Description of a new cellulosic natural fiber extracted from Helianthus tuberosus L. as a composite reinforcement material
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Abstract
Natural fiber-reinforced composites are generally known as eco-friendly, long-lasting, and recyclable materials. Considering, this study characterizes cellulosic Helianthus tuberosus L. fiber for polymer-based green composites for the first time. It has been found that Helianthus tuberosus L. fiber has many advantages as a reinforcement material in polymer-based composites. For example, the high roughness provided by the fiber surface in cellular morphology increases the locking into the composite body. One of the most critical advantages is its high thermal stability temperature of 247.3 oC. Also, other advantages of the Helianthus tuberosus L. fiber can be listed as high cellulose content, high crystallinity, and high tensile strength. The hollow fiber structure can allow it to be used in materials used for insulation. Eventually, the high cellulose content of 62.65% supports its usage in various industries, including paper and paperboard manufacturing.
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1 Introduction 	
Global warming, severe pollution, and natural resource shortage pose a serious threats to future generations. Finding an alternative bio-based material from a natural renewable resource is one of the convenient methods to solve this problem(Perumal & Sarala, 2020). Furthermore, the necessity to identify new alternatives for materials generated from nonrenewable resources is highly clear at the policy formation level (Vaisanen, Das, & Tomppo, 2017). Governmental considerations appear to be aligning to create an environment conducive to the development of more advanced products from various types of biomass. Natural fiber reinforced polymer composites (NFRPCs) are a type of fiber reinforced polymer composite that is made from natural fibers (Zhao et al., 2022). NFRPCs are frequently regarded as environmentally friendly, long-lasting, and recyclable materials (Parparita et al., 2015). In the circular economy, where future manufacturing processes will be designed to minimize and eventually remove waste from the system, recycling is becoming more important for materials (Moazzem, Wang, Daver, & Crossin, 2021).
Natural fibers have many advantages over synthetic fibers (glass or carbon) including their "green" and sustainable nature, low cost, low abrasion, excellent stiffness-to-weight ratio, and biodegradability (Liu et al., 2020; Zhao et al., 2020). Suffocation, carcinogenic, pulmonary toxicity, lung cancer, cell mutagenicity, and oxidative DNA damage to field workers may result from unprotected handling of synthetic fibers (Indran, Raj, & Sreenivasan, 2014; Manimaran, Senthamaraikannan, Sanjay, Marichelvam, & Jawaid, 2018). NFRPC materials are used in various applications in modern technology, including aircraft (fuel tanks, wings), naval (moderate loadbearing structures), automobiles (seat, dial and switch housing panels, clutch plates, bumpers, headrests, fuel lines, door panel, upholstery, grills, and mats), sports equipment, liquid storage tanks, electronic, construction, food packaging, and furniture (Karthi et al., 2020; Kilinc et al., 2016; Kulandaivel, Muralikannan, & KalyanaSundaram, 2020; Perumal & Sarala, 2020; Sanjay et al., 2019; Senthamaraikannan & Kathiresan, 2018). Natural fibers offer promising alternatives to synthetic fibers, such as being non-harmful, low density, biodegradable, non-polluting, have good thermo-mechanical properties, being abundant, renewable, and cost-effective (Madhu et al., 2020; Perumal & Sarala, 2020). Polyolefins (e.g., polypropylene (PP) and polyethylene (PE)), polyvinyl chloride (PVC), polyamides (e.g., nylon), and, more recently, biobased polylactic acid (PLA) are the most common thermoplastics used for NFRPCs (Zhao et al., 2022). Although natural fibers are sustainable and biodegradable, current natural fiber resources are insufficient to meet the industry's sustainable fiber demand . As a result, natural fiber resources must be diversified (Ganapathy, Sathiskumar, Senthamaraikannan, Saravanakumar, & Khan, 2019; Gedik, 2021). Accordingly, new natural fibers introduced to the literature recently can be listed as Yucca aloifolia L. (do Nascimento et al., 2021), Derris scandens (Perumal & Sarala, 2020), Trachelospermum jasminoides (Gedik, 2021), Furcraea foetida (Manimaran et al., 2018), Centaurea solstitialis (O Yasin Keskin, Dalmis, Kilic, Seki, & Koktas, 2020),  Chrysanthemum morifolium (Ramazan Dalmis, Kilic, Seki, Koktas, & Keskin, 2020), Hierochloe Odarata (R. Dalmis, Koktas, Seki, & Kilinc, 2020), Conium maculatum (Kilinc, Koktas, Seki, et al., 2018), roots of banyan tree (Ganapathy et al., 2019),  and Althea Officinalis L. (Kilinc, Koktas, Atagur, & Seydibeyoglu, 2018), Timoho fiber (Gapsari, Purnowidodo, Hidayatullah, & Suteja, 2021), Muntingia Calabura(Gapsari et al., 2023). Furthermore, numerous modification studies have been conducted to provide these fibers the best properties possible for use as reinforcements (Andoko, Gapsari, Diharjo, Sanjay, & Siengchin, 2023; Seki et al., 2018; Seki, Koktas, Kilinc, & Dalmis, 2019). Many natural fiber-reinforced polymer-based green composites, such as Coir, Sisal, Jute, and banana, have been developed (Senthilkumar et al., 2019; Siakeng et al., 2019). Finding new natural fibers for green composites is critical because of the the environmental and ecological benefits.
Considering this tendency, the current research intends to describe the Helianthus tuberosus L. fiber for the first time for polymer-based green composites. Helianthus tuberosus L. (also known as Jerusalem Artichoke) is a member of the Asteraceae family of plants and is regarded to be one of North America's earliest agricultural crops (Ozgoren, Isik, & Yapar, 2019). It has a fast growth rate, a great tolerance for frost, drought, and poor soil, a strong resistance to pests and plant diseases, and requires little to no fertilizer (Ozgoren et al., 2019). Helianthus tuberosus L. is grown mainly because of its edible tubers with high inulin content (Ozgoren et al., 2019; Swanton, Cavers, Clements, & Moore, 1992). Some are small, spherical, and knobby, like potatoes, while others are long, slender, and smooth. The tubers have an artichoke flavor (thus the common name) and can be eaten raw or cooked like potatoes (Swanton et al., 1992). The stem part other than the root, which has this economic value, has no value at present. However, with the harvest of the root part, the remaining parts become a waste. Due to this situation, a more environmentally friendly and economical additive material is revealed compared to other natural fibers. Accordingly, the study aims to reveal whether the fibers obtained from the stem of the Helianthus tuberosus L.  vegetable can be used in polymer-based composites or in other areas of use. Morphological, thermal, chemical, structural and mechanical properties of the Helianthus tuberosus L. fibers were characterized.

 2. Materials and methods
 2.1 Fiber extraction
The Helianthus tuberosus L. plants were gathered in the Bahadirli village of Çanakkale, Turkey.  The fiber extraction stages of the Helianthus tuberosus L. are summarized in Figure 1. The branches and leaves of the harvested Helianthus tuberosus L.  plants were roughed up. The separated stems were rinsed in distilled water to remove any debris and dust before being cut into 300 mm pieces. The fibers of Helianthus tuberosus L. were separated from the stem using the traditional water retting method. For simple separation of fibers, stem sections were soaked in a plastic tub filled with tap water for 4 weeks to allow microbial deterioration. Fibers were then manually separated from the stem using a metal comb. Finally, the fibers were rinsed in distilled water and dried for an overnight period at 60°C to remove moisture as in previos studies (Albayrak et al., 2022; O. Y. Keskin et al., 2022; Koktas, Keskin, Dalmis, Seki, & Kilic, 2022).
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	Figure 1. The fiber extraction stages from the harvesting of the Helianthus tuberosus L. plant. The tuber part of the plant, which has nutritional value, was separated and the remaining stem part of the plant was used for fiber production.



2.2 Characterization methods
2.2.1 Chemical analysis
The fiber samples were oven-dried at 105°C before the chemical analysis. The cellulose and hemicellulose contents of Helianthus tuberosus L. fiber were determined in accordance with the previous work after the excess moisture was removed from the fiber(Kilinc, Koktas, Seki, et al., 2018). 
2.2.2 Fourier Transform Infrared analysis
The Perkin Elmer Spectrum BX equipment was used to determine functional groups of Helianthus tuberosus L. fibers using Fourier Transform Infrared (FTIR) analysis. Data were collected at a scan rate of 40 scans per minute with a resolution of 2 cm-1 in the wavenumber range of 650 to 4000 cm-1.
2.2.3 Thermogravimetric analysis
Thermogravimetric analysis was used to study the thermal stability of Helianthus tuberosus L.  using  Shimadzu DTG-60H equipment. The experiment was carried out at a pace of 10 °C/min from room temperature to 800 °C. The analysis was carried out in a nitrogen environment with a flow rate of 100 ml/min to avoid oxidation. For the experiment, 10 mg of Helianthus tuberosus L. fiber was employed.
2.2.4 X-ray photoelectron spectroscopy analysis
With the use of a Thermo Scientific device, the chemical states and surface components of Helianthus tuberosus L.  fibers were determined. With a resolution of 1 eV, an Al-Kα (1486.7eV) X-ray source was used in the range of 1350 and 10 eV. Before the analysis, the sample's surface was sputtered with ionic Ar gas. One of the main objectives for using XPS is determining the composition of Helianthus tuberosus L.  fiber. The second aim is to find out if the fiber is hydrophilic or hydrophobic according to the  Carbon/Oxygen and Oxygen /Carbon (O/C) ratios.
2.2.5 X-ray diffraction analysis
The data collected from the X-Ray diffraction pattern of the fibers was used to calculate the crystallinity index and crystallite size using the Rigaku Ultima 3 devices with Cu – K radiation (λ-Kα1 = 1.54 Å). Fibers were chopped into small pieces to fit onto the specimen holder. Scanning was done between 5-80o with a 2o/min scan rate using an XRD instrument set to 40 kV and 30 mA power.
Segal et al. used an empirical formula (Equation 2) to calculate the crystallinity index (CI) (Segal, Creely, Martin, & Conrad, 1959).
						(2)
where Iam is the least intensity value between the highest two peaks, which is at a 2θ angle between 18o and 19o and corresponds to the (200) lattice plane between 22-23o. The I200 is the peak at maximum intensity between 22-23o that corresponds to the (200) lattice plane (Seki, Sarikanat, Sever, & Durmuskahya, 2013).  Scherrer's Equation (3) was used to calculate the crystallite size (L) of fibers acquired from the XRD pattern (Warren, 1990).

						(3)
where L represents the crystallite size, K represents the Scherrer constant (0.94), λ is the X-ray beam wavelength, and β is the peak full width half maximum (FWHM) in radians and θ is the diffraction angle.
2.2.6 Single fiber tensile test
Helianthus tuberosus L. tensile tests were performed on  INSTRON 4411 universal testing equipment with a 1 kgf load cell. With a gauge length of 20 mm, the loading rate was 1 mm/min. Pneumatic grips at a pressure of 0.5 MPa were used to clamp the fiber. The tensile characteristics of Helianthus tuberosus L. fiber were determined using ten fiber samples. All tests were carried out in accordance with the ASTM D 3822 standard at standard atmospheric conditions (the ambient temperature at 20°C and relative humidity of 65 %).
2.2.8 Morphological characterization
The surface and cross-sectional morphologies of Helianthus tuberosus L. fibers were studied using a Zeiss Sigma 500 field emission scanning electron microscope (SEM). Secondary electron images were captured with a 20 kV accelerating voltage. Before characterization, Helianthus tuberosus L. fibers were sputter coated with Au-Pd alloy to prevent electron charging effects during the investigation.

3. Results and discussion
3.1 Morphological characterization
Longitudinal and cross-section SEM images of the Helianthus tuberosus L. fiber are presented in Figure 2. General images (taken at lower magnifications) are placed in the upper right part of the images at higher magnifications. Fiber morphology is of great importance in determining the application area of new natural fiber (Maache, Bezazi, Amroune, Scarpa, & Dufresne, 2017). For example,  high surface roughness is needed for good composite reinforcement usage to increase contact surface area with the matrix in composite manufacturing (Indran & Raj, 2015).  Cellular fiber morphology is observed when the longitudinal fiber surface is examined (see Fig. 2 (a)). Rectangular cell shapes with an average width of about 20 µm and a length of 50 µm reveal  very distinctive surface morphology. The protruding structure of the cell walls and the recessed structure of the interior cause a rough fiber surface. As mentioned before, increased surface roughness is a big advantage for composite systems by providing better adherence between the fiber and  matrix(Indran & Raj, 2015) . According to Zhang et al., rough surfaces can promote interfacial adhesion between fiber and matrix by mechanical interlocking (Zhang et al., 2018). Non-cellulosic materials present at the fiber surfaces lead to cleaner and smoother surfaces, as can be observed on the lignocellulosic jute and banana fibers, also at  cotton fibers (Kambli, Basak, Samanta, & Deshmukh, 2016). Such fibers need surface modifications in order to use in the composites (do Nascimento et al., 2021).
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	Figure 2. SEM images of the Helianthus tuberosus L.  fiber in the view of (a) longitudinal and (b) cross-sectional.



Cellulosic Helianthus tuberosus L.  fiber takes the shape of several multiple elementary fibers connected together in the direction of their length of fibers, as can be observed from Fig. 2 (b). An empty space can be observed in the center of the elementary fibers (S. Amroune et al., 2015). It is known as the lumen where water and nutrients flow along the fiber. (Sanjay et al., 2018). Such a hollow structure in natural fibers is responsible for the low density characteristic. Furthermore, the porous structure endorses high insulation and absorbance properties to the fiber (Asmanto & Chafidz, 2018). Fiber cells are almost spherical in shape and compactly arranged (Manimaran et al., 2018). However, it can be seen that its shape is slightly distorted as it deforms during the cutting process. While elementary fibers have a diameter of 9.2 µm, wall thickness is around 2 µm and lumen diameter is about 5.2 μm according to the cross-sectional SEM images in Fig. 2 (b). Since the morphologies of natural fibers are similar, their lumen diameter and wall thickness differ. For example, high strength and Young's modulus are associated with the low lumen area and high cell-wall thickness (Fidelis, Pereira, Gomes, Silva, & Toledo Filho, 2013). Accordingly, the introduced Helianthus tuberosus L.  fiber has a lower lumen diameter and thicker cell wall than currently used Jute and Sisal fibers (Fidelis et al., 2013). Morphological examinations of the Helianthus tuberosus L. fiber revealed that it has advantages such as high surface roughness and wall thickness; and low lumen diameter.

3.2 Thermal analysis
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	Figure 3. TG and DTG curves belong to the Helianthus tuberosus L.  fiber



The thermal properties of a new natural fiber are very crucial for usage in composite systems. Natural fibers are preferred in polymer-based composites which are produced generally at relatively high temperatures. The thermal behavior of the natural fiber should be determined the usage temperature without any degradation. Thermogravimetric (TG) and Differential Thermogravimetry Analysis (DTA)  were conducted in this respect and obtained TG and DTG curves of the Helianthus tuberosus L. fiber are presented in  Figure 3. Generally speaking, it is seen that the fiber undergoes three fundamental degradation steps. The first weight loss is observed between 25 °C and 100 °C with 6.3% ratio related to the evaporation of physical water. Also, the degradation of the hemicellulose occurred in this temperature range (Ridzuan et al., 2016). The second weight loss step starts at 247.3 °C and finishes at about 310 °C with a ratio of 33.2%. The starting temperature of the second step indicates the onset temperature of the Helianthus tuberosus L.  fibers (Yao, Wu, Lei, Guo, & Xu, 2008), and is also known as the thermal resistance temperature of the fiber. Helianthus tuberosus L.  fibers more thermally stable (with onset temperature of 247.3 °C) than most widely used natural fibers such as jute (205.1), hemp (205.1 °C) and kenaf (219 °C) (Yao et al., 2008). 

The third weight loss (about 31.7 %) occurs between 310 and 367 °C. The second and third weight loss steps are associated with the decomposition of cellulose and lignin in fibers (Baskaran, Kathiresan, Senthamaraikannan, & Saravanakumar, 2018; Mahmood, Moniruzzaman, Yusup, & Akil, 2016; Saravanakumar, Kumaravel, Nagarajan, Sudhakar, & Baskaran, 2013). The finishing temperature of the maximum degradation temperature found as 367 °C. In this respect,the thermal analysis showed that Helianthus tuberosus L. fiber has an advantage with higher maximum decomposition temperature than popular natural fibers including sisal (340 °C), jute (365 °C), and flax (345 °C); and than recently characterized cellulosic fibers such as Chloris Barbata (324.6 °C), Heteropogon Contortus (337.7 °C), Acacia Leucophloea (346.8 °C) and Thespesia populnea (323.8 °C) (Alvarez, Rodriguez, & Vazquez, 2006; Balasundar et al., 2018; Indran & Raj E., 2015; Manfredi, Rodriguez, Wladyka-Przybylak, & Vazquez, 2006; Saravanakumar et al., 2013).

A mass loss of 7.82% between 367 °C and 800 oC is also realted to the residual content in the fiber (Balasundar et al., 2018). The thermal results showed that due to the high onset temperature, fibers can be used as a reinforcement material in a polymer matrix composites with low degradation (Belouadah, Ati, & Rokbi, 2015; Sarikanat, Seki, Sever, & Durmuskahya, 2014). The high thermal degradation temperatures (247.3 oC) of Helianthus tuberosus L. endorse usage in thermoplastics used for NFRPCs are polyolefins like polypropylene (PP) and polyethylene (PE), polyvinyl chloride (PVC), polyamides (nylon), and, recently, biobased polylactic acid (PLA) due to their low processing temperature (<225 oC) (Zhao et al., 2022).

3.3 Chemical and structural characterizations
3.3.1 Chemical composition
Cellulosic fibers like Helianthus tuberosus L.  consist of cellulose, hemicellulose and lignin basically. Chemical content of the Helianthus tuberosus L.  fiber is given in Figure 4 as a pie chart. Helianthus tuberosus L.  fiber consists of 62.65±0.81% cellulose, 17.36±0.73% hemicellulose, 18.49±0.17% lignin and other contents 1.5±0.02%. Extraction methods, soil properties, age and origin of the plant may affect the chemical composition of cellulosic fibers (Baskaran et al., 2018).
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	Figure 4. Chemical content distribution of the Helianthus tuberosus L.  fiber as a pie chart



Table 1. Chemical content of the cellulosic Helianthus tuberosus L. fiber and, its place between traditional and up-to-date fibers according to the Cellulose contents.
	Fibers
	Contents (%)
	References

	
	Cellulose
	Hemicellulose

	Lignin
	

	Tradational Fibers
	Flax 
	75.81
	7.84
	4.03
	(Lazic et al., 2018)

	
	Jute 
	64. 4
	12 
	11.8
	(Indran & Raj, 2015)

	
	Helianthus tuberosus  L.
	62.65
	17.36
	18.49
	current study

	
	Banana
	56–63
	20–25
	7–9
	(Indran & Raj, 2015)

	
	Kenaf 
	45–57
	8–13
	21.5
	(Indran & Raj, 2015)

	
	Coir 
	32–43
	0.15–0.25
	40–45
	(Indran & Raj, 2015)

	Up-to-date Fibers
	Hierochloe Odarata
	70.4
	21.5
	8.1
	 (R. Dalmis et al., 2020)

	
	Thespesia populnea
	70.27
	12.64
	16.34
	(Kathirselvam, Kumaravel, Arthanarieswaran, & Saravanakumar, 2019)

	
	Derris
scandens
	63.3 
	11.6
	15.3
	(Perumal & Sarala, 2020)

	
	Helianthus tuberosus  L.
	62.65
	17.36
	18.49
	current study

	
	Cereus Hildmannianus
	58.4
	17.14
	10.36
	(Subramanian, Rajkumar, & Ramkumar, 2019)

	
	Curcuma longa L.
	56.5
	12.4
	14.8
	(Ilangovan, Guna, Hu, Nagananda, & Reddy, 2018)

	
	Ficus religiosa
	55.58 
	13.86
	10.13
	(Moshi et al., 2020)

	
	Conium maculatum
	49.5
	32.2
	8.6
	(Kilinc, Koktas, Seki, et al., 2018)

	
	Chrysanthemum morifolium
	32.9
	13.8
	53-others
	(Ramazan Dalmis et al., 2020)

	
	Tridax procumbens
	32.0
	6.8
	3
	(Vijay et al., 2019)





The place of the Helianthus tuberosus L. fiber between traditional and up-to-date fibers according to the cellulose content is presented in the Table 1. Cellulose chains cause increase crystallinity and thus enhance mechanical properties of the fibers due to the extensive hydrogen bonds (Silva, Luz, Siva, Jappes, & Amico, 2019).  Cellulose draws the attention as the most important chemical component in natural fibers. The high amount of cellulose content ensures high mechanical properties including strength, toughness, and rigidity to natural fibers (Perumal & Sarala, 2020). Helianthus tuberosus L. has a lower cellulose content (with a cellulose ratio of 62.65%) than Jute and Flax while higher than Banana, Kenaf, and Coir among traditional natural fibers. Its higher cellulose ratio draws attention than up-to-date natural fibers such as Cereus Hildmannianus, Curcuma longa L., Ficus religiosa, Conium maculatum, Chrysanthemum Morifolium and Tridax procumbens. 

Hemicellulose part is related to the moisture content of the fiber due to its amorphous structure.  Helianthus tuberosus L. fiber appears to contain hemicelluloses content comparable to the natural fibers such as Flax, Banana, and Cereus Hildmannianus. It can be seen as an advantage that it does not have high hemicellulose ratios such as 30-40% as the large amount of hemicellulose existence diminishes the strength of the fiber (Manimaran et al., 2018). The lignin influences structural properties, moisture resistance, bonding nature, and morphology of the fiber. Moreover, it behaves as a protection shield against fungal or bacterial attacks (Balaji & Nagarajan, 2017; Binoj, Raj, & Indran, 2018; Perumal & Sarala, 2020). Therefore, a low amount of lignin content  causes the disintegration of cellulose microfibrils (Indran & Raj, 2015). However, as can be seen in the Table 1, the Helianthus tuberosus  L. fiber has the highest lignin ratio in the table, excluding the coir. So, it can be said that the structural integrity of the newly proposed natural fiber is quite good. The ratio of remaining fiber components like oils and waxes was determined as 1.5%. As a result, the fiber can be assumed as a strong natural fiber promising high mechanical strength with its relatively low hemicellulose content as well as high cellulose and lignin ratios. In addition, introduced fiber can find an application area use of cellulose within different industries, as Moran et. al obtained nano-cellulose from Sisal fiber containing 50–74% cellulose (Moran, Alvarez, Cyras, & Vazquez, 2008).

3.3.2 FTIR analysis
FT-IR spectroscopy was used to characterize the primary components of natural fiber including lignin, cellulose, and hemicellulose, as well as their compound types like ester, ketone, and alcohol (De Rosa, Kenny, Puglia, Santulli, & Sarasini, 2010; Fan, Dai, & Huang, 2011).  Figure 5 shows the functional groups of Helianthus tuberosus L. fibers, with a range of 4000-650 cm-1. The spectrum shows a large peak at 3346 cm-1 attributable to cellulose's distinctive O-H stretching vibrations (Porras, Maranon, & Ashcroft, 2015). The C-H stretching vibrations of CH and CH2 in cellulose and hemicellulose are assigned to the peak at 2920 cm-1 (Oh, Yoo, Shin, & Seo, 2005). The peak at 1734 cm-1 was associated with the stretching vibration of the C=O group in the ester group of hemicellulose or carboxylic acid in lignin.
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	Figure 5. FTIR spectrum of the Helianthus tuberosus L. fiber



Table 2. FTIR peak results of Helianthus tuberosus L. according to the associated bonds and chemical component kinds
	Absorbsion wavelength (cm-1)
	Associated bonds
	Related natural fiber components

	
	
	Cellulose
	Hemisellulose
	Lignin

	3346
	O-H strecthing
	+
	-
	-

	2920
	C-H strecthing
	+
	+
	-

	1734
	C=O stretching
	-
	+
	+

	1628
	H-O-H bending
	+
	-
	+

	1508
	C=C strecthing
	-
	-
	+

	1422
	C-H bending
	+
	-
	-

	1372
	C-H bending
	+
	-
	+

	1334
	C-O strecthing/bonding
	+
	-
	-

	1234
	C-O strecthing
	-
	-
	+

	898
	C–O–C stretching
	+
	-
	-



The H-O-H bending vibration of water in lignin or cellulose is responsible for the pronounced absorption peak at 1630 cm-1 (De Rosa et al., 2011; De Rosa et al., 2010). The C=C stretching of aromatic lignin in the fiber correlates to the minor peak at roughly 1508 cm-1 (Kilinc, Koktas, Seki, et al., 2018). The peak at 1422 cm-1 corresponds to cellulose's C-H symmetric bending of CH2 (Sgriccia, Hawley, & Misra, 2008). The absorption peak at 1372 cm-1  is related to the C-H bending bond of cellulose and hemicellulose (El Oudiani, Msahli, & Sakli, 2017). The peak at 1332 cm-1   corresponds to C–O stretching and bending in cellulose's CH plane (do Nascimento et al., 2021; El Oudiani et al., 2017) The peak at 1234 cm-1  is related to the C–O stretching vibration of the acetyl groups in lignin (Tawakkal, Cran, & Bigger, 2016). The C-O and O-H stretching vibrations in fiber are responsible for the sharp peak near 1034 cm-1 (R. Dalmis et al., 2020). The band at 896 cm-1 is associated with C–O–C asymmetrical stretching bonds of b-glycosidic amorphous cellulose  (Chimeni, Toupe, Dubois, & Rodrigue, 2016; Mwaikambo & Ansell, 2002). All these FTIR results according to the associated bonds and chemical component kinds are summarized in Table 2.
As can be understood from Table 2, basic components of natural fiber including lignin, cellulose, and hemicellulose are present in the Helianthus tuberosus L. fiber similar to the commonly used natural fiber (Keshk, Suwinarti, & Sameshima, 2006; Saha et al., 2010; Sawpan, Pickering, & Fernyhough, 2011).

3.3.3 XPS analysis
XPS was used to analyze the chemical states and composition of Helianthus tuberosus L.  fiber. As can be seen from general XPS survey in Figure 6 (a) the main component of the fiber surface is Carbon (C) that is followed by Oxygen (O). Small amounts of Silicon (Si) and Nitrogen (N) elements were also detected. The elemental compositions of the Helianthus tuberosus L.  fiber together with some other natural fibers are presented in Table 3. Carbon and  Oxygen concentrations were found to be 69.39% and 25.85%, while  Si and N concentrations were detected as 3.91 and 2.53, respectively.	Small amounts of Si and N atoms typically emerge from the soil, and natural contaminants stick to the fiber's external surface (Perumal & Sarala, 2020).
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	(b)
	(c)

	Figure 6 (a) General XPS survey and, the high-resolution XPS spectra of  (a) C1s and (b) O1s peaks of the Helianthus tuberosus L. fiber



Fig. 6 (b) and (c) show the high-resolution XPS spectra of the C1s and O1s peaks, respectively. Deconvolution analysis was performed in order to determine the content of the functional groups. The most significant signal for C1s, at 285.52 eV, represents C-C and C-H bonds, which can suggest the existence of cellulose or ether  (Pandey, Sinha, & Dubey, 2020). The O1s peak at 532.25 eV is of cellulosic or cyanoethyl cellulose, which has a C-O-C bond and indicates the existence of cellulose in the substance (Pandey et al., 2020).  

Table 3. Elemental composition of the Helianthus tuberosus L. fiber and some other fibers
	Natural Fibers
	Elemental composition (%)
	O/C 
	C/O 
	References

	
	C1s 
	O1s 
	N1s 
	Si2p 
	
	
	

	Helianthus tuberosus  L.
	69.39
	25.85
	2.79
	1.96
	0.37
	2.68
	Current study

	Conium maculatum
	69.22
	15.05
	2.53
	3.91
	0.21
	4.59
	(Kilinc, Koktas, Seki, et al., 2018)

	Hierochloe Odarata
	63.80
	30.45
	1.38
	2.49
	0.47
	0.48
	(R. Dalmis et al., 2020)

	Chrysanthemum morifolium
	66.33 
	27.45
	
	6.52
	0.41 
	2.40
	(Ramazan Dalmis et al., 2020)

	Centaurea solstitialis
	59.08 
	32.17
	
	8.75
	0.54
	1.83
	(O Yasin Keskin et al., 2020)

	Derris
scandens
	80.16
	19.33
	
	0.32
	0.24
	4.14
	(Perumal & Sarala, 2020)

	Jute
	64.3
	29.7
	1.8
	2.8
	0.46
	2.09
	(Bulut & Aksit, 2013)

	Kenaf
	62.34
	27.96
	2.68
	4.26
	0.45
	2.38
	(Sgriccia et al., 2008)

	Flax
	83.88
	16.12
	
	
	0.15
	5.20
	(Sgriccia et al., 2008)

	Hemp
	76.79
	20.48
	2.19
	
	0.27
	3.74
	(Sgriccia et al., 2008)



Carbon/Oxygen (C/O) and Oxygen /Carbon (O/C) ratios of fibers are used to determine the hydrophilic or hydrophobic characteristics of surface. Therefore, the O/C and C/O data of the Helianthus tuberosus L. and some current and conventional natural fibers along are gathered in Table 3. The low O/C ratio of fibers indicates that there is less wax and lignin on the fiber surface (Perumal & Sarala, 2020). When we look at the O/C ratios, it can be seen from Table 3 that Helianthus tuberosus L. has lower value than many other fibers, except for a few fibers including Conium maculatum, Derris scandens, Flax, and Hemp. The hydrophobic surface characteristic of fibers is generally associated with a high C/O ratio, and this parameter is crucial for cellulose-based fiber-reinforced composite materials (Sernek, Kamke, & Glasser, 2004). When we look at the C/O ratios, Helianthus tuberosus L. has lower than only Derris scandens, Flax, and Hemp fibers. Helianthus tuberosus L. fiber is suitable for use as a reinforcement in many polymer-based composites because it has a higher C/O value than all the remaining fibers in Table 3.

3.3.4 XRD analysis
The X-ray diffraction pattern of the Helianthus tuberosus L. fiber is presented in Figure 7 together with the simulated cellulose Iβ pattern from the Mercury software. As can be seen from Fig. 7, the Helianthus tuberosus L. fiber has diffraction peaks at the following Bragg angles 14.98o, 16.58o, 22.14o and 34.78o corresponding to the (), (110), (200) and (004) planes, respectively (del Cerro, Koso, Kakko, King, & Kilpelainen, 2020; French, 2014). The minimum intensity between the (110) and (200) peaks represents the amorphous content (Segal et al., 1959). The minimum intensity at 18.52o is utilized to the determination of the Iam value which is used for the calculation of the crystallinity index (CI). The basic XRD peak at 22.14o (related to the  200 plane) which is characteristic of cellulosic materials, also helps to find the I200 required in the CI formula. 
	[image: C:\Users\kullanici\Dropbox\tek lif\Resim1.tif]

	Figure 7. XRD pattern of the Helianthus tuberosus  L. Fiber together with the simulated cellulose Iβ pattern



Natural fibers' crystallinity is proportional to their mechanical properties. The cellulose chains become more consistently aligned as crystallinity increases, which serves to improve the tensile strength of the fibers (Ehrenstein, 2012). As a result, when natural fibers are intended to be used as reinforcement in polymeric matrix composites, these characteristics might be extremely desirable (do Nascimento et al., 2021). Increased crystallinity as a reinforcement aids in the manufacture of high-strength composites. Moreover, high CI helps to improve thermal degradation temperature of natural fibers (Kim, Eom, & Wada, 2010). The crystallinity index of Helianthus tuberosus L. fiber is 63.11% according to the Segal formula (2). High crystallinity index of Helianthus tuberosus L. fiber is suitable with the high maximum degradation temperature of fibers (Jonoobi, Harun, Shakeri, Misra, & Oksman, 2009). Crystallite size (L) of the Helianthus tuberosus L. fiber was calculated by the Scherrer’s Equation (3) found as 21.8 Å. The percentage of amorphous structure decreases as crystallite size grows, raising the cellulose's CI (Kim et al., 2010). 

3.4 Mechanical properties
Natural fibers' mechanical characteristics are heavily influenced by their structure and chemical content. When the literature is examined, it is clear that the claimed mechanical properties of cellulose-based fibers have a diverse variety. Diversity can be attributed to a variety of factors, including test settings, plant features, extraction, maturity, growth conditions, harvesting period, degree of retting, irregular cross-section, section measurements, and imperfections on the fiber surface, among others (Fidelis et al., 2013; Kilinc, Koktas, Seki, et al., 2018; Owonubi, Agwuncha, Anusionwu, Revaprasadu, & Rotimi, 2019). High cellulose content, on the other hand, is known to improve tensile strength and modulus values because cellulose has special properties such as a high degree of polymerization and a linear orientation (Baskaran et al., 2018; Senthamaraikannan, Sanjay, Bhat, Padmaraj, & Jawaid, 2019; Thakur & Singha, 2010).  Apart from reinforcing fiber mechanical characteristics, it is well known that the mechanical properties of fiber-reinforced composites are influenced by other factors such as matrix composition, matrix mechanical properties, fiber orientation angle, fiber-matrix shear strength, and adhesion, and so on (Salah Amroune et al., 2020; Goda, Takagi, & Netravali, 2009; Saheb & Jog, 1999; Shesan, Stephen, Chioma, Neerish, & Rotimi, 2019). 

Table 4. Mechanical properties of Helianthus tuberosus L. together with some natural fibers 
	Fiber Name
	Cellulose content (%)
	Tensile strength (MPa)
	Young’s modulus (GPa)
	Elongation at break (%)
	Reference

	Banana
	62.4
	529–759
	8–20
	1–3.5
	(Prasad & Rao, 2011)

	Cotton 
	89
	500
	8
	7
	(Fiore, Scalici, & Valenza, 2014)

	Trachelospermum jasminoides
	62.7
	404.0 
	32.3
	1.8
	(Gedik, 2021)

	Sansevieria ehrenbergii
	80
	343.67±242.99
	3.29±1.79
	9.05±2.61
	(Sathishkumar, Navaneethakrishnan, Shankar, & Rajasekar, 2013)

	Conium maculatum
	49.5
	327.89±67.41
	15.77±3.15
	2.67±0.53
	(Kilinc, Koktas, Seki, et al., 2018)

	Jute 
	67
	325
	37.5
	2.5
	(do Nascimento et al., 2021)

	Helianthus tuberosus L.
	62.65
	144.11±94.2
	2.58±2.77
	6.92±2.18
	Current study

	Centaurea solstitialis
	57.20
	111.85 ± 24.97
	3.41 ± 0.62
	3.32 ± 0.67
	(O Yasin Keskin et al., 2020)

	Hierochloe Odarata
	70.4
	105.73 ± 35.42
	2.56 ± 0.98
	2.37±0.95
	(R. Dalmis et al., 2020)

	Palm leaf stalk fibre (WLF)
	77.94±0.87
	65.67 ± 21
	3.64 ± 1.11
	1.8 ± 0.623
	(Mayandi et al., 2015) 

	Grewia tilifolia
	62.8
	65.2
	4.57
	1.6
	(Jayaramudu, Guduri, & Rajulu, 2010)

	Chrysanthemum
morifolium
	32.9
	65.12 ± 25.04
	1.55 ± 0.76
	4.51 ± 0.95
	(Ramazan Dalmis et al., 2020)

	Veldt-grape stem fibre (VSF)
	81.38±1.61
	61.42 ± 17.3
	1.1 ± 0.315
	5.6 ± 1.37
	(Mayandi et al., 2015)

	Catharanthus roseus
	47.3
	27.02±1.1
	1.23±0.04
	2.15±0.1
	(Vinod et al., 2019)

	Tridax procumbens
	32.0
	25.75
	0.94±0.09
	2.77±0.27
	(Vijay et al., 2019)




Mechanical properties of the Helianthus tuberosus L. and some lignocellulosic fibers together with their cellulose content are listed in Table 4. Natural fibers are listed according to their tensile strength values in Table 4. As can be observed from Table 4, Helianthus tuberosus L. fiber has a higher tensile strength than most of the fibers in the list. When the values are compared, it can be seen that while the cellulose content of Helianthus tuberosus L. is lower than Hierochloe Odarata, Palm leaf stalk (WLF) and Veldt-grape stem (VSF) fibers it has higher tensile strength values. The exceptional strength of the fibers despite their low cellulose percentage can be attributed to the more regular production of cellulosic chains (Ehrenstein, 2012). It can be said that Young's modulus of the fiber is lower than the others and the elongation at the break value is higher, in general (see Table 4). Its high strength and elongation value show that the fiber can be easily used in polymer-based natural composites. 

Conclusion
Cellulosic Helianthus tuberosus L. fiber has a morphological advantage for composites with its cellar structure by providing better adhesion. Thus, the fiber can be used as reinforcement in composites without any surface modification. The high thermal degradation temperature (247.3 oC) of Helianthus tuberosus L. endorses utilization in thermoplastic-based composites due to their low processing temperature. Helianthus tuberosus L. fiber has 62.65% cellulose, 17.36% hemicellulose, %18.49  lignin and 1.5% others. These components were proved by the FTIR results. Due to the high cellulose content, it can find use in many industries such as paper and paperboard productions. Cellulosic Helianthus tuberosus L. fiber shows another superiority with a high C/O value for usage as a reinforcement in green composites. The crystallinity index of Helianthus tuberosus L. fiber was found as 63.11% while crystallite size was 21.8 Å. The Helianthus tuberosus L. fiber outperformed many natural afibers with its 144.11 MPa tensile strength. Consequently, cellulosic Helianthus tuberosus L. fiber is a very good reinforcement candidate for green composites with high surface roughness, high thermal resistance, high cellulose content, high crystallinity and high tensile strength.
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