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Abstract

:

Composite materials with natural fillers have been increasingly used as an alternative to synthetically produced materials. This trend is visible from a representation of polymeric composites with natural cellulose fibers in the automotive industry of the European Union. This trend is entirely logical, owing to a preference for renewable resources. The experimental program itself follows pronounced hypotheses and focuses on a description of the mechanical properties of untreated and alkali-treated natural vegetable fibers, coconut and abaca fibers. These fibers have great potential for use in composite materials. The results and discussion sections contribute to an introduction of an individual methodology for mechanical property assessment of cellulose fibers, and allows for a clear definition of an optimal process of alkalization dependent on the content of hemicellulose and lignin in vegetable fibers. The aim of this research was to investigate the influence of alkali treatment on the surface microstructure and tensile properties of coir and abaca fibers. These fibers were immersed into a 5% solution of NaOH at laboratory temperature for a time interval of 30 min, 1 h, 2 h, 3 h, 6 h, 12 h, 24 h, and 48 h, rinsed and dried. The fiber surface microstructures before and after the alkali treatment were evaluated by SEM (scanning electron microscopy). SEM analysis showed that the alkali treatment in the NaOH solution led to a gradual connective material removal from the fiber surface. The effect of the alkali is evident from the visible changes on the surface of the fibers.
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1. Introduction


The utilization of natural fibers has been prevalent in applications within composite materials, primarily in and the textile industry. Natural fibers can come from seeds, fruits (cotton, coconut, etc.), leaves (agave, pineapple, aloe, sisal, hemp, flax, etc.) and stems (bamboo, flax, hemp, jute, kenaf, etc.). Length and thickness are given namely by the type of plant, growing conditions, etc., as opposed to synthetic fibers. It follows that the dimensions of natural fibers cannot be directly influenced. In natural fibers, their specifics, such as the structure and anisotropy of their physical and mechanical properties, need to be taken into consideration [1,2].



The effectivity of various fiber treatments used for the optimization of composite systems’ interfacial interaction (e.g., alkali treatment) can be assessed by a comparison of the tensile strength value, before and after treatment. This approach, common in engineering, is valid to a certain extent even at very small dimensions, and thus it may also be applied to human-made fibers (glass, aramid, and carbon) as a reinforcement of composites [3,4,5].



The current tendency to increase a portion of products from renewable resources leads to an effort to substitute synthetic fibers with natural ones. As many authors mention, natural fibers have many advantages such as their low mass (density) and their price [3,6,7,8,9,10,11,12,13,14,15]. The mechanical properties of fibers influence the resultant quality of composites, making it necessary to determine and optimize these properties. However, a determination of tensile strength is a problem in natural vegetable fibers, since published values are highly scattered, and insufficient descriptions of the resultant mechanical characteristics of arising biocomposites makes their application difficult [6,8,9,16,17,18,19,20,21,22,23,24,25,26].



Authors state the following tensile strengths in abaca fiber bundles: 755–798 MPa [6], 850–1400 MPa [8], 755 ± 90 MPa [9], 400 MPa [20], 452 ± 34 MPa [22], 529–754 [24], 600 MPa [26], 813 ± 34 MPa [18], and 946 ± 300 MPa [19]. We can observe similar results in coir fiber bundles, where tensile strength values have been found as follows: 131–343 MPa [6], 220 MPa [8], 175 MPa [20], 95–118 MPa [21], 137 ± 11 MPa [22], 95–230 MPa [23], 105–175 MPa [25], 112–161 MPa [16], 118–143 MPa [16], 131–175 MPa [17], 186–343 MPa [16] and 175–220 MPa [27].



A comparison of the measurement results of different authors is difficult for three reasons. Setting a cross-section size of the sample for a calculation of tensile strength is a problem. Figure 1 shows a bundle of natural fibers used as a test sample, whose cross-section is of an irregular shape and contains pores.



The procedure of the cross-section area calculation is not standardized. Some publications do not even mention how the cross-section area was determined [12,28,29,30]. In most cases, a fully circular cross-section of a bundle calculated from a transverse dimension is supposed [15,16,18,19,31,32]. Munawar [22] determined the transverse dimension using five values measured while rotating the sample around a longitudinal axis by 36°. Rao [13] used four values after 45°. On the contrary, Silva [14] regarded a circular cross-section as unsuitable and determined the cross-section area by means of scanning electron microscopy (SEM). Nam [25], Yan [23], and Cai [9,33] considered a full elliptical cross-section, whose area was calculated from two measured perpendicular dimensions. Nitta [34] replaced a real cross-section area by a hexagon and calculated the area from three dimensions by rotating the sample by 60°. Sghaier [35] and Nechwatal [36] determined the cross-section area by a proportion of the fiber volume and the length. Haag [37] proved that the calculated tensile strength value predominantly depends on the method and accuracy of cross-section area determination. The strength of the same fiber bundle often differs. Results found by different methods cannot be compared. Bourmaud [6] tested four different methods of sample cross-section determination and recommended using other methods of cross-sectional area calculation before and after an alkali treatment (a change in the cross-section shape occurs). The cross-section area can be found precisely thanks to SEM technology, but the device is expensive, and the procedure is lengthy at higher amounts of samples.



A second complication is caused by the fact that the tensile strength is not constant, even with the same type of natural fiber (the same “material”), but this depends on the transverse dimension of the fiber. This situation is caused by the fact that a full cross-section of the fiber is usually assumed at the tensile strength calculation. Lumens are not considered. Many authors, e.g., Valášek [38,39,40], have dealt with their descriptions, e.g., by porosimetry. The cross-section is porous, and fibers of different thicknesses have varying levels of porosity. A thicker fiber is of a smaller value of the portion “cell walls/lumens”, the fiber is of lower density, and the cross sections contain a lower percentage of material [22,41]. In contrast with thinner fibers, a thicker fiber is of lower strength [10,11,16,18,23]. Natural fibers of a certain thickness can have different levels of porosity or different cross-section shapes. The tensile strength is therefore difficult to use for an evaluation of natural porous fibers treatment effect. The difference in tensile strength values does not have to be caused by the fiber treatment only. It can be a consequence of various cross-section dimensions of untreated fibers and fibers chosen for treatments [18]. Various groups of samples can be of different cross sections and of different strengths, even before treatments start. It is not always possible to use a number of samples such that the difference in a fiber’s cross sections are statistically insignificant.



In addition to inconsistent cross-section dimension determination procedures and the dependence of the resultant tensile strength on the tested fibers’ dimensions, the influence of locality conditions under which a plant is grown (weather, soil), the procedures used to obtain fibers from a plant, and the maturity degrees, among others, represent the third cause of the wide distribution of published values regarding the same type of fiber [8,10,11,16,42,43].



One existing approach to determining fibers’ mechanical properties which minimizes the first two mentioned problems is more suitable, especially for natural fibers with small, irregular, and porous cross sections [44]. It is commonly used in the textile industry when evaluating yarn strength [45]. The breaking tenacity f (cN/tex) is calculated instead of the tensile strength Rm (MPa).



While it is a common method in the textile industry, when evaluating the mechanical properties (in engineering) of natural fibers determined as a reinforcement of composites, breaking tenacity is only rarely considered. For example, Negawo [46] compared untreated and alkali-treated Ensete stem fibers by means of breaking tenacity, Yilmaz [47] compared the corn husk fibers, Mylsamy [7] compared agave fibers, Abdel-Halim [48] compared linen fibers, Boopathi [49] compared borassus fruit fibers, Ray [50] and Vigneswaran [51] studied jute fibers and Reddy [52] studied cotton.



A low adhesion to a polymeric matrix prevents a wider application of natural fibers in composites. It does not come to a load transfer from the matrix to the fibers, and relatively good mechanical properties of fibers are not fully utilized [10,11,53]. Various physical and chemical treatments of fibers have been performed in order to improve adhesion. For example, George [42] and Bledzki [3] presented a detailed overview of the methods used. Alkalization, i.e., the soaking of fibers in a water solution of NaOH, is a common chemical treatment. It has been historically the oldest method used for improving the adhesion of colors to cotton fibers, and since the middle of the 19th century has been known as mercerization [7].



From a chemical point of view, natural vegetable fibers above all consist of cellulose, hemicellulose, and lignin. The rest is pectin, wax, and other surface impurities. Various types of fibers are comprised of various ratios of these components [10,27]. Cellulose molecular chains mutually connected by hydrogen bonds are in the form of microfibers [54], which are bound to each other by hemicellulose and lignin, and create elementary fibers and bundles [11,25]. The mechanical properties of natural fibers depend on the ratio size of individual components [3,6,10]. Free hydroxyl groups of cellulose OH- cause an undesirable hydrophilic nature in fibers [10,20,43]. Owing to a different solubility of individual fiber components in an NaOH solution and an ability of NaOH to react with a hydroxyl group, the presented properties can be changed by the alkalization. Cellulose is almost insoluble, while on the contrary, hemicellulose dissolves easily. Lignin is soluble only to a limited extent, a higher concentration and temperature of the NaOH solution helps to improve solubility [10,20].



A double effect is reached by a dissolution of the surface lignin. The fiber surface is roughened, and a reaction of exposed cellulose hydroxyl groups is simultaneously enabled to a greater extent [11,27,31]. Owing to this crosslinking of cellulose, molecular chains and the microfiber strength are increased. Hydrogen atoms in the free hydroxyl groups are replaced by sodium atoms [20]. Higher adhesion between matrices and fibers is reached by this. A reduction of the fiber cross-section (shrinkage) is observed simultaneously due to an extinction of cavities [9,33,55], and thus the effective contact surface of the fibers in composites is increased [56]. The often-published increase in the fiber’s theoretical tensile strength owing to alkalization [9,12,25,28,32,33,49,57] can be, in accordance with the definition, partly caused by the reduction of the cross-section and by the reduction of the porosity without a loss of bearing cellulose.



If enough lignin is dissolved, the bundles are disintegrated; on the contrary, contact will worsen due to a limited run-in of the matrix among the individual fibers [33]. An excessive action of NaOH may result in a deterioration of mechanical properties, not only of composites but also of individual fibers [11,12,19,27,30,35,43,48].



Based on the above, it is obvious that it is necessary to determine a suitable concentration, eventually a temperature, and an optimal time for fiber immersion into an NaOH solution, which can be different for each fiber type. Data of various authors regarding suitable parameters differ substantially. Symington [19] summarized data that have been found. Alkali treatment should not lead to an essential deterioration of fiber mechanical properties. It was found that, by studying references, a certain correlation between the lignin content in natural fibers and optimal alkali parameters exists. More lignin causes a longer action time, and a higher concentration or temperature of the NaOH solution is eventually necessary.



The experimental part of this paper determines the mechanical properties of untreated and alkali-treated natural vegetable fibers. The alkalization of cellulose fibers was chosen for the experimental program because it is a simple and verified method of chemical treatment.



Measured results were evaluated by calculation of the tensile strength tenacity, which was analyzed against the literary background and allowed for a definition of an optimal methodologic procedure for determining the mechanical characteristics of cellulose fibers.



The aim of this research was to investigate the influence of alkali treatment on the surface microstructure and tensile properties of coir and abaca fibers. The paper presents results focused on the relation between the surface microstructure of fibers and the tensile properties depending on different time intervals of 5% NaOH solution treatment. The results of the SEM analysis of fiber surfaces, comparing the mechanical properties of untreated fibers (marked as 0 h treatment) and alkali-treated fibers by immersing them into a 5% NaOH solution at laboratory temperature for different time intervals from 0.5 h, support their utilization for the surface modification of natural coir and abaca fibers as composite materials.



Coconut fibers are obtained from coconut bark growing on palm trees. Coconut fibers are natural vegetable fibers with the highest content of lignin and the lowest content of hemicellulose. Rout [53] states that coconut fiber properties cannot be compared with other types of fibers owing to their composition. Abaca fibers or Manila cannabis (occurring mainly in the Philippines) are obtained from leaves of the plant Musa textiles. Abaca fibers, by contrast, have a relatively low content of lignin.



The experiment results have an unambiguous influence on defining a united optimal methodology for determining the mechanical properties of fibers that are presently used as filler in modern composite materials based on renewable sources.




2. Materials and Methods


Fibers with different cellulose, hemicellulose, and lignin contents were chosen for the experimental program due to an effort to describe the differences in behavior in alkali treatment. Brown coir fibers with a cellulose content of 32–47% and a lignin content of 40–46% and abaca fibers with a cellulose content of 56–68% and a lignin content of 9–15% were tested [58]. Fibers were obtained from the processing of plants in the Philippines. Only fibers with a certain interval of means, i.e., from 180 to 280 μm, were chosen. Fibers with very low and high mean values were eliminated from the measurements to eliminate their influence on the measured values. The mean values were determined on the stereoscopic microscope Zeiss Stemi 508 with an Axiocam and evaluated by software. These values were not entered into calculations.



Alkalization


Fibers were weighed with an accuracy of 0.1 mg on Kern APS 120–4 scales (accurate measurements were used, and since values may be affected by the moisture content of the fibers caused by the humidity of the laboratory environment, fibers were dried before measurement). Their lengths were also measured. The linear density of the fibers in mg/m (tex according to the textile industry) was calculated from the weight and height. This measurement was performed before and after treatment in a 5% solution of NaOH.



Fibers were individually immersed into the 5% solution of NaOH at a laboratory temperature at the time intervals 30 min, 1 h, 2 h, 3 h, 6 h, 12 h, 24 h, and 48 h. Each group was created from 10 fibers. Fibers exposed to the 5% solution of NaOH were subsequently transferred to a beaker with distilled water for rinsing. Fibers were dried at the laboratory temperature. Subsequently, fibers were glued with gel instant adhesive to cardboard, according to the standard EN ISO 5079:1997 [59]. The fiber length for the test was 10 mm. The measurement was performed after 24 h on the universal testing machine Labortech, type MP Test 5.050, scanner KAF-S (0–5000 N), with a load cell in a measuring range from 0 to 50 N. The fiber with the cardboard was clamped between rubber jaws at a distance of 10 mm, and the cardboard was cut. The tensile test speed was 1 mm/min. The course of the force depending on the crossbar position, the force itself, and the elongation at the fiber rupture were recorded. The cardboard pieces with the fiber were placed into marked bags after the test. From the force course depending on the crossbar position, the dependence of the tension on the elongation was calculated, and Young’s modulus was determined as the slope of the initial straight line. The tensile strength and the elongation at break were calculated from the maximum force.



The transverse dimension of individual fibers was measured using the stereoscopic microscope Zeiss Stemi 508. Three measurements were made on both ends of the fiber near the rupture location. The average value from six measured transverse dimensions was used for the calculation of tensile strength. A fully circular cross-section of the fiber was assumed and used as the standard dimension for the calculated characteristics.



The evaluation of measured data was performed by means of the program STATISTICA, by an ANOVA F-test, i.e., the hypothesis H0 presents a statistically insignificant difference among the measured data (p > 0.05), and the hypothesis H1 presents a refusal of the hypothesis H0, i.e., there is a statistically significant difference among the measured data (p < 0.05) [60].





3. Results and Discussion


This research focused on the evaluation of mechanical properties and the structure of alkali-treated coir and abaca fibers in a 5% solution of NaOH. The alkali treatment of the fibers leads to a gradual removal of binding materials [9].



Natural fibers show poor compatibility with polymeric matrices and a relatively high absorption of the humidity. These properties of natural fibers influence the resultant properties of the composites [27,61]. In order to minimize these undesirable properties and to improve the adhesion, it is necessary to perform the chemical treatment of natural fibers [61].



Results of the tensile strength of the tested fibers and the influence of the alkali treatment time are compared in Figure 2. Results of the experiments show (Figure 2, Figure 3, Figure 4 and Figure 5) the change in the mechanical properties: the tensile strength, breaking force (the force measured during the destruction of the test sample), and Young’s modulus of the abaca fibers treated at different time intervals in a 5% solution of NaOH. The tensile strength of the abaca fibers was increasing in the interval from 0 to 6 h up of 74%. Subsequently, a gradual decrease in the tensile strength occurred. A similar course of experiments was also observed in terms of Young’s modulus, i.e., it was increasing from 0 to 6 h up of 90%. Subsequently, a gradual decrease in Young’s modulus occurred.



Negawo [46] determined the optimal time of abaca treating in a 5% solution of NaOH to be 2 h. A similar result is evident from results presented in Figure 2.



Experiment results also show (Figure 2, Figure 3, Figure 4 and Figure 5) mild changes in the mechanical properties: the tensile strength, breaking force, and Young’s modulus of the coir fibers treated in a 5% solution of NaOH for the interval from 0 to 48 h. A significant change in the mechanical properties did not occur at the tested coir fibers in the tested time interval from 30 min to 48 h.



The results of statistical testing, i.e., the values of the parameter p, are shown in Table 1.



One difference among the results of mechanical tests was found in the influence of the time interval in the 5% solution of NaOH. The differences in treatments of coir and abaca fibers were caused by different concentrations of lignin. The abaca fibers contained a lower percentage of lignin (around 9%), while the coir fibers contained 40–46% [58]. The dissolution of the surface lignin and the crosslinking of cellulose molecular chains result in an increase in the microfiber strength [11,27,62]. However, a substantial amount of lignin is dissolved after a long period of time. This state can be determined by the disintegration of elementary fibers (fibril bundles) leading to the deterioration of mechanical properties [11,12,19,27,30,33,35,43,48]. This state manifested in abaca fibers after 12 h in the 5% solution of NaOH. A lower content of lignin also increases the speed of its solubility. This undesirable state was proved by SEM images.



Monteiro [63] states that the alkali treatment of the coir does not work even after a long period of time owing to the improvement in the mechanical properties. However, Kabir [43] states that the fiber’s mechanical properties depend significantly on the maturity degree. Therefore, the results of mechanical tests can differ among different authors. The tensile strength of the abaca fibers differed in this experiment, i.e., it was smaller than is presented in the available literature [6,8,9,18,19,20,22,24,26]. This can be caused by the fact that fibers with a higher cross-section were chosen for the experiment. A smaller cross-section of the fibers would increase the strength. The tensile strength results of the coir fibers are in a good correlation with the published results of other authors [6,8,16,20,21,22,23,25,27].



Although the alkali treatment does not improve the mechanical properties of the coir, it improves the interfacial interface between a matrix and a composite [33,64,65]. The properties are improved after a longer period of time in the coir, owing to a high content of insoluble lignin [25,28]. Biological fibers are suitable for application in composites due to their strength [66].



Some researchers such as Sari [57], Yilmaz [47], Negawo [46], Mylsamy [7], and Richter [26] have used tensile strength and breaking tenacity for the evaluation of fiber strength.



It is clear from Figure 3 that the force values did not change much owing to the alkali treatment time. A considerable change occurred in the abaca fibers only in the 5% solution of NaOH acting for 12 h.



The results of the elongation at break are evident in Figure 5. The elongation at break was considerably lower in the tested abaca fibers than in the coir fibers. The elongation at break of the abaca fibers was in the interval 3.25–4.26% and was decreased by the alkali treatment. On the contrary, the elongation at break of the coir was in the interval 13.3–28.5% and was considerably increased by the alkali treatment. The results are in good correlation with the results of Militký [58], who stated the elongation at break of the coir was 15–40% and that of the abaca fibers was 2–3%. The elongation at break of the coir is highest in cellulose fibers [58]. The relatively high elongation at break of the coir was caused by a high microfibrilar angle. This is a tilt of the cellulose microfiber from the fiber axis. For destruction, it is necessary to straighten the cellulose microfiber to the fiber axis.



The alkali treatment leads to a removal of hydrogen bindings in the crosslinked networks of the cellulose and lignin structures [11,29], and the fibers become “soft” by this [67], which leads to a high elongation and a decrease in Young’s modulus [29].



The research results of the abaca fibers proved statistically significant differences in the tested parameters of the mechanical tests (tensile strength, breaking force, elongation at break, and Young’s modulus) depending on the alkali treatment time, i.e., the chemical action of the 5% solution of NaOH on the mechanical properties of the abaca fibers occurred in the interval from 0 to 12 h.



The statistically significant difference in the tested mechanical parameters (tensile strength, breaking force, and Young’s modulus) was not proved with the tested coir fibers owing to the alkali treatment time, i.e., the chemical action of the 5% solution of NaOH on the mechanical properties of the coir fibers occurred in the interval from 0 to 48 h, except for the elongation at break, where a statistically significant difference depending on the alkali treatment time was proved.



The surfaces of the abaca fiber and the coir without and with alkali treatment in the 5% solution of NaOH at different time intervals are evident from Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10. The figures show the microstructure of the fiber surface where changes are clearly observable. The surface of the untreated natural fibers represents undesirable globular protrusions at irregular intervals [27]. The alkali treatment of the natural fibers seems to be effective at removing undesirable residues from the surface, as is evident from SEM research [27]. This conclusion was also proved in a study of chemical composition [27].



The alkali treatment removes surface binding materials from the fiber bundles. The surface lignin was dissolved by the NaOH solution acting distinctly for a double effect, shown in Figure 7, Figure 8, Figure 9 and Figure 10. Natural fiber processing (banana fibers) by means of NaOH effectively removed non-cellulose materials and other impurities from fiber surfaces, and the surface was smooth [68]. The banana fiber surface had more perceptible pores than the fibers treated in NaOH [68]. The SEM analysis of the natural fibers (banana) revealed that the surface impurities were removed during NaOH treatment [68]. It was also proved that the surface area of NaOH-treated banana fibers was improved, which can lead to better interfacial properties of fibers [68].



The first effect is a fiber surface roughening and a subsequent fiber bundle disintegration.



Similar conclusions were proved in a paper entitled “Characterization of cellulose fibers in Thespesia populnea barks: Influence of alkali treatment”, where the authors state that alkali treatment causes a rougher surface and helps to disintegrate the fiber surface [69]. Senthamaraikannan and Kathiresan [70] also addressed the subsequent surface roughness of treated fibers. The surface roughness parameters Ra were influenced by the alkali effect on hemicellulose, lignin and other impurity removals [70].



The significantly faster dissolution of the surface lignin and the connected disintegration of the fiber bundles occurred at the abaca fibers (Figure 7, Figure 8 and Figure 9A,B). Cai [33] pointed out this negative state in his study. One possible explanation is, as Kalia [11] states, that the binding materials, such as pectin, lignin, and hemicellulose, were removed from the abaca fibers during the alkali treatment, which led to the fibrillation and disintegration of the fiber bundles into the elementary fibers.



Authors have found that the surface roughness of natural fibers after the alkali treatment increases with the disintegration of a protective hemicellulose and lignin structure and a waxy structure during alkali treatment [70,71]. They expected that this would lead to an increase in the contact between the real surface area and the environment, and that this would improve the adhesive interface between fibers and the polymer in the composites [70,71].



The second effect is the dissolution of the surface lignin.



The reaction of the uncovered hydroxyl groups of the cellulose is simultaneously enabled to a greater extent at the fiber surface roughening [11,27,62]. The crosslinking of the cellulose molecular chains increases owing to this, which increases the microfiber strength. It is important to determine the optimal time, which differs depending on the fiber. For example, shorter times of alkali treatment are necessary for abaca fibers, as opposed to coir. The reason for this is that the excessive action of NaOH may result in the deterioration of the mechanical properties of individual fibers [11,12,19,27,30,35,43,48]. It is clear in Figure 10A,C that the coir was twisted in the longitudinal direction after 24 h and 48 h in the 5% solution of NaOH, but the fibers bundles were not considerably disintegrated. There is a presumption for the fiber utilization in polymer composite materials that the fiber bundle should be shrunk and that the surface should be roughened but not divided into individual fibers.



The influence of the fiber transverse dimension of the tested coir and abaca fibers on the tensile strength is shown in Figure 11 and Figure 12. It is obvious that the tensile strength of the fibers depends on the dimension. The tensile strength decreases as the transverse dimension of the fibers increases. This trend is evident in the results of the abaca fiber’s tensile strength (Figure 12). Generally, determining the tensile strength of vegetable fibers is problematic and is connected with a high variance of results. The dependence of the resultant tensile strength on the fiber transverse dimension is one of the significant factors shown in the results of the tested fibers presented in Figure 11 and Figure 12. Mizera et al. [72] found in Ensete fiber testing that fibers showed different mechanical characteristics in different places due to the change in the fiber cross-section. The trends showed that the natural fibers approach the behavior of synthetic fibers in the observed characteristics [72]. The trend is therefore the same in terms of physical dependencies [72].



Table 2 shows the trend equations of the influence of tensile strength on the fiber transverse dimension of the tested coir and abaca fibers.



Figure 13 and Figure 14 state the influence of the fiber transverse dimension on the calculated (assuming the circular cross-section) and measured linear density of the tested coir and abaca fibers. It is obvious that the theoretical (theoretically calculated) linear density is quadratically increasing (assuming a constant density or a constant porosity). The measured values of the linear density broken down into untreated fibers and fibers treated for a certain time in the 5% solution of NaOH follow a linear trend. The porosity increases as the fiber transverse dimension increases and the mass of the fiber bearing material decreases.



A different porosity of individual tested fibers is also obvious, i.e., a high scatter of values of measured masses is also in a similar transverse dimension. It is not possible to speak generally about the porosity of the specific fiber type.



Regarding abaca fibers, the results are presented until the time when the optimal treatment time in the 5% NaOH solution is reached, i.e., until 2 h, determined from information from the author Negawo [46].



It is possible that the porosity of larger fibers is increasing, i.e., the measured values of the linear density differ more from the theoretical ones (theoretically calculated). This fact results in larger errors in the tension value calculation regarding the circular cross-section.



This is a reason why the tensile strength of the fibers decreases as the fiber transverse dimension increases, i.e., there is a smaller ratio of the cell walls in the fiber cross-section.



Table 3 shows the trend equations of the influence of the fiber transverse dimension on the calculated (assuming a circular cross-section) and the measured linear density of the tested coir and abaca fibers.



A different dependence of the linear density of the coir and abaca fibers on the time of NaOH action is shown in Figure 15. An immediate fall in the linear density value occurred with the abaca fibers. This quick fall is caused by a high portion of hemicellulose. With the coir fibers, the fall occurs after a longer time (after 12 h). The reason is that coir has a high amount of poorly soluble lignin and a minimum amount of hemicellulose. For this reason, a longer time of action is necessary at the fiber alkali treatment. This result is also evident in SEM images that define the details of the surface and the microstructure.




4. Conclusions


The research results herein are focused on the evaluation possibilities of the mechanical properties of two significant biological cellulose fibers, namely coir and abaca fibers, which were alkali-treated in a 5% solution of NaOH. Before the utilization of specific biological cellulose-based fibers, it has always been necessary to measure their mechanical properties and to optimize alkali treatment parameters, namely the time of treatment and the NaOH concentration. It is not possible, for many stated reasons, to rely on published results, i.e., the measurements of other authors, although they have measured fibers of the same plant type. The results found in this study can be summarized as follows:




	
Scanning Electron Microscopy (SEM) analysis defined the details of the surface and microstructure of coir and abaca fibers and showed that they do not have the same course of surface alkali treatment. Different time intervals had to be used to reach the optimal conditions of treatment, i.e., the optimal tensile properties. The alkali treatment had two effects: It roughened the fiber surface and gradually disintegrated the fiber bounds. These effects were considerably faster with abaca fibers.



	
The tensile properties of the abaca fibers changed owing to the alkali treatment. The Young’s modulus increased to 90%, and the tensile strength increased to 74% compared with the abaca fibers that were not alkali-treated. The results showed only mild changes in the Young’s modulus and the tensile strength of the coir fibers. The excessive, long-term action of NaOH solution alkali treatment caused a deterioration in the mechanical properties of individual fibers.



	
The tensile strength decreased as the transverse dimension of the fibers increased, namely in the abaca fibers. The porosity of the tested fibers rose as the transverse dimension of fibers increased, and the mass of the material bearing the fiber diminished simultaneously.












Author Contributions


Conceptualization, V.K., P.V., and M.M.; data curation, V.Š., M.M., and P.V.; formal analysis, M.M., V.Š., V.K., P.V., R.D., and A.R.; investigation, V.Š., V.K., M.M., P.V., and A.R.; methodology, V.Š., M.M., P.V., and A.R.; project administration, P.V., V.K., M.M., and A.R.; resources, V.Š., M.M., P.V., and M.H.; supervision, P.V., M.M., R.D., and A.R.; validation, V.Š., V.K., M.M., P.V., and A.R.; visualization, V.K., M.M., and M.H.; roles/writing—original draft, M.M. and V.Š.; funding acquisition, P.V., M.M., and V.Š.; software, V.K., M.M., V.Š., and M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by an internal grant agency of the Faculty of Engineering no. 2020:31140/1312/3107 “Research of mechanical properties of bio-composite with geometrical structured natural fibers”, Czech University of Life Sciences, Prague.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not available.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Müller, M.; Valášek, P.; Kolář, V.; Šleger, V.; Kagan Gürdil, G.A.; Hromasová, M.; Hloch, S.; Moravec, J.; Pexa, M. Material utilization of cotton post-harvest line residues in polymeric composites. Polymers 2019, 11, 1106. [Google Scholar] [CrossRef]

	



Müller, M.; Valášek, P.; Ruggiero, A. Strength characteristics of untreated short-fibre composites from the plant ensete ventricosum. BioResources 2017, 12, 255–269. [Google Scholar] [CrossRef]

	



Bledzki, A.K.; Gassan, J. Composites reinforced with cellulose based fibres. Prog. Polym. Sci. 1999, 24, 221–274. [Google Scholar] [CrossRef]

	



Agarwal, B.; Broutman, L.; Chandrashekhara, K. Analysis and Performance of Fiber Composites, 3rd ed.; Wiley: New Delhi, India, 2006; ISBN 978-81-265-3636-8. [Google Scholar]

	



Wallenberger, F.T.; Bingham, P.A. Fiberglass and Glass Technology: Energy-Friendly Compositions and Applications; Springer: New York, NY, USA, 2010; ISBN 9781441907356. [Google Scholar]

	



Bourmaud, A.; Beaugrand, J.; Shah, D.U.; Placet, V.; Baley, C. Towards the design of high-performance plant fibre composites. Prog. Mater. Sci. 2018, 97, 347–408. [Google Scholar] [CrossRef]

	



Mylsamy, K.; Rajendran, I. Investigation on physio-chemical and mechanical properties of raw and alkali-treated Agave americana fiber. J. Reinf. Plast. Compos. 2010, 29, 2925–2935. [Google Scholar] [CrossRef]

	



Franck, R. Bast and Other Plant Fibres; Woodhead Publishing: Cambridge, UK, 2005. [Google Scholar]

	



Cai, M.; Takagi, H.; Nakagaito, A.N.; Katoh, M.; Ueki, T.; Waterhouse, G.I.N.; Li, Y. Influence of alkali treatment on internal microstructure and tensile properties of abaca fibers. Ind. Crops Prod. 2015, 65, 27–35. [Google Scholar] [CrossRef]

	



Fuqua, M.A.; Huo, S.; Ulven, C.A. Natural fiber reinforced composites. Polym. Rev. 2012, 52, 259–320. [Google Scholar] [CrossRef]

	



Kalia, S.; Kaith, B.S.; Kaur, I. Pretreatments of natural fibers and their application as reinforcing material in polymer composites—A review. Polym. Eng. Sci. 2009, 49, 1253–1272. [Google Scholar] [CrossRef]

	



Edeerozey, A.M.M.; Akil, H.M.; Azhar, A.B.; Ariffin, M.I.Z. Chemical modification of kenaf fibers. Mater. Lett. 2007, 61, 2023–2025. [Google Scholar] [CrossRef]

	



Rao, M.M.; Rao, K.M. Extraction and tensile properties of natural fibers: Vakka, date and bamboo. Compos. Struct. 2007, 77, 288–295. [Google Scholar] [CrossRef]

	



De Andrade Silva, F.; Chawla, N.; de Toledo Filho, R.D. Tensile behavior of high performance natural (sisal) fibers. Compos. Sci. Technol. 2008, 68, 3438–3443. [Google Scholar] [CrossRef]

	



Herrera-Franco, P.; Valadez, A. A study of the mechanical properties of short natural-fiber reinforced composites. Compos. Part B Eng. 2005, 36, 597–608. [Google Scholar] [CrossRef]

	



Mathura, N.; Cree, D. Characterization and mechanical property of Trinidad coir fibers. J. Appl. Polym. Sci. 2016, 133, 43692. [Google Scholar] [CrossRef]

	



Satyanarayana, K.G.; Pillai, C.K.S.; Sukumaran, K.; Pillai, S.G.K.; Rohatgi, P.K.; Vijayan, K. Structure property studies of fibres from various parts of the coconut tree. J. Mater. Sci. 1982, 17, 2453–2462. [Google Scholar] [CrossRef]

	



Shibata, M.; Ozawa, K.; Teramoto, N.; Yosomiya, R.; Takeishi, H. Biocomposites made from short abaca fiber and biodegradable polyesters. Macromol. Mater. Eng. 2003, 288, 35–43. [Google Scholar] [CrossRef]

	



Symington, M.C.; Banks, W.M.; West, O.D.; Pethrick, R.A. Tensile testing of cellulose based natural fibers for structural composite applications. J. Compos. Mater. 2009, 43, 1083–1108. [Google Scholar] [CrossRef]

	



John, M.J.; Anandjiwala, R.D. Recent developments in chemical modification and characterization of natural fiber-reinforced composites. Polym. Compos. 2008, 29, 187–207. [Google Scholar] [CrossRef]

	



Savastano, H.; Agopyan, V.; Nolasco, A.M.; Pimentel, L. Plant fibre reinforced cement components for roofing. Constr. Build. Mater. 1999, 13, 433–438. [Google Scholar] [CrossRef]

	



Munawar, S.S.; Umemura, K.; Kawai, S. Characterization of the morphological, physical, and mechanical properties of seven nonwood plant fiber bundles. J. Wood Sci. 2007, 53, 108–113. [Google Scholar] [CrossRef]

	



Yan, L.; Chouw, N.; Huang, L.; Kasal, B. Effect of alkali treatment on microstructure and mechanical properties of coir fibres, coir fibre reinforced-polymer composites and reinforced-cementitious composites. Constr. Build. Mater. 2016, 112, 168–182. [Google Scholar] [CrossRef]

	



Kelly, A. Concise Encyclopedia of Composite Materials; Elsevier: Amsterdam, The Netherlands, 1994; ISBN 978-0-08-042300-5. [Google Scholar]

	



Nam, T.H.; Ogihara, S.; Tung, N.H.; Kobayashi, S. Effect of alkali treatment on interfacial and mechanical properties of coir fiber reinforced poly(butylene succinate) biodegradable composites. Compos. Part B Eng. 2011, 42, 1648–1656. [Google Scholar] [CrossRef]

	



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]

	



Li, X.; Tabil, L.G.; Panigrahi, S. Chemical treatments of natural fiber for use in natural fiber-reinforced composites: A review. J. Polym. Environ. 2007, 15, 25–33. [Google Scholar] [CrossRef]

	



Prasad, S.V.; Pavithran, C.; Rohatgi, P.K. Alkali treatment of coir fibres for coir-polyester composites. J. Mater. Sci. 1983, 18, 1443–1454. [Google Scholar] [CrossRef]

	



Rahman, M.M.; Khan, M.A. Surface treatment of coir (Cocos nucifera) fibers and its influence on the fibers’ physico-mechanical properties. Compos. Sci. Technol. 2007, 67, 2369–2376. [Google Scholar] [CrossRef]

	



Sreekala, M.S.; Kumaran, M.G.; Joseph, S.; Jacob, M.; Thomas, S. Oil palm fibre reinforced phenol formaldehyde composites: Influence of fibre surface modifications on the mechanical performance. Appl. Compos. Mater. 2000, 7, 295–329. [Google Scholar] [CrossRef]

	



Thomas, S.; Woh, Y.K.; Wang, R.; Goh, K.L. Probing the hydrophilicity of coir fibres: Analysis of the mechanical properties of single coir fibres. Procedia Eng. 2017, 200, 206–212. [Google Scholar] [CrossRef]

	



Alawar, A.; Hamed, A.M.; Al-Kaabi, K. Characterization of treated date palm tree fiber as composite reinforcement. Compos. Part B Eng. 2009, 40, 601–606. [Google Scholar] [CrossRef]

	



Cai, M.; Takagi, H.; Nakagaito, A.N.; Li, Y.; Waterhouse, G.I.N. Effect of alkali treatment on interfacial bonding in abaca fiber-reinforced composites. Compos. Part A Appl. Sci. Manuf. 2016, 90, 589–597. [Google Scholar] [CrossRef]

	



Nitta, Y.; Goda, K.; Noda, J.; Lee, W., II. Cross-sectional area evaluation and tensile properties of alkali-treated kenaf fibres. Compos. Part A Appl. Sci. Manuf. 2013, 49, 132–138. [Google Scholar] [CrossRef]

	



Sghaier, S.; Zbidi, F.; Zidi, M. Characterization of Doum Palm Fibers After Chemical Treatment. Text. Res. J. 2009, 79, 1108–1114. [Google Scholar] [CrossRef]

	



Nechwatal, A.; Mieck, K.P.; Reußmann, T. Developments in the characterization of natural fibre properties and in the use of natural fibres for composites. Compos. Sci. Technol. 2003, 63, 1273–1279. [Google Scholar] [CrossRef]

	



Haag, K.; Müssig, J. Scatter in tensile properties of flax fibre bundles: Influence of determination and calculation of the cross-sectional area. J. Mater. Sci. 2016, 51, 7907–7917. [Google Scholar] [CrossRef]

	



Valášek, P.; D’Amato, R.; Müller, M.; Ruggiero, A. Mechanical properties and abrasive wear of white/brown coir epoxy composites. Compos. Part B Eng. 2018, 146, 88–97. [Google Scholar] [CrossRef]

	



Valášek, P.; Ruggiero, A.; Müller, M. Experimental description of strength and tribological characteristic of EFB oil palm fibres/epoxy composites with technologically undemanding preparation. Compos. Part B Eng. 2017, 122, 79–88. [Google Scholar] [CrossRef]

	



Valášek, P.; Müller, M.; Šleger, V. Influence of plasma treatment on mechanical properties of cellulose-based fibres and their interfacial interaction in composite systems. BioResources 2017, 12, 5449–5461. [Google Scholar] [CrossRef]

	



Monteiro, S.N.; Margem, F.M.; Guimarães Santafé Júnior, H.P.; de Souza Martins, L.B.; Oliveira, M.P. Correlation between the diameter and the density of coir fiber using the weibull statistic methodology. Mater. Sci. Forum 2014, 775–776, 266–271. [Google Scholar] [CrossRef]

	



George, J.; Sreekala, M.S.; Thomas, S. A review on interface modification and characterization of natural fiber reinforced plastic composites. Polym. Eng. Sci. 2001, 41, 1471–1485. [Google Scholar] [CrossRef]

	



Kabir, M.M.; Wang, H.; Lau, K.T.; Cardona, F. Chemical treatments on plant-based natural fibre reinforced polymer composites: An overview. Compos. Part B Eng. 2012, 43, 2883–2892. [Google Scholar] [CrossRef]

	



Bunsell, A.R. Handbook of Tensile Properties of Textile and Technical Fibres; Elsevier Science & Technology: Kent, UK, 2009; ISBN 9781845696801. [Google Scholar]

	



Morton, W.E.; Hearle, J.W.S. Physical Properties of Textile Fibres, 4th ed.; Woodhead Publishing: Cambridge, UK, 2008; ISBN 978-1-84569-220-9. [Google Scholar]

	



Negawo, T.A.; Polat, Y.; Buyuknalcaci, F.N.; Kilic, A.; Saba, N.; Jawaid, M. Mechanical, morphological, structural and dynamic mechanical properties of alkali treated Ensete stem fibers reinforced unsaturated polyester composites. Compos. Struct. 2019, 207, 589–597. [Google Scholar] [CrossRef]

	



Yilmaz, N.D. Effect of chemical extraction parameters on corn husk fibres characteristics. Indian J. Fibre Text. Res. 2013, 38, 29–34. [Google Scholar]

	



Abdel-Halim, E.S.; El-Rafie, M.H.; Kohler, R. Surface characterization of differently pretreated flax fibers and their application in fiber-reinforced composites. Polym. Plast. Technol. Eng. 2008, 47, 58–65. [Google Scholar] [CrossRef]

	



Boopathi, L.; Sampath, P.S.; Mylsamy, K. Investigation of physical, chemical and mechanical properties of raw and alkali treated Borassus fruit fiber. Compos. Part B Eng. 2012, 43, 3044–3052. [Google Scholar] [CrossRef]

	



Ray, D.; Sarkar, B.K.; Rana, A.K.; Bose, N.R. Effect of alkali treated jute fibres on composite properties. Bull. Mater. Sci. 2001, 24, 129–135. [Google Scholar] [CrossRef]

	



Vigneswaran, C.; Jayapriya, J. Effect on physical characteristics of jute fibres with cellulase and specific mixed enzyme systems. J. Text. Inst. 2010, 101, 506–513. [Google Scholar] [CrossRef]

	



Reddy, N.; Yang, Y. Properties and potential applications of natural cellulose fibers from the bark of cotton stalks. Bioresour. Technol. 2009, 100, 3563–3569. [Google Scholar] [CrossRef]

	



Rout, J.; Misra, M.; Tripathy, S.S.; Nayak, S.K.; Mohanty, A.K. The influence of fibre treatment of the performance of coir-polyester composites. Compos. Sci. Technol. 2001, 61, 1303–1310. [Google Scholar] [CrossRef]

	



Müssig, J. Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications; Müssig, J., Ed.; John Wiley & Sons, Ltd.: Chichester, UK, 2010; ISBN 9780470695081. [Google Scholar]

	



Cyras, V.P.; Vallo, C.; Kenny, J.M.; Vázquez, A. Effect of chemical treatment on the mechanical properties of starch-based blends reinforced with sisal fibre. J. Compos. Mater. 2004, 38, 1387–1399. [Google Scholar]

	



Joseph, P.V.; Joseph, K.; Thomas, S. Short sisal fiber reinforced polypropylene composites: The role of interface modification on ultimate properties. Compos. Interfaces 2002, 9, 171–205. [Google Scholar] [CrossRef]

	



Herlina Sari, N.; Wardana, I.N.G.; Irawan, Y.S.; Siswanto, E. Characterization of the Chemical, Physical, and Mechanical Properties of NaOH-treated Natural Cellulosic Fibers from Corn Husks. J. Nat. Fibers 2018, 15, 545–558. [Google Scholar] [CrossRef]

	



Militký, J. Textilní Vlákna: Klasická a Speciální; Technická Univerzita v Liberci, Fakulta Textilní: Liberec, Czech, 2012; ISBN 978-80-7372-844-1. [Google Scholar]

	



International Organization for Standardization. ČSN EN ISO 5079, Textiles—Fibres—Determination of Breaking Force and Elongation at Break of Individual Fibres; Czech Standardization Institute: Prague, Czech, 1997. [Google Scholar]

	



Kolář, V.; Müller, M.; Mishra, R.; Rudawska, A.; Šleger, V.; Tichý, M.; Hromasová, M.; Valášek, P. Quasi-static tests of hybrid adhesive bonds based on biological reinforcement in the form of eggshell microparticles. Polymers 2020, 12, 1391. [Google Scholar] [CrossRef] [PubMed]

	



Jamshaid, H.; Mishra, R.; Basra, S.; Rajput, A.W.; Hassan, T.; Petru, M.; Choteborsky, R.; Muller, M. Lignocellulosic Natural Fiber Reinforced Bisphenol F Epoxy Based Bio-composites: Characterization of Mechanical Electrical Performance. J. Nat. Fibers 2020. [Google Scholar] [CrossRef]

	



Valadez-Gonzalez, A.; Cervantes-Uc, J.M.; Olayo, R.; Herrera-Franco, P. Effect of fiber surface treatment on the fiber-matrix bond strength of natural fiber reinforced composites. Compos. Part B Eng. 1999, 30, 309–320. [Google Scholar] [CrossRef]

	



Monteiro, S.N.; Terrones, L.A.H.; D’Almeida, J.R.M. Mechanical performance of coir fiber/polyester composites. Polym. Test. 2008, 27, 591–595. [Google Scholar] [CrossRef]

	



Bledzki, A.K.; Mamun, A.A.; Jaszkiewicz, A.; Erdmann, K. Polypropylene composites with enzyme modified abaca fibre. Compos. Sci. Technol. 2010, 70, 854–860. [Google Scholar] [CrossRef]

	



Fu, S.-Y.; Feng, X.-Q.; Lauke, B.; Mai, Y.-W. Effects of particle size, particle/matrix interface adhesion and particle loading on mechanical properties of particulate–polymer composites. Compos. Part B Eng. 2008, 39, 933–961. [Google Scholar] [CrossRef]

	



Liu, K.; Takagi, H.; Yang, Z. Dependence of tensile properties of abaca fiber fragments and its unidirectional composites on the fragment height in the fiber stem. Compos. Part A Appl. Sci. Manuf. 2013, 45, 14–22. [Google Scholar] [CrossRef]

	



Gassan, J.; Bledzki, A.K. Possibilities for improving the mechanical properties of jute/epoxy composites by alkali treatment of fibres. Compos. Sci. Technol. 1999, 59, 1303–1309. [Google Scholar] [CrossRef]

	



Parre, A.; Karthikeyan, B.; Balaji, A.; Udhayasankar, R. Investigation of chemical, thermal and morphological properties of untreated and NaOH treated banana fiber. Mater. Today Proc. 2020, 22, 347–352. [Google Scholar] [CrossRef]

	



Kathirselvam, M.; Kumaravel, A.; Arthanarieswaran, V.P.; Saravanakumar, S.S. Characterization of cellulose fibers in Thespesia populnea barks: Influence of alkali treatment. Carbohydr. Polym. 2019, 217, 178–189. [Google Scholar] [CrossRef]

	



Senthamaraikannan, P.; Kathiresan, M. Characterization of raw and alkali treated new natural cellulosic fiber from Coccinia grandis.L. Carbohydr. Polym. 2018, 186, 332–343. [Google Scholar] [CrossRef] [PubMed]

	



Ben Sghaier, A.E.O.; Chaabouni, Y.; Msahli, S.; Sakli, F. Morphological and crystalline characterization of NaOH and NaOCl treated Agave americana L. fiber. Ind. Crops Prod. 2012, 36, 257–266. [Google Scholar] [CrossRef]

	



Mizera, C.; Herak, D.; Hrabe, P.; Muller, M.; Kabutey, A. Mechanical Behavior of Ensete ventricosum Fiber Under Tension Loading. J. Nat. Fibers 2017, 14, 287–296. [Google Scholar] [CrossRef]








[image: Materials 14 02636 g001 550] 





Figure 1. SEM images of cut through coir (A): Overall view of fibers (MAG 2.50 kx) (B): Detailed view of the fiber cut, with a polygonal shape (MAG 10.00 kx). 
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Figure 2. The dependence of the tensile strength of the coir and abaca fibers on the time of treatment in a 5% solution of NaOH. 
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Figure 3. The dependence of the breaking force of the coir and abaca fibers on the time of treatment in a 5% solution of NaOH. 
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Figure 4. The dependence of the Young’s modulus of the coir and abaca fibers on the time of treatment in a 5% solution of NaOH. 
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Figure 5. The dependence of the elongation at break of the coir and abaca fibers on the time of treatment in a 5% solution of NaOH. 
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Figure 6. SEM images of the surfaces of abaca and coir fibers without treatment in a 5% solution of NaOH (A): Abaca fiber bundle (MAG 750 x) (B): detailed view of the surface of an abaca fiber (MAG 3.50 kx), (C): coir bundle (MAG 750 x), (D): detailed view of the surface of a coir fiber (MAG 3.50 kx). 
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Figure 7. SEM images of the surfaces of abaca and coir fibers with treatment in a 5% solution of NaOH for 1 h (A): abaca fiber bundle (MAG 750 x), (B): detailed view of the surface of an abaca fiber (MAG 3.50 kx), (C): coir bundle (MAG 750 x), (D): detailed view of the surface of a coir fiber (MAG 3.50 kx). 
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Figure 8. SEM images of the surfaces of abaca and coir fibers with treatment in a 5% solution of NaOH for 6 h: (A): abaca fiber bundle (MAG 750 x), (B): detailed view of the surface of an abaca fiber (MAG 3.50 kx), (C): coir bundle (MAG 750 x), (D): detailed view of the surface of a coir fiber (MAG 3.50 kx). 
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Figure 9. SEM images of the surfaces of abaca and coir fibers with treatment in a 5% solution of NaOH for 12 h: (A): abaca fiber bundle (MAG 750 x), (B): detailed view of the surface of an abaca fiber (MAG 3.50 kx), (C): coir bundle (MAG 750 x), (D): detailed view of the surface of a coir fiber (MAG 3.50 kx). 
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Figure 10. SEM images of the surfaces of coir with treatment in a 5% solution of NaOH: (A): coir bundle treated in the 5% solution of NaOH for 24 h (MAG 750 x), (B): detailed view of the surface of the coir treated in the 5% solution of NaOH for 24 h (MAG 3.50 kx), (C): coir bundle treated in the 5% solution of NaOH for 48 h (MAG 750 x), (D): detailed view of the surface of the coir treated in the 5% solution of NaOH for 48 h (MAG 3.50 kx). 






Figure 10. SEM images of the surfaces of coir with treatment in a 5% solution of NaOH: (A): coir bundle treated in the 5% solution of NaOH for 24 h (MAG 750 x), (B): detailed view of the surface of the coir treated in the 5% solution of NaOH for 24 h (MAG 3.50 kx), (C): coir bundle treated in the 5% solution of NaOH for 48 h (MAG 750 x), (D): detailed view of the surface of the coir treated in the 5% solution of NaOH for 48 h (MAG 3.50 kx).



[image: Materials 14 02636 g010]







[image: Materials 14 02636 g011 550] 





Figure 11. Comparison of the influence of the fiber transverse dimension of the coir on the tensile strength. 
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Figure 12. Comparison of the influence of the fiber transverse dimension of the abaca fibers on the tensile strength. 
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Figure 13. Dependence of the linear density on the transverse dimension of the coir. 
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Figure 14. Dependence of the linear density on the transverse dimension of the abaca fiber. 






Figure 14. Dependence of the linear density on the transverse dimension of the abaca fiber.



[image: Materials 14 02636 g014]







[image: Materials 14 02636 g015 550] 





Figure 15. Dependence of the linear density on NaOH action. 
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Table 1. Statistical evaluation of static tensile test according to the ANOVA F-test with stated parameter p at significance level α = 0.05 at a change in the alkali treatment time in the 5% solution of NaOH.
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	Fiber Type
	Tensile Strength (MPa)
	Breaking Force (N)
	Young’s Modulus (GPa)
	Elongation at Break (%)





	Abaca (parameter p)
	0.0015
	0.0193
	0.0021
	0.0056



	Coir (parameter p)
	0.5210
	0.9599
	0.9529
	0.0000
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Table 2. Trend equations: Influence of the tensile strength on the fiber transverse dimension of the tested coir and abaca fibers (δ—tensile strength, Tt—treatment time).
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	Coir
	Abaca





	δ = −0.4012 × Tt + 206.68
	δ = −2.9178 × Tt + 1053.8
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Table 3. Trend equations: Influence of the fiber transverse dimension on the calculated (assuming a circular cross-section) and measured linear density of the tested coir and abaca fibers (T-linear density, Ftd–fiber transverse dimension).
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	Treatment Time
	Coir
	Abaca





	Untreated
	T = 0.1450 × Ftd − 1.4440
	T = 0.1072 × Ftd − 5.1974



	0.5
	T = 0.1120 × Ftd − 1.3320
	T = 0.0716 × Ftd − 13.581



	1.0
	T = 0.1508 × Ftd − 0.3257
	T = 0.1181 × Ftd − 0.7763



	2.0
	T = 0.1820 × Ftd − 0.8572
	T = 0.1037 × Ftd − 4.1013



	3.0
	T = 0.2645 × Ftd − 19.324
	–



	6.0
	T = 0.0760 × Ftd − 20.320
	–



	12.0
	T = 0.2137 × Ftd − 4.8349
	–



	24.0
	T = 0.1810 × Ftd − 1.3526
	–



	48.0
	T = 0.1031 × Ftd − 14.277
	–
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
S 8 8

3

Tensile strength (MPa)
@ e W
S 3 8

)
S

3

¢ gog b0l

y |

[o] Coir

o Qutliers|
+ Mean
‘0| Abaca |
+ Mean

o

0.0 0.5 1.0 2.0 3.0

Treatment time (hr)

6.0

12.0

240 480





media/file30.png
4 Coir
4 Abaca

o o = O w0 =
iy

(%) yuaunean HOEN
12)Je pue arojaq (X)) AJIsuap Ieaur| Jo aduaIayyi(]

o~
iy

0.5 1.0 2.0 3.0 6.0 120 240 480
Treatment time (hr)

0.0





media/file18.png
Fiber bundle ==~ e

SEM HV: 10.0 &V WD 2420me | (11 | smumas vescan] seEm Hv 100wV wo:zezrem | il il MIRAI TESCAN
SEM MAG: 750 x _ Det: SE 100 pm SEM MAG: 3.50 kx Det: SE B
View fieicd: 300 o 1= Facuity of Eingineering . CULS Prague View fielc: 79.1 pm 0 Faculty of Engineering . CULS Prague

. - _ -

o’ W
Fiber bundle | —e—a

¢ . S
SEM HV. 10.0 &V wo:-2428mm | | | semas vescan] sem wv 100 %V wo:2423mmem | 1| MIRAY
SEM MAG: 750 x Det: SE 100 pm SEM MAG: 3.80 kx Det: SE 20 pm
View flols: 369 pm - Facumy of Engineering . CULS Prague View fiels 79,1 pm





media/file21.jpg
Tensile strength (MPa)

260

240

200
180
160
140
120
100

3

20

"o, Tensile strength (MPa)

100

120

140 160 180 200 220 240 260
Coir - Fiber transverse dimension (um)

280





media/file26.png
mg/m)

Linear density (tex

120

100

80

60

40

20

Coir

® calculated values assuming a circular cross-section

¢ untreated fibers

B 0.5 hr NaOH

A 1 hr NaOH

+ 2 hr NaOH

03 hr NaOH

A 6 hr NaOH o
0 12 hr NaOH el

X 24 hr NaOH / Jg
X 48 hr NaOH v A

100 150 200 250

Fiber transverse dimension (pm)

>»

300





media/file27.jpg
Linear density (tex = mg/m)

120

100

80

0

W0

2

100

Abaca

® calculated values assuming a circular cross-section

 untreated fibers

.
05 hr NaOH
.
.
A1hrNaOH .
-
+2hr NaOH .
.
.
. . -
. . .
°® F * +0 ERd .
vorh . e .
.
150 0 250 30

Fiber transverse dimension (1m)





media/file3.jpg
Tensile strength (MPa)
2l s & B8 8 & &

g

o

© Outliers|
+ Mean
5] Abaca
+ Mean

20 30 60
Treatment time (hr)





media/file22.png
Tensile strength (MPa)

HHHNBNN
E & 88 8 & 8

120 ¢

3

80 |
60 |
40 r
20+

“e._ Tensile strength (MPa)

100

120

140 160 180 200 220 240 260 280

Coir - Fiber transverse dimension (um)





media/file19.jpg
Elementary Fibers

e






media/file7.jpg
Young's modulus (GPa)

(3] Coir

+ Mean
(8] Abaca
+ Mean

s

00 05 10 20 30 60 120 240 480
Treatment time (hr)






media/file28.png
mg/m)

Linear density (tex

120

100

80

60

40

20

100

Abaca

® calculated values assuming a circular cross-section

& untreated fibers

B 0.5 hr NaOH o
A 1 hr NaOH ° ¢
o®
+ 2 hr NaOH P
‘.
o
@
@
®
o® . - + A A g =B
o® + W _E‘ + o Ao o
| +4 + a U & .
150 200 250

Fiber transverse dimension (pum)

300





media/file10.png
40

3Bt

30

20

Elongation at break (%)

10 ¢

25+

1571

[o] Coir

o Qutliers [ l
+ Mean
‘0| Abaca
[+ Mean N
O
[ +
+
m]
i o
é :
B o
0
£ [; & % @ @ &
0.0 0.5 1.0 2.0 3.0 6.0 12.0 240 48.0

Treatment time (hr)






media/file14.png
Elementary Fibers

SEM WV 10.0 &V l :

SEM MAG: 750 x izl o
View flold. 389 pym

Fiber bundle

cuLs

SEM MV 100 &V
View flols 79.2 pm






media/file11.jpg
<
Fiber bundle






media/file6.png
25

20t

15 ¢

10 }

Breaking force (N)

n
—aE
.

3l

o +Hah

[o] Coir

o Qutliers
+ Mean
Abaca

+ Mean

0.0 0.5 1.0

20 3.0 6.0
Treatment time (hr)

12.0

240 480






media/file15.jpg
Fiber bundle.






nav.xhtml


  materials-14-02636


  
    		
      materials-14-02636
    


  




  





media/file16.png
Fiber bundle

-
2
Elementary Fibers A B
SEM WV 10.0 &V wo:24s8mm |, 1y |  wumas TEscan ‘-;m'o,ouv mz“a‘n;: | _-.“]‘—‘ [P ———
SEM MAG: 750 x Oet: SE 100 pm SEM MAG: 3.50 kx Det: SE 20 pm
View fieicd: 368 pum 1 Facumty of Engineenng . CULS Prague View flelct: 79.1 pm K Facuty of Engineening , CULS Pragus
Dy PR . R D =
Fiber bundle F—f -y e VT
) I s&.t‘ r
—

SEM HV: 10.0 &V wo: 2441 mm | o 1| smaz TEsCAN] e My 10.0 KV WO-243tmm | |
SEM MAG: 750 x Det SE 100 pam SEM MAG 350 kx Det SE 20
2 Facutty of Engineering . CULS Prague View flele: 79.1 ™ ¥ of CcuLsS

View field: 369 pm





media/file2.png
d'}ﬁ " A

[4
- S
SEM HV. 100 kY WO: 24 58 mm L‘_‘_._ | | MIRAS TESCAN
SEM MAG: 2 50 kx Det: SE 20 pam
View field: 111 pm 2 Faculty of Engineering . CULS Prague

SEM HV: 10.0 kV
SEM MAG: 10.0 kx
View field: 27.7 pm

-

>4

1

B

WD 2804 m | [ MIRAS TESCAN

5
Faculty of Engineering . CULS Prague






media/file20.png
SEM WV 10.0 AV WD 24 56 mm
SEM MAG: TS0 x Det: SE
View fleld 368 pm 1

s e

Elementary Fibers






media/file23.jpg
Tensile strength (MPa)
B & & 8 &8 8 I8

g

°

e Tensile strength (MPa)

°F

100

120

140 160 180 200 220 240 260 280 300
Abaca - Fiber transverse dimension (um)





media/file5.jpg
15

10

Breaking force (N)

i,

gl coir

+ Mean
|5 Abaca
+ Mean

00 05 10 20 30 60 120
Treatment time (hr)

240 480






media/file24.png
Tensile strength (MPa)
B 9% W= W on N o®
8 8 8 8 8 8§ &=

3

“e._ Tensile strength (MPa)

100

120

140 160 180 200 220 240 260 280 300

Abaca - Fiber transverse dimension (um)





media/file29.jpg
e 8 W w » =3

(%) yuaunean; HOEN
1a)e pue 210Jaq (Xa)) A)ISUSp TeaUT] Jo DU

o

20 30 60 120 240 480

10

Treatment time (hr)





media/file1.jpg





media/file25.jpg
Linear density (tex = mg/m)

Coir

 calculated values assuming a circular cross-section

& untreated fibers

05 hr NaOH

A1hr NaOH

s | +2hrNaOH o®
03 hr NaOH .

2 6hNaoH
o oT2heNaON -~
%21 heNaol i
% 48 hr NaOH ./ al *

o o
10 o x X0
0 x xas X

-
B

>
o

100 150 200 250 300

Fiber transverse dimension ()





media/file12.png
.
SEM HV: 10.0 &V WOD: 24.48 mm £ | MIRA3 TESCAN
SEM MAG: 3.50 kx Det: SE 20 pm
View fleld: 791 pm » Facumty of Engineering , CULS Prague

| I { 14 MIRA3 TESCAN
100 gm
3 Faculty of Engineering . CULS Prague

WD 2514 mm
Det: SE

wo:2s07Tmm | | : \ MIRA3
Det: & 20 pm

View flold: 79,1 ym 12

Faculty of Engineering . CULS Prague





media/file9.jpg
35

2

20

Elongation at break (%)

&l coir

© Outliers
+ Mean
e abaca
+ Mean

1.0

20 30 60
Treatment time (hr)

120

240

48.0






media/file0.png





media/file8.png
30

25t

Young's modulus (GPa)

20t

15+

L g 8§ g4

[o] Coir
+ Mean |
Abaca

+ Mean

{e—

0.0 0.5 1.0 2.0 3.0 6.0 120 240 480
Treatment time (hr)






media/file17.jpg
Fiber bundle

\__ Elementary Fibers|
_——






