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Abstract

:

Nicotiana rustica L. (NRL) is a type of tobacco plant, and its stalk waste is a potential lignocellulosic source for obtaining cellulose fibers freely available in nature. However, they are left in fields after harvesting, and this study provides a green and sustainable method to reuse tobacco waste. Fiber was obtained by retting the plant stalks in water and decomposing them naturally in three weeks. NRL fiber was characterized by comparing it with known bast fibers, and tests were applied to examine its physical, chemical, mechanical, morphological, and thermal properties. With its high cellulose content (56.6 wt%), NRL fiber had a high tensile strength (113.4 MPa) and a good crystallinity index (70%) that helped it to bond with other fibers in the composite matrix. Furthermore, the fiber is an environmentally friendly alternative to synthetic fibers with a diameter of 36.88 μm and low density (1.5 g/cm3). The NRL fiber was found to have a semi-crystalline structure and large crystalline size, which makes it hydrophobic. The thermal gravimetric analysis showed that it can be durable (353.9 °C) in higher temperatures than the polymerization temperature. As a result, it can be concluded that NRL fiber has the potential to be used as a reinforcement in polymer composites, technical textiles, and agricultural applications.
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1. Introduction


Nicotiana rustica L. (tobacco) is a tall and leafy plant growing annually and is a member of the Solanaceae family, which are aromatic and industrial plants. Cigarettes, pipes, hookahs, cigars, snuff, chewing tobacco, and cigarettes were among the forms of tobacco consumed in Europe after it was first used as a medicine [1,2,3]. Tobacco is one of the agricultural products that can adapt to various geographical conditions to the fastest and most reasonable extent [4]. Tobacco plants are adaptable to all climate conditions, can grow in small-scale operations, and adapt to poor soils for production [1]. Due to the climate conditions, NRL is primarily grown in Turkey’s Eastern and Southeast Anatolia regions, and it is the most widely grown tobacco species after Nicotiana tabacum L. (NTL) [4,5].



Large amounts of biomass are typically produced during tobacco harvesting [6,7]; these are post-harvest waste materials, leftover aboveground components like leaves and stalks. According to estimations, tobacco production generates more than 200 million tons of waste yearly [8]. It is typically buried to add organic matter to the soil and dispose of waste materials that seem worthless. However, contamination could arise from the burial of crop residual biomass, which has high toxicity to human health and the natural environment [9,10].



Several research papers are on utilizing tobacco wastes to extract chemicals such as nicotine, cellulose, and protein in pharmaceuticals, agriculture, and other industries [11,12,13,14,15].



However, the current extraction methods have high energy and low extraction efficiency; besides, they are very complicated and cause water and air pollution. Thus, it is essential to utilize tobacco waste with green treatment methods with effective and eco-friendly applications, such as chemically converting biomass into textile fibers. Agricultural waste and crop residues have lignocellulosic composition and are structured with functional groups [16]. Thus, they have high surface functionality, help with yarn twisting, and can interact with other fibers in composite production. It has been widely reported that various agricultural biomasses such as hemp [17], jute, and flax [18] are potential sources for fiber production and use in various textile applications due to their high cellulose and lignin content.



In determining the cellulose content of large tobacco plants, the stalks and leaves provide the necessary data to processors engaged in biomass processing [19]. Tobacco stalk residues can contain up to 40% cellulose by weight [20]. Cellulose is the primary building block of plants [21] and the most abundant biopolymer in nature [22,23,24]. Cellulose is the primary component in natural fibers and constitutes more than 30–40% of the total biomass [25]. Cellulose is the strongest and stiffest part of natural fiber [26]. The growing rate of textile fibers is 3.1% per year; furthermore, they were in huge demand (75.5 million tons) in 2010, and it is predicted that this demand will be 133.5 million tons by 2030 [25]. Cellulose is significant for the textile industry; fortunately, it is readily available in nature, making it a renewable resource.



There are several studies on the fiber production of tobacco biomass, mainly on the characterization of tobacco stalks for composite [27,28], pharmaceutical [29], agriculture [30], bioenergy [31], and cosmetic [32,33] applications.



Extracting cellulose-based fibers from agricultural wastes can be analyzed in three categories due to their methods as physical, chemical, and enzymatic applications [34]. Physical methods, like mechanical fibrillation [29] and mechanical grinding [35], are generally chosen to obtain cellulose nanofibrils; however, they are time and energy-consuming. Additionally, the crushing process decreases the crystallinity of cellulose and increases the polymer solubility, which is not desired. Mechanical and chemical methods are combined to save energy in some applications like ultrasonication [36] and steam explosion [37]. They help to eliminate lignin and hemicelluloses and leave cellulose intact. In chemical methods, strong acids are used to hydrolyze and remove the amorphous regions in cellulose fibers [38]. Hydrochloric and sulfuric acids are mainly strong acids; they can react with the hydroxyl groups on the fiber surface and allow the anionic sulfate ester groups to graft. In addition, cellulose fibers are partially separated with alkaline hydrolysis; this helps to improve their physical and chemical characteristics [39]. However, these strong chemical treatments are not environmentally and economically friendly. Thus, enzymatic methods have environmental benefits; in the cellulosic fibers, the restrictive and selective hydrolysis of cellulose and other components can occur [40]. However, although the enzymatic methods are more efficient, easier to operate, and have lower energy costs than chemical methods, they are still not preferred due to economic and technical problems.



About 410,000 tons of biomass is generated annually in Turkey because of tobacco harvesting, often left in the fields [41]. Though the reported literature has studied obtaining fiber from NTL plant stalks using different methods, this study focuses on obtaining cellulosic fiber by retting the NRL plant stalks in water and waiting for them to decompose naturally as an environmentally friendly application. The fiber was isolated from the tobacco plant stalks using a physical (mechanical fibrillation) method after decomposition. The morphological, chemical, physical, mechanical, and thermal characterization of the NRL fiber was investigated to utilize this high amount of tobacco stalks and evaluate the potential of NRL plants to supply fiber in the textile and composite industries for agricultural, industrial, and automotive applications. Tobacco stalks have shorter growing times and lower lignin; thus, they are a sustainable option for cellulose-based fiber.




2. Materials and Methods


2.1. Fiber Extraction


All the fiber studied was obtained from tobacco stalks (Nicotiana rustica L.) taken from Tekpınar village in Adıyaman, southern Turkey. The tobacco leaves grown there for the cigarette industry were harvested in three stages according to yellowing color. Tobacco stalks were collected towards the end of October 2023 after the third stage of tobacco leaves was harvested. All the tobacco plants were taken from one harvest to keep variations at a minimum.



Fiber extraction with the water retting method is shown step by step in Figure 1 [42,43,44]. After harvesting, the waste tobacco stalks were collected (Figure 1a), then roughly cleaned, cut into pieces to fit into the bucket, and placed in the bucket filled with water (Figure 1b).



The NRL stalks were left to decompose for about three weeks by adding only water to the bucket. The water penetrated the center of the NRL stalks, swelled the cells inside, and burst the layer on the outer part of the fiber.



The moisture increased bacteria, producing decay so that the cellular textures and gummy substances dissolved and rotted away on NRL stalks. Afterward, the NRL fibers began to separate and were washed to extract them from the stalks (Figure 1c). Finally, the fibers were left to dry for two days (Figure 1d). The obtained fibers were subjected to relevant tests performed after drying.




2.2. Physical Analysis


The density measurement of the extracted fibers was performed according to the ASTM D8171-18 standard [45], which is also widely used in the literature. This method measures the buoyancy created by a saturated fiber submerged in a fluid using Archimedes’ principle. The mean fiber length was ascertained by choosing 100 fibers at random from a tuft of NRL fiber sample. After straightening each fiber sample, a measuring scale was used to determine its length. The standard deviation (SD), mean, and coefficient of variation (CV) were calculated using the obtained fiber length.




2.3. Chemical Composition Quantification


The main chemical composition (cellulose, lignin, and moisture) of NRL fiber was determined after removing the excess moisture from the sample fibers.



One gram of NRL sample and 1.72% sodium chlorite solution (Sigma-Aldrich, St. Louis, MO, USA, CAS: 7758-19-2) were added to a sterile dry container. The sample was acidified by adding a few drops of strong sulfuric acid. The solution refluxed for one hour. Subsequently, the suction method was used to drain the excess fluid. The resulting mixture was treated with ammonia before being rinsed with distilled water. The left fibers were dried and then weighed. Then, the cellulose ratio was determined using Equation (1):


C (%) = (R/D) × 100



(1)




where D is the dry weight of samples (g), R is the weight of left fibers (g), and C is the cellulose ratio.



One gram of fiber was dried for four hours at 100 °C in the oven [46], after which it was cured for one h at room temperature with a 4% NaOH (Merck, Darmstadt, Germany, CAS: 1310-73-2) solution and 5% HCl (Sigma-Aldrich, CAS: 7647-01-0, 36.5–38%). Following one hour of processing in an oven, the HCl was extracted from the sample using suction. The amount of hemicellulose was found by subtracting the end weight from the initial weight.



One gram of NRL fiber was soaked in 12.5 mL sulfuric acid for one hour with 72% concentration (Sigma-Aldrich, CAS: 7664-93-9, 95–97%) at room temperature. Afterward, it was mixed with 300 mL of distilled water and stood for two hours. The solvents were carefully drained, and then, finally, the silt was weighed, and it was concluded that the amount of silt represented the amount of lignin.




2.4. Categorization of Chemical Functional Groups in NRL


A Perkin Elmer Spectrum BX Fourier Transform Infrared Spectrometer was used to obtain Fourier-transform infrared (FTIR) spectra of NRL fibers. A signal-to-noise ratio resolution of 2 cm−1 with 32 scans/minute was used to record the data in the range 4000–400 cm−1. FTIR analysis was used to obtain the functional groups of NRL fiber.




2.5. X-ray Photoelectron Spectroscopy Analysis (XPS)


The NRL fiber’s elemental composition was determined using a monochromatic Al-Ka X-ray source (Thermo Fisher Scientific Inc., East Grinstead, UK) with 1486.7 eV energy and a focused beam with a diameter of 300 µm. For XPS studies, a 50 eV pass energy was employed, yielding a 0.1 eV resolution over an energy of 1361 and 10 eV. Following ionic Ar gas sputtering, data were gathered by executing 10 scans from a single site before surface analysis.




2.6. XRD Analysis and Crystallinity Index Determination


A standard tool for quantifying the amount of crystalline fraction in cellulosic materials and measuring how much they have changed after undergoing various physicochemical and biological treatments is the crystallinity index (CI) [24]. The crystalline phase content, or CI, is just the present percentage. Consequently, determining cellulose structure depends heavily on measuring CI. NRL fibers’ crystalline structure was determined with Segal’s equation in Equation (2) [47]. The total of the crystalline and amorphous components was represented by the height of the 200 peaks between the scattered angles of 2θ = 22° and 23°. The amorphous-only component was represented by the empirical method’s minimum intensity of roughly 18° between the overlapped peaks and 200.


  C I   %   =     I   2   0   0   −   I   a m       I   2   0   0     × 100  



(2)




where Iam stands for the 2θ intensity at roughly 18°, which is the low value between the overlapped peaks (1     1  ¯    0 and 1 1 0) and (2 0 0) peak. I2 0 0 is associated with the (2 0 0) lattice plane between 22° and 23°, showing the peak at maximum intensity [47].



The Rigaku miniflex600 (Rigaku Corp., Tokyo, Japan) device was used to determine the crystalline structure of the NRL fibers, and the reflection of the fibers’ X-ray diffraction (XRD) generated the data pattern. The crystallinity index (CI) was calculated using this data. The fibers were ground up, and the moisture was extracted for 24 h at 105 °C before the measurement procedure. The device worked at 40 kV using 36 mA current, with the source of the X-ray being Cu-Kα radiation (λ-Kα = 1.54 Å). The analyses took place over fifteen minutes, with each sample being scanned at a width of 2θ = 5–55 degrees.




2.7. Investigation of the Thermal Degradation Behavior


To assess thermal stability, TG and DTA measurements of NRL fibers were performed using the Seiko SII TG/DTA 7200 (Seiko, Chiba, Japan) instrument. We heated 5 mg fiber specimens to determine the chemical stabilization characteristic of the fibers at a rate of 10 °C/min at 30–700 °C in an environment of nitrogen.




2.8. Examination of Surface Morphology


Longitudinal and cross-sectional images of NRL fibers were captured using an SEM-Zeiss/Evo LS10 (Jena, Germany) device. The fibers were coated with a conductive gold film using sputter coating to prevent the charging effect. All characterizations regarding the structure of the surface, porosity of the surface, and fiber diameter were performed accordingly.




2.9. Single Fiber Test


The tensile tests of NRL fibers were made on 10 mm long fibers using an Instron Universal Tester with a 50 N load cell and a 0.1 mm/min speed. According to ASTM D 3822-07 standard [48], the tests were conducted under standard atmospheric conditions. For the single fiber test, 30 repetitive tests were performed due to the irregular shape commonly found in natural fibers [49].




2.10. Fiber Yield Analysis


Ten-gram NRL stalk samples were weighed, and fiber samples were obtained from these stalks. The sample fibers were put in an oven and kept at 110 °C for 12 h. Then, the dried fiber samples were taken out of the oven and weighed. The fiber yield was determined using Equation (3) [15].


Fiber yield (%) = (oven dried fiber/sun dried NRL stalks) × 100



(3)








2.11. Moisture Content


NRL fibers’ moisture content varies due to the environmental conditions where the NRL stalks are collected. The NRL fibers were dried in an oven, and their moisture content was calculated with Equation (4) [15].


Moisture content (%) = ((wet fiber mass − dry fiber mass)/wet fiber mass) × 100



(4)









3. Results and Discussion


3.1. Physical and Chemical Properties of NRL Fiber


Fiber length is one of textile fiber’s crucial properties for its spinnability. With an average length of 30.2 mm, NRL fibers ranged from 16 to 55 mm. Compared with cotton fibers, NRL fibers had a similar average length, as shown in Table 1. The distribution of fiber lengths for 100 randomly chosen NRL fibers is shown in Figure 2. The measured fibers had a standard deviation of 10.2 mm and a CV of 31.41%. NRL fiber was similar to bast fibers due to its form. Thus, it could be tested to see if it applies to yarn spinning as cotton fiber. When the form of NRL fiber was considered as bast fiber and compared with other bast fibers, its length was similar to that of hemp but much shorter than others.



The density of NRL fiber was calculated as 1.50 g/cm3. It was higher than sisal fiber and similar to cotton and other bast fibers in the literature [50,51]. Its average diameter and density were similar to all bast fibers, making it convenient for composite production as a reinforcement material [52].





 





Table 1. Comparison of physical properties for NRL and other bast fibers.






Table 1. Comparison of physical properties for NRL and other bast fibers.





	Fiber
	Length (mm)
	Diameter

(μm)
	Density (g/cm3)
	Ref.





	Nicotiana rustica L.
	16–55
	26–46
	1.50
	In this study



	Cotton
	10–50
	14–21
	1.52–1.56
	[50,51]



	Hemp
	15–25
	15–30
	1.48–1.49
	[50]



	Flax
	Up to 900
	17–20
	1.50
	[50,51]



	Jute
	Up to 4000
	14–20
	1.44–1.49
	[50]



	Sisal
	800–1200
	7–47
	1.20–1.22
	[50]



	Ramie
	Up to 1900
	40–60
	1.51–1.55
	[50,51]








The mechanical properties and the degradation of the fiber in nature are affected by its chemical content. At the same time, the existing chemical ratios of cellulosic fibers, the fiber extraction method and growing weather conditions, the way they are harvested, the test method applied, and the experience of the person applying the analysis cause variability in the analysis results [53].



Although tobacco is grown for its leaves to use in cigarette production or the pharma industry, its stalks are similar to bast crops primarily used in textile and composite production. Table 2 shows the chemical contents of NRL compared with other bast fibers. NRL fiber cellulose content was obtained as 56.6%, close to kenaf fiber but lower than others. Hemicellulose causes damage to the microfibrils of the fiber, negatively affecting the strength. NRL fiber has lower hemicellulose content (11.8%) than other bast fibers. The researchers found the hemicellulose content of NTL was 14.33% [54] and 22.8% [55]; thus, the NRL fibers had lower hemicellulose content than other types of tobacco plants, which affected their tensile strength positively.



Lignin provides affinity due to its amorphous properties and the presence of hydroxyl groups. Still, it causes fractures during processing due to its hardness and causes negativities in the end-use [56]. The lignin content was found to be 14.97% for NRL fiber; this is higher than that of other bast fibers and close to that of NTL fiber’s lignin content (18.90%) found in the research [57].



Stalk fibers are found in the outer bark of plants in bundles adhered with pectin. The digestion method separated the fibers from pectin to obtain individual fibers. Fibers can be obtained from the plant stalks using water or dew digestion or chemical applications. It is thought that pectin is primarily separated from NRL fiber extracted by the water digestion method [58,59]. Therefore, the pectin content of NRL fiber could not be determined.



The fiber yield of NRL fiber was calculated with Equation (3) as 51%; the researchers [15] found the yield of NTL was 50–70%, showing that the calculated NRL fiber yield was average. Moreover, the moisture content of NRL fiber was determined to be 13.15% with Equation (4). Similar moisture content was determined with hemp, flax, and jute fibers.



In addition, the researchers [15] found the moisture content of NTL was 8.36–10.56%, which was close to the calculated NRL fiber moisture content, as shown in Table 2.





 





Table 2. Chemical contents of NRL and other bast fibers.






Table 2. Chemical contents of NRL and other bast fibers.





	Fiber
	Cellulose

(%)
	Hemicellulose

(%)
	Lignin

(%)
	Moisture

Uptake
	Ref.





	Nicotiana rustica L.
	56.6
	11.8
	14.97
	13.15
	In this study



	Hemp
	67–75
	16–18
	3–5
	6.2–12
	[42]



	Flax
	62–71
	16–18
	3–4.5
	8–12
	[42]



	Jute
	59–71
	12–13
	11.8–12.9
	12.5–13.7
	[42]



	Kenaf
	45–57
	21.5
	12–13
	6–12
	[60]



	Ramie
	68–76
	13–14
	0.6–2
	7.5–17
	[60]









3.2. Mechanical Properties of NRL Fiber


The cchemical structure of cellulosic-based textile fibers (cellulose, hemicellulose, and lignin) affects their mechanical properties [61]. The mechanical properties of NRL and other natural fibers are given in Table 3.



As a result of the single fiber tensile analysis of NRL fiber, the tensile strength (113.40 MPa), tensile modulus (2.87 GPa), and elongation (3.94%) were determined. The lower tensile strength value of NRL fiber compared to other bast fibers is related to the lower cellulose ratio [61]. Studies show that strength increases with an increasing cellulose ratio [63]. Non-cellulosic ingredients in the chemical structure of the fiber may cause low fiber strength [64].




3.3. Surface Morphology of NRL Fiber


Figure 3 shows the cross-sectional and longitudinal SEM images of NRL fibers obtained at 100×, 300×, and 1000× magnification.



The fiber diameter was approximately 36.88 ± 10.54 μm, averaging ten measurements from different longitudinal section images. The images in Figure 3a,b show pores and impurities on the fiber’s surface [65]. The NRL fiber surface structure was similar to other bast fibers in the literature. Chemical surface treatment should be applied to increase the surface roughness before NRL fiber-reinforced composite applications.




3.4. FTIR Analysis


The functional groups of NRL fiber are shown in the FTIR analysis curve in Figure 4. The peak at 3332 cm−1 was formed by -OH stretching, and the peak at 2918 cm−1 was formed by CH stretching; these indicate the presence of cellulose [66,67]. Additionally, the peak at 1734 cm−1 was due to the C=O stretching of hemicellulose [68], and the peak at 1508 cm−1 was due to the C=O stretching of lignin. The peak at 1423 cm−1 shows the CH2 stretching of cellulose, and the peak at 1240 cm−1 shows the C=O stretching of hemicellulose [64,69]. The prominent peak at 1026 cm−1 was caused by a lignin C-OH stretching [65].




3.5. XPS Analysis of NRL Fiber


XPS analysis determined the chemical components on the surface of the NRL fiber and their compositions. The ratios of carbon/oxygen (C/O) and oxygen/carbon (O/C) can be seen in Table 4.



Carbon and oxygen concentrations of NRL fiber were determined as 68.37% and 18.33%, respectively. C/O and O/C ratios indicate the hydrophobic or hydrophilic character of the fiber surface [70]. The surfaces of cellulosic-based fibers contain oxygen and carbon. However, the different chemical contents of the fiber affect the O/C ratio [71].



C/O and O/C ratios of fibers were obtained using XPS data, and the hydrophilic or hydrophobic character of the NRL fiber surface was determined. The O/C ratio of NRL fiber (0.26) was lower than that of hemp (0.27), jute (0.46), kenaf (0.45), and sisal (0.29) fibers [49] and higher than that of flax (0.156) fibers [72], as previously shown in the literature. Generally, if the C/O ratio is high, the surface characteristic of fibers is hydrophobic; this is crucial for interfacial bonding when a cellulosic fiber is used as reinforcement in composite materials [73]. It was determined that the NRL fiber had a very high C/O ratio (3.72) and could have a potential for reinforcing composites.



Figure 5 shows the XPS spectrum curve of the NRL fiber. The peak at 284.58 eV (C-C/C-H) bonds corresponded to lignin and hemicellulose, and the peak at 285.68 eV may have indicated the presence of cellulose or ether [49]. The minor peak at 287.98 eV was related to the NRL fiber’s carbonyl groups (C=O/O-C-O).




3.6. XRD Analysis of NRL Fiber


The crystallinity index of NRL fiber was determined using X-ray diffraction analysis. The XRD pattern in Figure 6 shows two characteristic peaks attributed to cellulose I, the first one located at 2θ = 15.94°, where the two lattice planes that are (1     1  ¯    0/1 1 0) and (2 0 0) overlapped, and the second one was located at 2θ = 22.52° [71]. Moreover, the minimum peak between these two peaks was 2θ = 18.56° and corresponded to an amorphous cellulose field [74].



The CI value of the NRL fiber was 70% using the Segal formula [47]. It was similar to that of flax (70%), higher than that of jute (58.9%), Ramie (58%), and kenaf (61–69%), and lower than that of hemp (69–83%) and sisal (75%) bast fibers [75]. With the increase of crystalline regions in the fiber structure, cellulose chains can become more regular and increase the tensile properties applied to the fiber. Increasing the ratio of the crystalline region in cellulosic-based fibers positively affects the thermal strength of the fiber [76]. NRL fiber can be a good candidate for improving the mechanical properties of reinforced composites.




3.7. TGA Analysis of NRL Fiber


The curve obtained because of thermogravimetric analysis of NRL fiber is given in Figure 7. NRL fiber realized its first degradation between 25–100 °C with an 8.6% weight loss thanks to water hydrolysis. Also, its first degradation with the effect of heat is observed at 287.59 °C temperature, at which cellulose molecules begin to degrade (Tonset) [77,78,79,80]. NRL fiber has a higher Tonset temperature and thermal stability than kenaf (219 °C), hemp (205 °C), jute (205 °C), bamboo (214), and bagasse (222) bast fibers [81]. This value indicates the fiber’s thermal stability and usability in the fiber-reinforced composites [79,82].



The NRL fiber’s maximum degradation temperature (total decomposition temperature of cellulose and lignin) (Tmax) was 353.90 °C with a 58.52% weight loss. It was higher than that of sisal (340 °C) and flax (345 °C) but lower than that of jute (365 °C) and kenaf (364 °C) [83,84] fibers stated in the literature. Due to its thermal stability at high temperatures can be an alternative reinforcement fiber for thermoplastic composites with relatively high-temperature values.





4. Conclusions


This study aimed to contribute to the search for alternative new raw materials to make sustainable, environmentally friendly, and petroleum-based products that textile and composite industries have demanded intensively in recent years. The water retting method was used to extract the fibers from the waste NRL plant stalks. The fibers’ chemical, physical, mechanical, and thermal properties were characterized. NRL plants are widely cultivated in the Adıyaman region of Turkey. After harvesting the leaves, the tobacco plant stalks are left in the fields or buried. Therefore, the potential for fiber production from these agro wastes is high in this region, and they are cultivated annually with a high production amount.



It was determined that NRL fibers have a higher cellulose content. The cellulosic and other chemical contents of the fiber were confirmed with FTIR analysis. The O/C ratios of the fiber surface were determined with XPS analysis, showing that the fiber was hydrophobic. The CI value was determined with XRD analysis, and mechanical properties (tensile strength, tensile modulus, and elongation) were examined with the single fiber tensile test. The thermal degradation values Tonset and Tmax were obtained similarly to the other known cellulosic bast fibers. The characterization study of NRL fiber revealed that the fiber may have a potential for textile and composite applications. A blended yarn formed from NRL fiber and bast fibers can be investigated in future research.
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Figure 1. Fiber extraction from NRL plant stalk waste. (a) Waste NRL plant stalks, (b) NRL plant stalks retting in water, (c) fibers removed from stalks and washed with distilled water, and (d) extracted dry NRL fibers. 
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Figure 2. Combed NRL fibers. 
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Figure 3. SEM images of NRL fibers: (a,b) longitudinal, and (c,d) cross-sectional images. 
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Figure 4. FTIR spectrum of NRL fiber. 
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Figure 5. The XPS spectrum of NRL fiber. 
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