR matrices. The banana fibers showed a percentage of broken fibers of 100%, while the coir fibers showed a slight increase in IFSS value. This behavior is attributed to the improvement in surface roughness due to the removal of non-cellulosic composites and impurities.
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1. Introduction


In recent years, lignocellulosic fibers have attracted great interest as a potential reinforcement material to produce polymer matrix composites due to their biodegradability, availability from renewable sources, cost, recyclability, lightweight nature, and exceptional mechanical properties, which make them viable alternatives to synthetic fibers such as carbon and glass fibers [1,2,3]. The fibers of the pseudo-stem of banana and the mesocarp of coconut are extracted from agro-industrial waste [4,5]. Therefore, their applicability at the industrial level is of great interest for solving waste management problems in agro-industry [6]. The integration of lignocellulosic fibers into the polymer matrix is one of the difficulties in the production of composites since the compatibility of the fibers is low due to their hydrophilic character and high pectin and wax contents on the surface. As a result, hydroxyl groups and hygroscopic organic matrices cannot interact [7]. It has been found that a weak fiber–matrix interface can lead to significant degradation of the mechanical and thermal properties of composites [8]. Therefore, various chemical treatments have been used to improve the physicochemical, mechanical, and thermal properties of the fibers [7,9]. This can result in good fiber–matrix interaction due to the presence of fewer OH functional groups on the surface of the lignocellulosic fibers and increased roughness to facilitate mechanical interlocking [9,10]. One of the most common chemical treatments for natural fibers is alkaline treatment, also known as mercerization [11]. It promotes the change in the lignocellulosic structure of the fiber and removes non-cellulosic materials from its surface [12]. This modification could improve the adhesion of the fiber–matrix interface [13,14]. Therefore, the study of interfacial behavior is important to understand how chemically treated lignocellulosic fibers interact with polymeric matrices to produce composites [15,16]. The literature indicates that alkaline treatment affects the physicochemical and mechanical properties of coir and banana fibers, which improves their compatibility with thermoplastic and thermoset matrices and increases their potential as reinforcing materials [9,17,18].



The mechanical performance of composites is highly influenced by the fiber–matrix interface [7,14]. A weak adhesive interface decreases stress transmission between the fiber and the matrix, which can decrease the mechanical strength and stiffness of the materials. On the other hand, a strong interface generally allows good stress transmission, without disturbance, and high mechanical properties are obtained [8,19]. The interfacial strength between the composites can be investigated using pull-out tests [20]. In this test, a single fiber partially embedded in a matrix is pulled out. The maximum pull-out force and the embedded fiber length are used to determine the interfacial shear strength (IFSS) [14,21]. IFSS is calculated according to Equation (1) [7].


   IFSS      MPa    =      F   max     n · π · D · L   ,  



(1)




where Fmax is the maximum pull-out force in N; n is the number of embedded fibers in the matrix (for a single fiber, this value is 1); D is the diameter of embedded fiber in mm; L is the length of the embedded fiber in mm [7]. The pull-out test is often performed to evaluate the interactions between the fiber and the matrix at the interface [22]. This is important in practice because most cases of fiber–matrix interface debonding occur a long time after initial use due to low cyclic loads [23]. On the other hand, the chemical treatment of lignocellulosic fibers such as coir and banana fibers embedded in a polymer matrix has a favorable effect on IFSS. Merlini et al. [24] studied the effects of chemical treatment with 10 wt.% NaOH solution on the interface between banana fibers and polyurethane matrix. The treated banana fibers showed higher tensile strength and IFSS compared to the untreated fibers, indicating a strong interaction between the treated fibers and the polyurethane matrix. Similar behavior was found by Nam et al. [25] when studying mercerized coir fibers embedded in a polybutylene succinate (PBS) matrix. Mercerization of the coir fibers increased the IFSS and wettability of the fibers by the PBS resin, which improved the mechanical properties of the composite material produced. However, few works in the available literature attempt to determine the effect of the alkaline treatment of coir and banana fibers and its influence on interfacial adhesion in polylactic acid (PLA) and unsaturated polyester resin (UPR) matrices. The latter can provide information on the performance of the fiber–matrix interface in these types of materials, as they have high potential as reinforcing materials for the fabrication of composites via 3D printing or resin transfer molding (RTM) processes [26,27].



Therefore, this work aims to study the effects of alkaline treatment on the physicochemical, mechanical, and thermal properties of banana and coir fibers and their adhesion behavior when embedded in PLA and UPR matrices. The treated and untreated fibers were characterized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and tensile tests. The adhesion behavior of banana and coir fibers treated with NaOH solution and untreated fibers embedded in PLA and UPR matrices was evaluated using pull-out tests.




2. Materials and Methods


2.1. Materials


Banana fibers (BF) used in this work were obtained from the pseudo-stem of a plant of the variety “Hartón” from crops in the municipality of Cerete, Cordoba, Colombia (12 MASL) at the coordinates 8°51′33″ N, 75°49′43″ W. Coir fibers (CF) were extracted from the mesocarp of a coconut of a palm tree of the variety “Cocotero gigante” from crops in the municipality of Puerto Escondido, Cordoba, Colombia (30 MASL) at the coordinates 9°01′09″ N 76°15′41″ W. Figure 1 shows the geographical location of the banana and coconut crops at Córdoba, Colombia. Both waste materials were submerged in clean water and manually treated to extract fibers. Then, banana and coir fibers were dried at a controlled temperature of 40 and 90 °C for a period of 4 and 2 h, respectively, to obtain fibers with a moisture content of about 14% [28,29]. Bromatological analysis was performed on the dried fibers. Mass percentages of dry matter, ashes, acid detergent fiber (ADF), neutral detergent fiber (NDF), and cellulose were determined according to standard methods proposed by the Association of Analytical Communities (AOAC) International [30]. The chemical composition of the fibers measured using bromatological tests is summarized in Table 1. A commercial polylactic acid (PLA) filament for 3D printing with a diameter of Ø1.75 mm was used as the thermoplastic matrix, while an unsaturated polyester resin (UPR) (Cristalan 12 1969 RTM from Andercol, Colombia) was used as the thermoset matrix.




2.2. Alkali Treatment of Fibers


The banana and coir fibers were immersed in a 5 wt.% aqueous NaOH solution at room temperature for 1 h with periodic agitation. After that, the mercerized fibers were washed several times with acetic acid (50% v/v) and distilled water to remove traces of NaOH. Finally, the treated banana and coir fibers were dried in a controlled atmosphere using two temperatures, 40 and 90 °C, respectively, for 2 h.




2.3. Characterization of Fibers


2.3.1. Measurements of Mechanical Properties


Banana and coir single fibers were tensile tested according to the ASTM C1557-20 standard test [32]. The tensile tests were performed on a Shimadzu® universal testing machine, model Autograph AG-X, with a load cell of 500 N and a crosshead speed of 2 mm/min. The treated and untreated fibers were carefully fixed on a mounting tab with a calibrated length of 50 mm. The tensile properties of the fibers, i.e., tensile strength, Young’s modulus, and elongation at break were measured. The tests were performed in a controlled environment with a temperature and relative humidity of 25.2 °C and 50.5%, respectively. The average diameter of the fibers was measured by optical image microscopy. A fully circular fiber cross-section was assumed, and the average value of ten transverse dimensions measured along the fiber length was determined for each sample [33,34]. A total of 80 samples of banana and coir fibers with and without alkali treatment were tensile tested. Analysis of variance (ANOVA) was used to study the effect of fiber type and surface treatment on the mechanical properties of the fibers studied, using a significance level of 0.05.




2.3.2. Fourier Transform Infrared Spectroscopy


Treated and untreated fibers were analyzed by Fourier transform infrared spectroscopy (FTIR) on a Shimadzu IRTracer-100 spectrometer with an attenuated total reflectance (ATR) accessory detector. Spectra were obtained in a wavenumber range of 4000–500 cm−1 with a resolution of 1 cm−1. Peaks were analyzed for comparison with open-access databases.




2.3.3. Scanning Electron Microscopy


A JEOL® model JSM-7100F scanning electron microscope (SEM) was used to investigate the surface morphology and cross-section before and after the mechanical tests of treated and untreated banana and coir fibers at an accelerating voltage between 5 and 10 kV. The samples were fixed to brass mount holders with carbon tape and ion sputtering coated with gold to ensure the conductivity of the organic material when exposed to the electron beam.




2.3.4. Thermogravimetric Analysis


Thermogravimetric analysis of treated and untreated fibers was performed using a TGA550 thermogravimetric analyzer (T.A. Instruments®, New Castle, DE, USA) under a nitrogen atmosphere at a flow rate of 100 mL/min. Samples of approximately 5 mg were heated from 25 to 940 °C at a heating rate of 15 °C/min. The weight loss and derivative curve (DTG) as a function of temperature were determined and evaluated.





2.4. Fiber–Matrix Adhesion Analysis


2.4.1. Preparation of Specimen Pull-Out Test


For the evaluation of IFSS, specimens were prepared for the pull-out test with three experimental parameters, i.e., fiber type, matrix type, and surface treatment. The nomenclatures of the prepared specimens are listed in Table 2. To fabricate the specimens with a UPR matrix, square molds (14 × 14 × 5 mm) with a rectangular cavity of 10 × 10 mm and a depth of 4.0 mm were prepared using the 3D printing method. With this geometry, an embedded length (L) of about 4 mm was achieved after resin curing [35]. Single fibers were fixed and centered in the mound cavity while a mixture of UPR and 8% v/v peroxide Mek catalyst was poured. The samples were fully cured for 1 h at room temperature. The material used for mound printing was PET-G (polyethylene terephthalate glycol) with a commercial diameter of Ø1.75 mm, a printing temperature of 235 °C, a bed temperature of 80 °C, a layer height of 0.2 mm, and an extrusion width of 0.4 mm. Figure 2a,b show a sketch of the setup performed and the final specimen, respectively, for the pull-out specimens mounted on UPR. On the other hand, the PLA matrix samples were directly fabricated by 3D printing using an FFF 3D printer. Layers of molten PLA were deposited on the build platform up to a certain height, then, extrusion was stopped, and the single fiber was placed on the top layer of PLA volume I by fixing its two free ends to keep them straight and aligned, protruding from the printed volume. Finally, melt layers were applied to coat the fiber with PLA volume II. A PLA matrix sample of 3.5 × 10 × 10 mm was fabricated. The PLA samples were removed from the building platform after cooling. Figure 2c,d show a sketch of the setup performed and the final shape of the PLA matrix samples. In this geometry, an embedded length (L) of about 3.5 mm was achieved by cutting off one of the free ends of the fiber [34]. The print path planning was performed using the Full Control Designer G-code® software original version [36]. The printing parameters were set to a printing temperature of 200 °C, a bed temperature of 60 °C, a layer height of 1 mm, and an extrusion width of 2.4 mm.




2.4.2. Pull-Out Test


The free ends of the fibers in the specimens were carefully fixed on a mounting tap to obtain a calibrated length of 30 mm. A Shimadzu® EZ-Test machine with a load cell of 100 N was used to perform the pull-out tests, and a crosshead speed of 5 mm/min was set [37]. The specimens were clamped with the fixed lower crosshead, and the fiber was pulled out with the movable upper crosshead. The IFSS value was determined using the recorded maximum force according to Equation (1). The fiber diameter was determined by optical microscopy. A total of 42 specimens were tested. The calculations for the IFSS value were performed on specimens where the fiber could be pulled out without breakage.






3. Results and Discussions


3.1. Analysis of Mechanical Properties


The results for the tensile properties of both untreated and treated banana and coir fibers are shown in Figure 3. The average values of tensile strength, Young’s modulus, and elongation at break increase slightly for the treated fibers. The mean values of both tensile strength and Young’s modulus of BF/U were 206.9 ± 80.9 MPa and 12.06 ± 4.19 GPa, respectively, while those of CF/U were 88.4 ± 34.6 MPa and 1.74 ± 0.63 GPa, respectively (see Figure 3a). However, the mean elongation at break for BF/U, with a value of 0.02 ± 0.0026, was less than that of CF/U, which had a mean value of 0.25 ± 0.0071 (Figure 3b). The abovementioned may be attributed to the fact that coir fibers tend to exhibit ductile behavior, while banana fibers exhibit brittle behavior due to the difference in cellulose content and microfibril angle (MFA) [38,39,40]. On the other hand, the data for BF/T and CF/T exhibited higher variability, as indicated by a higher standard deviation. This suggests that there may be no significant statistical difference in the mechanical properties between the treated and untreated banana and coir fibers.



The ANOVA analyses of mechanical properties are shown in Table 3. The results indicate that only the surface treatment factor had a significant effect on the Young’s modulus of coir and banana fibers. The abovementioned may be attributed to the changes in their structures due to removing the non-cellulosic components during the alkaline treatment [12]. On the other hand, it can be observed that surface treatment on fibers did not significantly affect either tensile strength or elongation at break. This can be attributed to the following two factors: First, errors in the calculation of mechanical properties since a fully circular fiber cross-section was assumed. This assumption can be considered a source of error in the measurement of the tensile properties of both treated and untreated fibers [41]. Second, the presence of micro-compressive defects or dislocations along the banana and coir fibers [42], as indicated by arrows in Figure 4. These defects have been found on the surface of natural fibers extracted by decortication or separated by hand and may affect the tensile properties of the fibers [43].




3.2. Fourier Transform Infrared Spectroscopy Analysis


Figure 5 shows the FTIR spectrums of banana and coir fibers with and without treatment. Both the untreated and treated fibers exhibited typical vibrational bands corresponding mainly to cellulose, hemicellulose, and lignin [44]. The aforementioned observation confirms the results of the composition analysis presented in Table 1, where it was noted that cellulose was the primary constituent of the fibers, followed by lignin and hemicelluloses. In BF/U, a broad and strong absorption band around 3330 cm−1 was observed, which corresponds to hydroxyl groups (OH) and can be attributed to the stretching of the O-H group in cellulose, hemicellulose, and lignin [45]. The stretching vibrations around 2840–2940 cm−1 can be associated with the C-H groups of cellulose and hemicellulose [46]. The absorption band in the range 1625–1660 cm−1 could be due to the stretching of carbonyl groups (C=O) in hemicellulose and possibly fatty acids from lignin [44]. A strong absorption band was observed at 1022 cm−1, which was related to the stretching vibration of the C-O groups of cellulose, hemicellulose, and lignin [46,47]. After alkaline treatment, the absorption intensity in the band decreased at 3330 cm−1, which is associated with the stretching of hydroxyl groups, indicating a possible cleavage of hydrogen bonds in the O-H groups in the hemicellulose of BF/T [46]. This observed effect could reduce the tendency of moisture absorption in the fibers and improve the interfacial bonding in the polymer matrices [48]. Moreover, a decrease in the band around 1610 cm−1 and the absence of the absorption band at 1321 cm−1 were observed, which could be related to the partial removal of lignin by the alkaline treatment [44,46]. These results indicate a decrease in hemicellulose and lignin content in the treated banana fibers. In coir fibers, a change in chemical composition after alkali treatment was also evident from the FTIR spectra. The increase in the absorption intensity of the band at about 3330 cm−1 can be attributed to the high accessibility of the O-H group after alkaline treatment, which can be associated with the removal of waxy substances on the fiber surface [49]. The increase in the peak at 1610 cm−1 in CF/T can be related to the removal of waxy substances and pectin [49]. The absorption peak at 1720 cm−1 in CF/U may be related to the vibration of the stretching of the acetyl and ester groups of hemicellulose, although it may also be due to the carboxyl groups (C=O) in lignin [12], while the peak observed at 1230 cm−1 is related to the stretching of the phenol group in lignin [12]. In CF/T, it is observed that the bands attributed to these components are not found, confirming their partial removal after the alkaline treatment. A peak around 2360 cm−1 was observed in the FTIR spectra, which does not belong to the functional groups present in the components of the lignocellulosic fibers and may be associated with impurities such as waxes and fats present on the surface [29,50]. However, the absorption intensity of the peak at 2360 cm−1 was lower after alkaline treatment, which could be related to the removal of impurities on the fiber surface [50].




3.3. Scanning Electron Microscopy


Figure 6 shows SEM images of the morphology of both the surface and cross-section of untreated banana and coir fibers. The structures of these fibers consist of several elementary fibers aligned in the longitudinal direction of the fiber (see Figure 6a,b). Banana fibers have an irregular surface covered with a layer of impurities, which may include hemicellulose and lignin compounds. Also, other non-cellulosic substances are present on the surface, such as pectin and waxes, which serve as natural binders and remain after extraction (Figure 6c) [12,29,51]. As may be observed in Figure 6d, Coir fibers generally have a smooth surface because a wax layer covers its surface structure [49,52]. Figure 6e,f show the cross-section of banana and coir fibers, aiming to understand their hierarchical structure. It can be observed from the images that the fiber bundles consist of several small cylindrical structures with a central cavity (lumen) extending along their cross-section. These structures are characteristic of natural fibers (elementary fibers) surrounded by a cementation region known as the middle lamella [12,41,49]. Each elementary fiber has a polygonal shape, which, is formed by the lumen and the cell wall. The cell wall consists of cellulose microfibrils agglomerated in a matrix of hemicellulose and lignin that extends along its entire length [7,8]. Therefore, the morphological characteristics associated with the hierarchical structures of the fibers can influence their mechanical properties [34].



The surface morphologies and cross-sections of coir and banana fibers after treatment are shown in the SEM images in Figure 7. BF/T showed an increase in surface roughness, which could be related to the removal of non-cellulosic components and surface impurities (Figure 7b) [53]. The aforementioned is important because it could facilitate the mechanical interlocking of the fiber in the polymer matrix, creating a possible physical interconnection between the two materials [54]. In addition, the reaction between the NaOH solution and the hydroxyl groups in the non-cellulosic constituents promotes the dissolution of hemicellulose, lignin, and some impurities, resulting in a smooth surface [55]. A marked thickening of the cell wall and collapse of the lumen were also seen in the cross-section of BF/Ts (Figure 7e). The latter can be attributed to a change in the cell wall caused by the degradation of lignin and hemicellulose by the alkaline treatment [56,57]. As observed in BF/T, CF/T exhibited a rough surface with visible bulges and grooves, which can be attributed to the removal of waxes on the fiber surface (Figure 7d) [52]. The latter is of greater importance because the increased surface roughness of the treated coir fibers may affect the load transfer from the fiber to the matrix by mechanical interlocking [58]. After treatment, a partial deformation of the lumen size of the elementary fibers was observed (Figure 7f). This could be related to the morphological change in the coir fibers after alkaline treatment, resulting from the removal of the non-cellulosic substances around the lumen [59].




3.4. Thermogravimetric Results Analysis


The thermogravimetric analysis (TGA) and first derivative (DTG) curves of treated and untreated fibers are shown in Figure 8. The thermal degradation of the fibers shows phases that could be associated with moisture evaporation, removal of extractives, and decomposition of typical natural fiber constituents such as hemicellulose, cellulose, and lignin. A first phase of weight loss was observed in treated and untreated banana fibers in a temperature range from 25 to ~125 °C, which was attributed to the removal of moisture present on the fiber surface (Figure 8a) [60]. The DTG curve of BF/U in Figure 8b shows a peak at 200 °C with a weight loss of ~6%, which could be due to the removal of extractives such as waxes or fats and the decomposition of non-cellulosic components [61,62]. The absence of this peak in BF/T could be due to the removal of these non-cellulosic materials and surface impurities after the alkaline treatment. Figure 8b shows that the thermal degradation of BF/T started at a temperature of 200 °C, while that of BF/U started at about 250 °C, with maximum decomposition temperatures of 319 and 330 °C, respectively, which can be represented as the highest peak in the DTG curves. The treated banana fibers exhibited higher resistance to thermal degradation than untreated fibers due to the removal of hemicellulose, lignin, and waxy substances and rapid weight loss, indicating higher thermal stability in BF/T due to alkaline treatment [62,63]. Figure 8c,d show the TGA and DTG curves of coir fibers with and without treatment, respectively. Differences in the thermal decomposition of the fibers are evident from the TGA curve. The TGA curves for CF/U show three phases of weight loss of 6.5, 19.7, and 41.7%, which were correlated with three distinct peaks at 44.7, 299, and 352 °C in the DTG curve, while the TGA curves of CT/F show two phases of weight loss of 4.90 and 53%. The TGA curves of CT/F show two phases of weight loss of 4.90 and 53%, which were correlated with two different peaks at 55.9 and 330 °C, respectively, in the DTG curve. The absence of the third phase in CF/T at 250 to 311 °C could be due to the removal of hemicellulose, lignin, and pectin from the coir fibers after alkaline treatment [59]. The results of thermogravimetric analysis, SEM, and FTIR analyses of treated and untreated fibers are consistent.




3.5. Fiber–Matrix Adhesion Behavior


Table 4 shows the average interfacial shear strength (IFSS) values and percentage of broken fibers obtained from the pull-out tests of treated and untreated fibers with PLA and UPR matrices, while Figure 9 shows the load vs. displacement curves obtained in the pull-out tests for each system. To calculate the percentage of broken fibers in each specimen, the number of fibers broken during the pull-out test was divided by the total number of fibers tested [64]. During the pull-out test, it was observed that all BF/PLA/T and BF/UPR/T samples exhibited a percentage of 100% of broken fibers. Therefore, it was not possible to determine the IFSS value for these samples. In contrast, the BF/PLA and BF/UPR samples with untreated fibers had average IFSS values of 1.26 and 0.64 MPa, respectively, with corresponding percentages of 0% and 50% of broken fibers. Figure 9a,b show that samples BF/UPR/T and BF/PLA/T exhibit a sudden drop in the load vs. displacement curves, which could be related to fiber breakage during linear elastic deformation due to stress concentration at a specific point in the fiber [65]. However, it is believed the sudden rupture of fibers can be influenced by the presence of micro-compressive defects or dislocations, as mentioned in Section 3.1. It is also suspected that the higher percentage of broken fibers in the treated samples is due to the influence of the alkaline treatment, which may increase the dislocations in the fibers and decrease their mechanical performance [66]. Moreover, treated banana fibers embedded in a UPR matrix achieved the highest force before breakage compared to fibers embedded in PLA. This is possibly due to the low viscosity of the UPR matrix compared to the PLA matrix during sample preparation, which allows better wetting of the fibers using UPR resin [43]. In the load vs. displacement curves for the BF/PLA/U and BF/UPR/U samples it is possible to observe a discontinuous drop, indicating the occurrence of frictional sliding while the fibers were being pulled out [67,68]. The abovementioned could be due to the low roughness of the untreated fiber surface, which leads to poor mechanical interlocking of the fiber with the matrix and weakening of the interfacial bonding between the fiber and matrix [69,70]. The observed behavior could explain the slight decrease in the percentage of broken fibers observed in the samples prepared with untreated fibers.



The average IFSS and percentage of broken fibers values for the coir fiber samples treated with PLA and UPR matrices were 0.75 and 1.01 MPa, 50% and 20%, respectively. While the untreated samples of CF had a similar IFSS average value of 0.92 MPa for both PLA and UPR matrices, their percentage of broken fibers was 0% and 11% for CF/PLA and CF/UPR, respectively. Among all tested coir fiber samples, the CF/UPR/T samples exhibited the highest average IFSS value, approximately 10% higher than that of the CF/UPR/U samples. However, the variability in the data suggests that there are no significant statistical differences between these IFSS values. The abovementioned observation is supported by Figure 9c, which shows a comparison of loading behavior in the pull-out test for both samples. Moreover, the CF/UPR curves display a discontinuous stage characterized by a brief decrease in loading, followed by a sudden drop, and then a slow increase during the loading process until the pulled-out fibers. The sudden drop in the pull-out curves could be attributed to the premature detachment of fibers in the matrix during the loading process [65]. However, the natural irregularities present in coir fibers (bulges and grooves) can create a mechanical interlocking effect. This can allow them to continue transferring the load even after the fiber–matrix bond breaks [71], resulting in a second stage of increasing load in the pull-out curves. Furthermore, it may be observed that the curve for the CF/UPR/T samples had a higher displacement than that of the CF/UPR/U samples. Alkaline treatment of the coir fiber surface led to the removal of non-cellulosic components and surface impurities, resulting in increased surface roughness. A rougher surface favors the formation of a potential physical interconnection between the fiber and the matrix [54]. Therefore, this may have facilitated better mechanical interlocking in the treated fibers [70,72]. On the other hand, higher discontinuities were observed in the pull-out curves of the CF/PLA/U samples compared to the samples prepared in the UPR matrix (See Figure 9d). This can be attributed to poor adhesion and wetting of the fibers in the PLA matrix, as already mentioned in the case of banana fibers. Observed behavior was attributed to the lack of penetration of PLA into the fiber surface structure after the matrix solidified as a function of the preparation method. The abovementioned together with the inherent brittleness of PLA could lead to early fiber detachment and a weaker interface in the tested samples [73]. In the case of CF/PLA/T samples (See Figure 9d), a sudden drop in the curve followed by a slight increase during loading was observed. This may be related to the effect of mechanical interlocking due to the increased roughness of the treated coir fibers. This could explain the slight decrease in the percentage of broken fibers observed in the samples prepared with untreated coir fibers.





4. Conclusions


In this study, the effects of alkaline treatment on the physicochemical, mechanical, and thermal properties of banana and coir fibers and their adhesion behavior when embedded in a PLA and UPR matrix were investigated. The ANOVA analysis of the mechanical properties of the studied fibers revealed that only the surface treatment significantly affected the Young’s modulus. This effect is attributed to the structural changes that occur when non-cellulosic components are removed during mercerization treatment. In contrast, the tensile strength and elongation at break were not influenced by the surface treatment, as indicated by a p-value greater than 0.05. In addition, FTIR analysis showed that the non-cellulosic components were removed after alkaline treatment, while SEM images showed an increase in fiber surface roughness associated with the removal of surface impurities. This facilitated the mechanical interlocking of the treated fibers with PLA and UPR. Thermogravimetric analysis showed that the treated banana fibers exhibited higher resistance to thermal degradation and thermal stability. This was attributed to the removal of hemicellulose, lignin, and waxy substances from the fibers. A change in thermal degradation was observed in the treated coir fibers, possibly related to the removal of hemicellulose, lignin, and pectin from the fibers. On the other hand, the untreated samples had average IFSS values of 1.26 and 0.64 MPa, with corresponding percentages of 0% and 50% of broken fibers, respectively. This was attributed to the low roughness of the untreated fiber surface, which resulted in poor mechanical interlocking with the matrix and weak interfacial bonding between the fiber and matrix. In contrast, the treated banana fibers produced in PLA and UPR matrices had a percentage of broken fibers of 100%, so it was not possible to determine the IFSS value. This fact was attributed to the increase in micro-compressive defects or dislocations along the fibers because of alkali treatment, which may reduce their mechanical performance. The treated coir fibers embedded in a UPR matrix showed better adhesion behavior than the samples prepared in a PLA matrix, with the CF/UPR/T samples having the highest average IFSS value, which was about 10% higher than that of the CF/UPR/U. This fact was attributed to the effect of alkaline treatment on the fiber surface, which removed non-cellulosic components and impurities, resulting in increased surface roughness. This, in turn, facilitated better mechanical interlocking between the fiber and the matrix, resulting in improved interfacial adhesion. In addition, the CF/PLA samples exhibited poorer adhesion behavior than the CF/UPR samples, which can be attributed to the poor adhesion and wetting of the fibers with the PLA matrix.
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Figure 1. Geographical location of banana and coconut crops in Cordoba, Colombia [31]. 
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Figure 2. (a,b) UPR specimen mounting and (c,d) PLA specimen mounting. 
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Figure 3. (a) Young’s modulus and tensile strength, and (b) elongation at break of fibers under different conditions. BF: banana fiber, CF: coir fiber, T: treated condition, and U: untreated condition. 
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Figure 4. Light micrographs of micro-compressive defects in (a) banana and (b) coir raw fibers. 
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Figure 5. FTIR spectra of untreated and treated fibers. 
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Figure 6. SEM images of the surface morphology of untreated fibers: (a) banana fiber (BF/U), (b) coir fiber (CF/U), (c) BF/U magnified to 500×, (d) CF/U magnified to 500×, and their cross-sections: (e) BF/U and (f) CF/U. 
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Figure 7. SEM images of the surface morphologies of treated fibers: (a) banana fiber (BF/T), (b) BF/T magnified to 500×, (c) coir fiber (CF/T), (d) CF/T magnified to 500×, and their cross-sections: (e) BF/T and (f) CF/T. 
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Figure 8. (a,b) TGA and DTG curves of untreated (black) and treated (red) banana fibers and (c,d) TGA and DTG curves of untreated (black) and treated (red) coir fibers. 
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Figure 9. Load vs. displacement curves of systems: (a) BF/UPR, (b) BF/PLA, (c) CF/UPR, and (d) CF/PLA. 
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Table 1. Chemical composition of fibers [28,29].
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	Material
	Cellulose (%)
	Hemicellulose (%)
	Lignin (%)
	Other Substances (%)





	Banana fiber
	41.17
	11.51
	13.61
	33.71



	Coir fiber
	34.75
	5.27
	34.01
	25.97










 





Table 2. Nomenclature specimens for the pull-out test.
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Fiber Type

	
Surface Treatment

	
Matrix Type

	
Nomenclature






	
Banana

	
Treated

	
UPR

	
BF/UPR/T




	
PLA

	
BF/PLA/T




	
Untreated

	
UPR

	
BF/UPR/U




	
PLA

	
BF/PLA/U




	
Coir

	
Treated

	
UPR

	
CF/UPR/T




	
PLA

	
CF/PLA/T




	
Untreated

	
UPR

	
CF/UPR/U




	
PLA

	
CF/PLA/U











 





Table 3. Summary of ANOVA analysis of mechanical properties.
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Mechanical Properties

	
Factor Variable

	
DF

	
Adj SS

	
Adj Ms

	
F-Value

	
p-Value






	
Tensile Strength

	
Fiber type

	
1

	
165,460

	
165,460

	
14.57

	
0.0004 *




	
Surface treatment

	
1

	
21,414.1

	
21,414.1

	
1.89

	
0.1761




	
Young’s modulus

	
Fiber type

	
1

	
2062.62

	
2062.62

	
82.48

	
0.0000 *




	
Surface treatment

	
1

	
269.132

	
269.132

	
10.76

	
0.0019 *




	
Elongation at break

	
Fiber type

	
1

	
0.8736

	
0.8736

	
110.89

	
0.0000 *




	
Surface treatment

	
1

	
0.0037

	
0.0037

	
0.47

	
0.4951








* p-value < 0.05 = significant difference.













 





Table 4. Average interfacial shear strength (IFSS) values and percentages of broken fibers of pull-out specimens.
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	Specimen
	IFSS (MPa)
	%, Broke of Fiber
	Specimen





	BF/UPR/T
	--
	100
	BF/UPR/T



	BF/PLA/T
	--
	100
	BF/PLA/T



	BF/UPR/U
	0.64
	50
	BF/UPR/U



	BF/PLA/U
	1.26 (±0.155)
	0
	BF/PLA/U



	CF/UPR/T
	1.01 (±0.356)
	20
	CF/UPR/T



	CF/PLA/T
	0.75 (±0.281)
	50
	CF/PLA/T



	CF/UPR/U
	0.92 (±0.261)
	11
	CF/UPR/U



	CF/PLA/U
	0.92 (±0.236)
	0
	CF/PLA/U
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