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lignocellulosic fibers to find the place of these fibers as reinforcements for polymer composites.
Chemical analysis confirms the presence of 37.43 + 1.40% cellulose, 31.06 + 1.03% hemicel-
lulose, and 28.42 + 0.81% lignin in Calamus tenuis cane fibers, moreover, the presence of these
constituents is also confirmed by Fourier Transformed Infrared Spectroscopic (FTIR) analysis. The
X-Ray diffraction (XRD) analysis determines the crystallinity index of 37.38 + 0.27% and the
crystallite size of 0.87 + 0.03 nm of the samples. The thermogravimetric analysis ensures that the
Calamus tenuis cane fibers are thermally stable up to 210 + 5 °C. The Weibull distribution analysis
is employed to estimate the tensile properties of Calamus tenuis canes, which reveal a tensile
strength of 37.5 + 2 MPa, Young’s modulus of 1.05 + 0.08 GPa, and an elongation at break of
18.94 + 4.26%. The roughness of the fibers’ outer surface is confirmed by SEM micrographs and
AFM analysis, suggesting that it could enhance the adhesion between fibers and matrix during the
fabrication of composites.

1. Introduction

A growing awareness of environmental issues, new government regulations aimed at protecting the environment, and consumer
demands have prompted the scientific community and manufacturing industry to come up with new reinforcing materials that could
serve as alternatives to commonly used non-renewable reinforcing materials [1,2]. Over the past few decades, the composite industries
have shown significant interest in natural fibers, particularly those derived from plants, owing to their renewable source, widespread
availability, lightweight, low density, relatively good mechanical strength, and other desirable properties. Natural fibers have found
use as reinforcements in polymer composites for a range of applications, including building materials, swimming pool panels, sports
equipment, aircraft parts, backrests, and automotive components, among others [3-5].

Understanding the properties of fibers is crucial before fabricating composites, as the quality of composites relies on two factors (i)
the characteristics of the fibers and matrix, and (ii) the strength of the interfacial bondings between them. Moreover, the physical
properties of the fibers should be in line with the requirements of the intended application. Literature indicates that cellulose, lignin,
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hemicellulose, pectin, wax, etc. are the main constituents of the plant fibers, and chemical treatments may be necessary to modify the
fibers’ surface to use them as reinforcements for polymer composites [6,7].

Several natural fibers including Calotropis gigantea [11], Ferula communis [2], Chloris barbata [3], Tridax procumbens [4], Prosopis
juliflora bark [8], Furcraea foetida [9], Putranjiva roxburghii W. Seed Shell [10], etc. have been extracted and characterized by many
researchers and many of these natural fibers have also been utilized as reinforcement during composite fabrication.

Calamus tenuis (Jati Bet) is a common cane of North East India referred to as Assam cane in commerce [11]. These canes have been
used for manufacturing lightweight furniture, decorative items, etc. Handicraft industries consider them to be exceptional and ver-
satile raw materials due to their lightness, durability, and flexibility. But the fibers of Calamus tenuis (Jati Bet) canes have not been
studied yet to find their place as reinforcements for polymer composites. In this work, attempts have been made to investigate the
physicochemical, thermal, and mechanical characterization of raw Calamus tenuis (Jati Bet) cane fibers, and their evaluated charac-
teristic parameters have been compared with that of various natural fibers determined by many researchers. In this investigation, the
characteristic features of raw Calamus tenuis cane fibers have been analyzed by chemical composition analysis, Fourier Transformed
Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Thermogravimetric Analysis (TGA), Test for mechanical properties, Scanning
Electron Microscopy (SEM), and Atomic Force Microscopy (AFM).

2. Materials and methods
2.1. Extraction of Calamus tenuis cane fibers

Raw materials of Calamus tenuis (Jati Bet) were obtained from the Naharkatia region (27.2870° N, 95.2476° E) of Dibrugarh
District, Assam, India. The canes were submerged in water for a duration of 14 days after extraction, to facilitate microbial degradation
[8] and also to soften the outermost layers of Calamus tenuis canes. The outermost layers of the canes were separated manually. After
separation, the canes underwent a washing process in distilled water to eliminate undesired impurities such as sand, dust, and other
particles adhering to the surface. Following this, they were sun-dried for a duration of 8 days. The techniques outlined elsewhere were
employed to prepare the different samples of Calamus tenuis cane fibers required for the current study [12]. Fig. 1(a) shows the Calamus
tenuis cane tree, and Fig. 1(b) shows the extracted canes from Calamus tenuis tree.

2.2. Characterization of Calamus tenuis cane fibers

2.2.1. Measurement of bulk density, true density, porosity, and diameter
The bulk density (pp) of cylindrical Calamus tenuis canes was determined in accordance with KSF 2198 [13,14] by using

py = @

\4
in Eq. (1), W represents the weight of the sample, while V denotes its volume.

The true density of the samples was measured by a gas pycnometer (Model: PYC-100A, Porous Materials Inc, Make: Ithaca, New
York, USA). For the measurement of true density, the true volume of the solid sample is calculated from the pressure drop when air at a
certain pressure is allowed to expand into the chamber containing the sample. The true density (p,) is measured by using the following
formula:

w

P :Vt 2

In Eq. (2), W, and V; represents the weight, and true volume of the sample respectively.

(a)

Fig. 1. (a) Calamus tenuis tree, (b) Canes extracted from Calamus tenuis tree.
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Porosity measures the percentage of void spaces in a material. Porosity (¢) of the sample is estimated by using the following formula
[15]:

e= (1—fi> % 100% ©)

t

In Eq. (3), pp represents the bulk density, and p; represents the true density of the sample.
The diameter of the 20 samples of Calamus tenuis canes at 3 different places was measured using a screw gauge and the average
value was presented.

2.2.2. Chemical analysis

The chemical composition of the Calamus tenuis cane fibers was estimated by using chemical analysis. For this purpose, standard
methods were employed. The percentage contents of cellulose in the Calamus tenuis fibers were estimated by Undegraff Method [16].
The natural detergent fiber (NDF) method was employed to estimate the hemicellulose contents [17]. Lignin contents were estimated
by using TAPPI T 222 om-02 method. ASTM D4442-07 and TAPPI T 211 om-02 were used for moisture and ash contents estimation
respectively. Acid hydrolysis was used to extract the pectin and also to estimate its content in Calamus tenuis cane fibers. Three
replicates were performed for all the chemical analyses and the average result was presented.

2.2.3. Fourier Transformed Infrared (FTIR) analysis

Fourier Transformed Infrared (FTIR) Spectroscopy technique identifies the functional groups present in the Calamus tenuis cane
fibers. For this purpose, 1 mg powder of Calamus tenuis cane fibers was mixed with KBr to form pellets. The pellets underwent testing
usinclg a Nicolet Impact 410 FTIR Spectrometer (USA), with 1 cm ™! resolution, within the wave number range of 400 cm™! to 4000
cm .

2.2.4. X-Ray Diffraction (XRD) analysis

X-Ray Diffraction (XRD) Analysis of Calamus tenuis cane fibers was carried out by PANalytical Empyrean Powder XRD at 25 °C to
know the crystalline properties of the samples. The spectrum was recorded between 5° and 80° (26 angle) with 0.0260° step size. The
generator was set at 45 kV and 40 mA. Segal’s Equation determined the crystallinity index (CI) of Calamus tenuis cane fibers [18].

I
Cl= (1 —I“’”) x 100% ()]

002

In Eq. (4), Ipp2 represents the intensity peak at 22° corresponding to the crystallographic plane (002) (crystalline region), I, represents
the intensity peak at around 18° lying between the planes (002) and (101) (amorphous region). Scherrer’s Equation was employed to
compute the Crystallite Size (CS) of Calamus tenuis cane fibers [2].

KA
T pCOSO

cs (5)

In Eq. (5), 1 denotes the wavelength of CuK, radiation, Scherrer’s constant is K = 0.89, ff represents the peak’s FWHM, and 6 represents
Bragg’s angle.

2.2.5. Thermogravimetric Analysis (TGA)

The degradation characteristics of Calamus tenuis cane fibers were measured using a METTLER TOLEDO Thermogravimetric
Analyser. To conduct the analysis, approximately 5 mg of Calamus tenuis cane fiber powder was heated at a rate of 10 °C per minute in
an alumina crucible, over a temperature range of 25 °C-700 °C. Throughout the analysis, a nitrogen atmosphere was maintained with a
gas flow rate of 20 mL per minute. The kinetic activation energy (E,) was evaluated from Coats and Redfern equation [19].

ART* E,

In[—In(1 —x)]=1In BE, RT

(6)

In Eq. 6, A is the pre-exponential factor, § denotes the rate of heating (10 °C per minute), R is the universal gas constant (8.32 kJ

mol K1), T represents the absolute temperature in Kelvin (K), and x = ;’g:zf' , where wy, and w; represents the initial weight, and the

weight of the sample at a particular time. wy be the final weight of the sample. Kinetic activation energy is calculated by plotting the
graph between In[—In(1 —x)] vs 1000/T.

2.2.6. Study of mechanical properties

2.2.6.1. Tensile test. The INSTRON 8801 Universal Testing Machine (UTM) equipped with a 100 kN load cell was employed to
measure the tensile properties of Calamus tenuis canes at a temperature of 24 °C. A total of twenty samples were tested with a gauge
length of 50 mm and a cross head speed of 1 mm per minute. The laboratory was maintained at a relative humidity of 55% throughout
the testing process. The tensile properties data were analyzed using the Weibull distribution analysis with the aid of Minitab 17
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software. The formula used to calculate the microfibril angle («) in degree of Calamus tenuis cane fibers is given below [20].
AL
e=in (1 +—> = —In(cos a) )
Ly
In Eq. (7), € is the strain, Lo, and AL represents the gauge length and elongation at break in mm respectively.

2.2.6.2. Flexural test. The INSTRON 8801 UTM equipped with a 100 kN load cell was used at 24 °C with Relative humidity of 55% for
conducting a three-point bending test in order to determine the flexural strength and flexural modulus of Calamus tenuis canes. The
tests were performed at a cross head speed of 2.5 mm per minute, with a span length of 50 mm.

2.2.7. Scanning Electron Microscope (SEM) analysis

The JSM 6390LV SEM was employed to examine the surface morphologies of Calamus tenuis canes. The SEM was operated at 20 kV,
using magnifications of 50x, 100x, and 200 x. To prevent charging of the non-conductive samples, they were coated with gold prior to
analysis.

2.2.8. Atomic Force Microscope (AFM) analysis

The surface roughness of Calamus tenuis cane fibers was studied using high-resolution 2D and 3D imaging techniques provided by
Atomic Force Microscopy (AFM). In this study, the Atomic Force Microscope, Model: NTEGRA Prima, manufactured by NT-MDT
Technology was used. A Standard Si cantilever with a scanning rate of frequency 1 Hz was used for scanning the samples. Various
surface roughness parameters, including root mean square roughness (Sq or S;ns), mean roughness (S,), surface skewness (Sg), ten
points average absolute height roughness (S;), maximum peak-to-valley height (S;), and kurtosis (Sk,) were estimated.

3. Results and discussions
3.1. Measurement of bulk density, true density, porosity, and diameter

The bulk density of Calamus tenuis canes is evaluated by using Eq. (1). and it is estimated as 526 + 16 kg m~> whereas the true
density is 720 + 16 kg m~> computed from Eq. (2). The comparison of the density of Calamus tenuis canes with that of various natural
fibers determined by some researchers is shown in Table 1, which depicts that this value is less as compared to other natural fibers. The
low value of density reveals that Calamus tenuis canes can be used in lightweight polymer composite applications [8,9,21]. The porosity
of the sample is measured by using Eq. (3). and this value is found to be 27.77%, which confirms the porous structure of the Calamus
tenuis canes, and is also in good agreement with the SEM results. Measuring the diameter of plant fibers is a challenging task due to
their irregular shape along their length. However, for the measurement of tensile property, it is assumed to be circular. The average
diameter of the Calamus tenuis canes is found to be 8.31 + 0.48 mm.

Table 1

Comparison of density of Calamus tenuis canes with various natural fibers.
Name of Fibers Density (kg m~3)
Calamus tenuis (Bulk Density) 526 + 16
Calamus tenuis (True Density) 720 + 16
Calotropis gigantea Bast [1] 1324
Ferula communis [2] 1240
Chloris barbata [3] 634
Tridax procumbens [4] 1160 + 120
Areca Palm Leaf Stalk [5] 1090 + 24
Prosopis juliflora bark [8] 580
Furcraea foetida [9] 778
Cyrtostachys renda [21] 1020
Arundo Donax L. [22] 1168
Musa textilis [23] 1500
Stipa tenacissima [24] 890-1400
Acacia leucophloea [25] 1382
Calamus manan (Bulk Density) [26] 450
Cissus quadrangularis stem [27] 1220
Coccinia grandis L. [2.8] 1243 + 22.6
Corn Husk [29] 340
Corypha taliera fruit [30] 860
Juncus effusus L. [31] 1139
Palm Tree Leaf Stalk [32] 850
Wikstroemia Spp. [33] 1023
Raffia textilis [34] 750
Saccharum spontaneum [35] 1188 + 8
Furcraea foetida leaves [36] 1165.78 + 52.20
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3.2. Chemical analysis

The chemical composition of Calamus tenuis cane fibers and various natural fibers are listed in Table 2. It shows that cellulose
content in Calamus tenuis cane fibers is 37.43 + 1.40%. Cellulose is one of the important constituents that provide good mechanical
strength to cane fibers [24,33]. Apart from providing mechanical strength to cane fibers, cellulose also contributes toughness, and
structural steadiness to the samples [22,30]. The hemicellulose content of Calamus tenuis cane fibers is found to be 31.06 + 1.03%,
which is comparable with many other lignocellulosic fibers. But the hemicellulose content can disintegrate the fibers, resulting in
lower strength of lignocellulosic fibers [8]. This defect can be modified by treating the samples with alkali of suitable proportions [37].
The higher percentage of lignin (28.42 + 0.81%) in Calamus tenuis cane fibers contributes to resistance against microbial attack [22]
and gives superior structural rigidity to the fibers [8]. The pectin content in Calamus tenuis cane fibers is very less and is estimated to be
0.51 + 0.12%. The moisture content of Calamus tenuis cane fibers is estimated to be 10.57 + 1.53%. The moisture content confirms the
presence of hemicellulose in samples [38]. The ash content of the sample is found to be 4.11 + 0.62%.

3.3. Fourier Transformed Infrared (FTIR) analysis

Fig. 2 shows FTIR spectra of Calamus tenuis cane fibers. A wide peak was observed at 3419.69 cm ™!, which is attributed due to the
stretching vibration of hydrogen bonds and ~OH present in hydroxyl groups [9,21,22,28]. Two less intense peaks at 2928.04 cm ! and
2848.42 cm ™! are observed due to the C-H stretching vibrations, which confirm the presence of cellulose and hemicellulose [5,22,41].
The peak observed at 1738.71 cm™! is associated with the vibrations C=0 group of hemicellulose or to the ester bonds within the
carboxylic groups in lignin [20,21,32]. A peak at 1634.37 cm ™! is connected with the C=0 (Carbonyl Groups) linkage of hemicellulose
and lignin [2,5]. The peak observed at around 1507.25 cm ™! is associated with the stretching vibration of C=C of the phenyl propane
group in aromatic lignin [41]. The absorption peak observed at 1425.92 em ! is due to the presence of symmetric bending of CH; in
cellulose [20,22]. The peak at 1375.10 em ! belongs to the C-H group of cellulose [20]. The vibration peak observed at 1247.05 cm !
indicates the stretching vibration of C-O of acetyl groups in lignin [46] or C=O stretching of hemicellulose [28,34,45]. The char-
acteristics peak observed at 1072.22 cm ™! manifests the existence of G-O groups of cellulose [5,41]. A peak at around 898.07 em!
may be due to the p-glycosidic bonds of monosaccharides [20,45]. A peak observed at 606.84 cm ™! may be due to the bending of C-OH
[20,22].

3.4. X-Ray Diffraction (XRD) analysis

The XRD spectrum of Calamus tenuis cane fibers is presented in Fig. 3. The diffractogram contains mainly three diffraction peaks.
The most prominent and intense peak, occurring at approximately 26 = 22°, corresponds to the Miller indices of the (200) plane, and is
attributed to the presence of cellulose I [8,27,29,35]. Two additional diffraction peaks of lower intensity can be seen at 260 = 16° and
34.5°, which correspond to the crystal planes (101) and (004), respectively [2,30]. The crystallinity index is estimated using Eq. (4).

Table 2

Comparison of Chemical composition of Calamus tenuis cane fibers with various natural fibers.
Name of fibers Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) Moisture (%)
Calamus tenuis 37.43 + 1.40 31.06 + 1.03 28.42 + 0.81 4.11 + 0.62 10.57 + 1.53
Calotropis gigantea Bast [1] 63.56 19.29 10.38 5.78 -
Ferula communis [2] 53.3 8.5 1.4 7.0 24.8
Chloris barbata [3] 65.3 10.23 9.32 2.52 7.29
Tridax procumbens [4] 32 6.8 3 — 11.2
Areca Palm Leaf Stalk [5] 57.49 + 0.66 18.34 + 0.24 7.26 + 0.12 1.49 + 0.01 9.35 £ 0.15
Prosopis juliflora bark [8] 61.65 16.14 17.11 5.2 9.48
Furcraea foetida [9] 68.35 11.46 12.32 6.53 5.43
Calamus manan [20] 42 20 27 - -
Cyrtostachys renda [21] 45.15 22.88 18.77 - -
Arundo donax L. [22] 43.2 20.5 17.2 1.9 -
Acacia leucophloea [25] 68.09 13.60 17.73 - -
Cissus quadrangularis stem [27] 82.73 7.96 11.27 - 6.6
Coccinia grandis L. [28] 62.35 13.42 15.61 4.388 5.6
Corn Husk [29] 46.15 33.79 13.92 - 11.961
Corypha taliera fruit [30] 55.1 21.78 17.6 - 7.1
Palm Tree Leaf Stalk [32] 44.10 13.02 4.52 - -
Wikstroemia Spp. [33] 79.05 13.6 10.13 60.93 50.21
Saccharum spontaneum [35] 43.2+ 1.2 26.2 +0.3 22.4+0.3 - 6.80 = 0.20
Agave americana L. [38] 71.65 £+ 1.20 22.4+0.9 6.09 + 0.3 - 5.26 £ 0.06
Musa textilis [39] 66.43 30.7 13.6 - 0.7
Stipa tenacissima [40] 46 + 3 24 +2 20+ 2 72+1 -
Juncus effuses [41] 56.9 28.2 9.9 - -
Lufa Sponge [42] 57.51 £ 0.2 29.47 £ 0.25 17.37 £ 0.23 - 8.83 £ 0.30
Pennisetum purpureum stem [43,44] 45.66 33.67 20.60 — 139+ 1.1
Saharan Aloevera Cactus Leaves [45] 60.2 14.2 13.7 - 7.6
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Fig. 2. FTIR Spectra of Calamus tenuis cane fibers.

and for Calamus tenuis cane fibers this value is calculated to be 37.38 + 0.27%, which is higher than many natural fibers like Tridax
procumbens [4], Juncus effusus L. [30], and Lufa Sponge [42]. The Crystallite size of Calamus tenuis cane fibers is estimated using Eq. (5).
as 0.87 + 0.03 nm, which is lower than many natural fibers like Cissus quadrangularis stem [27], Corypha taliera fruit [30], Calamus
manan [20], Sisal [47], Areca Palm Leaf Stalk [48], etc. The crystallite size reduces the chemical reactivity as well as the hydrophilicity
of the fibers during the composite fabrication. The chemical modification of these raw fibers of Calamus tenuis canes can improve the
degree of the structural arrangement of the fibers [30]. The comparison of crystalline properties of Calamus tenuis cane fibers with that
of various natural fibers determined by some researchers is shown in Table 3.

3.5. Thermogravimetric Analysis (TGA)

Fig. 4(a) shows the TGA and DTG graphs of Calamus tenuis cane fibers, which exhibit three stages of thermal decomposition. A
minor weight loss of 13.03% is observed between 25 °C and 110 °C in the first stage is attributed to the sample’s hydrophilic properties
[21,22,27,41,51]. Calamus tenuis cane fibers show thermal stability up to 210 + 5 °C. In the 2nd stage, a weight loss of 53.71% is
recorded in the temperature range from 210 °C to 351 °C, where two peaks with peak temperatures of 293 + 3 °C and 315 + 1 °C are
observed. The initial peak, seen at 293 + 3 °C and accompanied by a weight loss of 39.39%, suggests the decomposition of hemi-
cellulose, pectin, and glycosidic bonds within the sample’s cellulose [22,27,34,43]. The second peak observed at 315 + 1 °C
accompanied by a weight loss of 54.52% is attributed to a-cellulose decomposition [22,27,34,51]. A single peak at 453 + 2 °C is
observed in the temperature range from 351 °C to 700 °C which is due to the degradation of lignin [34,51]. Similar results of three
stages of thermal decomposition are also observed in various natural fibers investigated by some researchers which are listed in

6000

1 (200)
5500

5000
4500 / k

4000 1 o)
3500 -

|
3000 —- \
2500 :M‘
2000 ©04)
1500 —. \‘h\’\
1000 —-
500 M
] o]

o

Intensity(a.u.)

20 (Degrees)

Fig. 3. XRD diffractogram of Calamus tenuis cane fibers.
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Table 3

Comparison of Crystalline properties of Calamus tenuis cane fibers with various natural fibers.
Name of fibers Crystallinity Index (%) Crystallite Size (nm)
Calamus tenuis 37.38 + 0.27 0.87 + 0.03
Calotropis gigantea Bast [1] 80.9 -
Ferula communis [2] 48 1.6
Chloris barbata [3] 50.29 -
Tridax procumbens [4] 34.46 25.04
Prosopis juliflora bark [8] 46 15
Furcraea foetida [9] 52.6 28.36
Calamus manan [20] 48.28 1.91
Cyrtostachys renda [21] 50 -
Acacia leucophloea [25] 51 15
Cissus quadrangularis stem [27] 47.15 3.91
Coccinia grandis L. [28] 52.17 13.38
Corn Husk [29] 43.7 2.25
Corypha taliera fruit [30] 62.5 1.45
Juncus effusus L. [31] 33.40 3.6
Palm Tree Leaf Stalk [32] 46.37 -
Raffia textilis [34] 51 9.6
Saccharum spontaneum [35] 53 -
Furcraea foetida leaves [36] 62.05 2.44
Stipa tenacissima stem [37] 59.5 -
Agave americana L. [38] 53.2 -
Lufa Sponge [42] 244+ 1.4 -
Saharan Aloevera Cactus Leaves [45] 52.6 5.6
Sisal [47] 51.23 3.156
Areca Palm Leaf Stalk [48] 44 31.6
Arundo donax L. [49] 53.8 -
Ceiba aesculifolia Seed Pods [50] 63 -
Date Palm [51] 57.14 —

Table 4. Fig. 4(b) shows the graph between In[—In(1 —x)] vs 1000/T and the activation energy (E,) of the samples is evaluated slope the
graph. The activation energy for the thermal stability of the samples is found to be 57.01 kJ/mol which is nearly equal to Saharan
Aloevera Cactus Leaves (60.2 kJ/mol) [45], but lower than many other cellulosic fibers such as Furcraea foetida (65.64 kJ/mol) [9],
Cissus quadrangularis stem (65.23 kJ/mol) [27], Calamus manan (81.68 kJ/mol) [20] The above results confirmed that Calamus tenuis
cane fiber can be used as reinforcement element for bio-composites which can operate up to 315 + 1°.

3.6. Study of mechanical properties

3.6.1. Tensile test

Fig. 5(a) represents the Tensile Stress-Tensile Strain curve of Calamus tenuis canes. It exhibits brittle behavior of the samples when
failures occur. There are three stages of deformation in the Stress-Strain curve (Fig. 5(a)). At first, Calamus tenuis canes exhibit linear
deformation up to a strain value of 0.44% which could be attributed to the total loading of the canes by cell wall deformation [22,45].
Secondly, the stress-strain curve shows non-linear behavior from 0.44% to 6.9%, which may be due to the deformation of
elasto-visco-plastic of the samples [22,45]. Finally, linear deformation is observed from around 6.9% strain until failure of the canes,
which attributes to the elasticity of microfibrils alignment towards the applied tensile strain [22,45]. Fig. 6(a-c) shows the plot of the
Weibull distribution of tensile strength, young’s modulus, and elongation at break, where, the values are positioned on the line and fit
the Weibull distribution perfectly. From the Weibull distribution, it is found that the tensile strength of Calamus tenuis canes is 37.5 + 2
MPa, which is close to the value of plant fibers such as bulk Calamus manan [26], Corypha taliera fruit [30], Lufa sponge [42], etc., but,
is much smaller than many other lignocellulosic fibers such as Calotropis gigantea Bast [1], Ferula communis [2], Furcraea foetida [9], etc.
Young’s Modulus of the sample is estimated to be 1.05 + 0.08 GPa, while the elongation at break is 18.94 + 4.26%. The tensile
properties of Calamus tenuis canes are shown in Fig. 5(b). Table 5, shows that there are significant disparities in tensile properties
among the various natural fibers, which may be due to the variations in cellulose content and other components within the fibers, and
differences in their internal structures [20]. On the other hand, the presumption of a circular cross-section of the samples as well as the
defects present in the samples may be the reason for getting a relatively high value of standard error in the measurement of tensile
properties of the Calamus tenuis canes [20,22]. The microfibrillar angle (MFA) is estimated from Eq. (7). and its value for Calamus tenuis
cane fibers is found to be 34.22 + 6.44°. The value of MFA for Calamus tenuis cane fibers is close to coir (30.45°) [55], Rachilla
(35°-39°) [55], Rachis (28°-37°) [55], etc., and is smaller than Ramie (69°-83°) [56], Rhectophyllum camerunense (40.1 + 0.5°) [56],
etc. The natural fiber having higher MFA shows greater ductility properties as the microfibril angle of natural fiber varies directly with
the strain applied. On the other hand, the fiber having lower MFA exhibits better mechanical properties as the microfibril angle
inversely depends on its tensile strength and modulus of elasticity [28].
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Fig. 4. (a) TGA and, DTG graph of Calamus tenuis cane fibers, (b) Plot for determination of kinetic activation energy.
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Table 4
Comparison of Thermal properties of Calamus tenuis cane fibers with various natural fibers.
Name of Fibers Thermal Stability (°C) Hemicellulose Degradation Temperature (°C) Maximum Degradation Temperature (°C)
Calamus tenuis 210 + 5 293 + 3 315+ 1
Calotropis gigantea Bast [1] 200 - 360
Ferula communis [2] >200 313.5
Chloris barbata [3] 210 254.5 324.6
Tridax procumbens [4] 195 250 330
Prosopis juliflora bark [8] 217 - 331.1
Furcraea foetida [9] - - 320.5
Calamus manan [20] 220 — 332.8
Cyrtostachys renda [21] 260 297.5 364.95
Arundo donax L. [22] 275 295 320
Cissus quadrangularis stem [27] 270 294.6 342.1
Coccinia grandis L. [28] 213.4 296.17 351.6
Corypha taliera fruit [30] 230 275.18 334.41
Juncus effusus L. [31,41] 220 281.4 332.6
Wikstroemia Spp. [33] - ~250 315
Raffia textilis [34] 256 303 340
Furcraea foetida leaves [36] 204.04 - 356.75
Stipa tenacissima stem [37] 210 290 350
Agave americana L. [38] - - 366
Pennisetum purpureum stem [43] - 306.6 264.7
Saharan Aloevera Cactus Leaves [45] 225 272 350
Areca Palm Leaf Stalk [48] - 279 365
Ceiba aesculifolia Seed Pods [50] 220 315 352
Date Palm [51,52] 260 290 ~310
Musa textilis [53] - 298 335
Sugar Palm [54] - 285.78 348.16
50 2.0
@) (b)
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Fig. 5. (a) Tensile Stress — Tensile Strain curve of Calamus tenuis canes, (b) Tensile properties of Calamus tenuis canes.

3.6.2. Flexural test

Flexural Stress — Flexural Strain curve of Calamus tenuis canes is shown in Fig. 7(a) which exhibits three stages of deformation till
failure. Initially, the graph is linear up to 0.005% of deformation which indicates the elastic behavior of Calamus tenuis canes.
Thereafter the plastic deformation occurred non-linearly from the strain of about 0.005%-0.07%. Finally, the flexural strain increases
linearly from 0.07% until it reaches the maximum value of flexural stress, where it underwent a sudden failure, which confirms the
brittle nature of the samples [58]. Fig. 7(b) displays the flexural properties of Calamus tenuis canes. The maximum value of flexural
stress is also called flexural strength or modulus of rupture (MOR) and it is calculated to be 60.52 + 6.37 MPa, and flexural modulus is
found to be 0.94 + 0.04 GPa and it measures the degree of stiffness and the extent of deformation of the samples when a bending force
is applied.

3.7. Scanning Electron Microscope (SEM) analysis

Fig. 8(a), (e), and 8(i) show the digital image of the cross-sectional view, longitudinal view (inner surface), and longitudinal view
(outer surface) of Calamus tenuis canes. SEM images displayed in Fig. 8(b-d) and Fig. 8(f-h) reveal that Calamus tenuis canes are highly
porous and composed of metaxylem (large-sized black empty space), protoxylem (black empty space), phloem (black empty space),
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Fig. 6. Weibull distribution for (a) tensile strength, (b) Young’s modulus, and (c) elongation at break of Calamus tenuis canes.
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Table 5

Comparison of Tensile properties of Calamus tenuis canes with various natural fibers.
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Name of fibers

Tensile Strength (MPa)

Young’s Modulus (GPa)

Elongation at break (%)

Calamus tenuis

Calotropis gigantea Bast [1]
Ferula communis [2]

Tridax procumbens [4]
Areca Palm Leaf Stalk [5]
Prosopis juliflora bark [8]
Furcraea foetida [9]
Calamus manan [20]
Arundo donax L. [22]

Stipa tenacissima [24]
Acacia leucophloea [25]
Calamus manan (Bulk) [26]
Coccinia grandis L. [28]
Corn Husk [29]

Corypha taliera fruit [30]
Juncus effusus L. [31]

Palm Tree Leaf Stalk [32]
Wikstroemia Spp. [33]
Raffia textilis [34]
Saccharum spontaneum [35]
Furcraea foetida leaves [36]
Agave americana L. [38]
Lufa Sponge [42]
Pennisetum purpureum stem [43]
Saharan Aloevera Cactus Leaves [45]
Date palm tree [52]
Cyrtostachys renda [57]

375+ 2

629 + 32.6
475.60 £ 15.70
25.75

334.66 + 21.46
558 +13.40
605.25 + 45.00
273.28 + 52.88
248

250

317-1608

36.5

316.30 + 36.63
160.49 +17.12
43.24

113 £ 36

74

1187

527 + 84

337 £ 34
192.37 + 21.45
275+ 15
33.54 £7.18
73+ 6

621.80

58-203

119

1.05 + 0.08
21.30 + 2.40
52.70 £ 3.70
0.94 £+ 0.09
7.64 +1.13
6.29 +1.90
7.8 £1.7
9.4

20
8.41-69.61
10.17 + 1.261
4.57 £ 0.54
0.57221

4.38 +1.37
9.50

26 +2

8.91 +£0.18
7.45 +1.31
8.60 + 0.31
0.8202 £ 0.2195
5.68 +0.14
40.03

2-7.5

1.5

18.94 + 4.26
3.50 + 0.40
4.20 = 0.20
2.77 £ 0.27
4.38 +£1.15
1.77 £ 0.04
10.56 + 2.00
9.40 &+ 3.67
3.24

1.38-4.24
2.703 £0.273
21.08 £ 2.86

2.75 £ 0.68
2.48

28 £0.7
4.51 £ 0.73
3.40 £ 0.20
6.67 + 3.70
1.40 +0.23
2.47

5-10

3.13
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7. (a) Flexural Stress — Flexural Strain curve of Calamus tenuis canes, (b) Flexural properties of Calamus tenuis canes.

dark grey coloured parenchyma cells and fibrous sheath, which supports the previous results [26,59,60]. SEM images displayed in
Fig. 8(j-1), confirm that the surface of Calamus tenuis canes contains some unwanted impurities and wax-like substances. In addition,
the surface has rough texture that improves the fiber - matrix interaction during the production of composites [27,61].

3.8. Atomic Force Microscope (AFM) analysis

Fig. 9(a) and (b) display the 2D and 3D AFM images of the surface of the Calamus tenuis cane fibers. The mean roughness (S,) of raw
Calamus tenuis cane fibers is found as 88.1 nm which is much higher than Chloris barbata (0.894 nm) [3], Furcraea foetida (18.005 nm)
[91, Acacia planifrons (0.708 nm) [62], etc. but is lower than Cyperus pangorei (625 nm) [63]. The higher value of mean roughness (S,)
signifies the roughness of the surface. Some part of Fig. 9(a) and (b) exhibits smooth surfaces, which could be ascribed to the presence
of non-cellulosic compounds such as lignin, pectin, hemicellulose, and a minimum amount of impurities on the fibers’ surface. The
calculated value of surface skewness (Sgx) is 0.3604, which quantifies the degree of asymmetry in the distribution of heights over the
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(a)

7 }‘:Z A
0000 1036 SE} " ¥

Fig. 8. (a) Digital image of the cross-sectional view of Calamus tenuis canes, (b)-(d): SEM micrograph of the cross-sectional view of Calamus tenuis
canes at magnification 50x, 100x, and 200x. (e) Digital image of longitudinal view (inner surface) of Calamus tenuis canes, (f)-(h): SEM micrograph
of longitudinal view (inner surface) of Calamus tenuis canes at magnification 50x, 100x, and 200x. (i) Digital image of longitudinal view (outer
surface) of Calamus tenuis canes, (j)—(1): SEM micrograph of longitudinal view (outer surface) of Calamus tenuis canes at magnification 50x, 100x,
and 200x.

sampled area [62]. The positive value of surface skewness (Sg) indicates the nonporous nature of the surface [3]. The surface kurtosis
(Sku) value indicates the types of surfaces. Sy, > 3 indicates the spiky surface and if S, < 3, meaning the surface is rough [9]. In this
work, the value of Sy, is 0.7985, which implies the surface is rough. The above observation is also confirmed by the higher values of S¢
(363.5 nm), S, (224.9 nm), and Sq (115.7 nm) respectively.

4. Conclusion

This work investigates the physio-chemical, structural, thermal, mechanical properties, and morphological properties of the
Calamus tenuis cane fibers. Chemical analysis confirms that the Calamus tenuis cane fibers contain 37.43 + 1.40% cellulose, 31.06 +
1.03% hemicellulose, 28.42 + 0.81% lignin, 10.57 + 1.53% moisture, and very less amount of pectin and ash. FTIR analysis also
confirms the presence of these constituents in the sample. The low value of the density (526 + 16 kg m~>) of Calamus tenuis cane fibers
reveals that these natural fibers are suitable for lightweight bio-composite applications. The fibers of Calamus tenuis show a
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Fig. 9. AFM images of (a) Calamus tenuis fibers in 2D, and (b) Calamus tenuis fibers in 3D.

crystallinity index of 37.38 4+ 0.27% and a crystallite size of 0.87 + 0.03 nm. The Calamus tenuis cane fibers exhibit thermal stability up
to 210 £ 5 °C with activation energy 57.01 kJ/mol, which makes these fibers suitable to use as reinforcement elements for bio-
composites that can operate up to 315 + 1 °C. The tensile strength, young’s modulus, and elongation at break of Calamus tenuis
canes are estimated to be 37.5 + 2 MPa, 1.05 + 0.08 GPa, and 18.94 + 4.26% respectively. The flexural strength and Flexural modulus
of the canes are estimated as 60.52 + 6.37 MPa, and, 0.94 + 0.04 GPa respectively. SEM micrographs reveal the porous structure and
rough outer surface of Calamus tenuis canes, which is also confirmed by AFM images and various roughness parameters evaluated from
AFM analysis, which will provide better fiber-matrix adhesion during the fabrication of composites. These significant properties of the
Calamus tenuis cane fibers suggest that these fibers could be considered as a potential reinforcement for polymer composites.
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