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Abstract: This study explores the effect of alkali treatment at ambient (25 ◦C) and elevated tem-
peratures (100 ◦C) on the physicochemical, structural, morphological, and thermal properties of
Calamus tenuis cane fibers (CTCFs) for the first time. Our purpose is to investigate their potential
use as reinforcement in polymer composites, since cane fibers are generally known for their accurate
and consistent geometrical orientation. Treatment with 8% (w/v) sodium hydroxide (NaOH) is
carried out at ambient temperature and at 100 ◦C for 4 h. Chemical analysis and Fourier transform
IR spectroscopy (FTIR) indicate some removal of non-cellulosic elements from CTCFs during alkali
treatment, resulting in increased surface roughness, as confirmed by using SEM micrographs. This
removal of non-cellulosic elements leads to an enhancement in the density of the treated CTCFs.
Untreated and treated fibers are analyzed for maximum degradation temperature, thermal stability,
and kinetic activation energy (Ea) using thermogravimetric analysis (TGA). In particular, Ea was
considerably diminished with treatment and temperature. X-ray diffraction (XRD) results show an
improved crystallinity index (37.38% to 44.02%) and crystallite size (2.73 nm to 2.98 nm) for fibers
treated with 8% NaOH at ambient temperature. In conclusion, a general benefit was achieved by
treating CTCFs, though the influence of increasing temperature treatment appears controversial.

Keywords: Calamus tenuis cane fibers; chemical analysis; alkali treatment; thermal analysis;
morphological properties

1. Introduction

Plant fibers are increasingly used in composites due to their availability, low cost,
renewable (if not waste) origin, light weight, and specific mechanical strength, so have been
proposed for use in industries ranging from automotive parts, sport equipment, furniture
making, and even marine applications [1–4]. In particular, numerous ligno-cellulosic fibers,
not included amongst the most diffused ones, have also been proposed for characterization
in recent years, and this trend does not appear to lessen over time. Examples of these
include Saharan aloe vera cactus leaves [5], areca palm leaf stalk [6], Furcraea foetida [7],
Ficus religiosa tree root [8], ichu [9], cabuya [9], sisal [10], pineapple leaves [10], betel nut [10],
okra [10], agave [11], and Pongamia pinnata bark [12], etc., which have been extensively
studied and characterized by researchers. In many cases, these fibers have also been
proposed as reinforcement materials in the fabrication of polymer composites. This trend
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is even further fostered by the fact that increasing amounts of secondary raw materials
originating from agricultural and food waste are available [13,14]. These are gradually and
purposely redirected from a destiny of bare biomass combustion for energy recovery to
comply with the objective proposed by the 2008/98 European Commission directive. The
design of new composite materials is a possible strategy for this aim [15].

Plant fibers primarily consist of cellulose, hemicellulose, and lignin, with most of
them being hydrophilic in nature [1,9,16]. Cellulose is a vital component of natural fibers,
imparting excellent mechanical strength, structural stability, and toughness [1,9,12]. Addi-
tionally, the presence of lignin in these fibers offers protection against microbial attack [6,12].
However, a high concentration of hemicellulose and wax content negatively affects natu-
ral fibers, causing fiber disintegration and resulting in poor mechanical strength [1,9,12].
Furthermore, the hydrophilic nature of these fibers presents a challenge during composite
fabrication, as they exhibit weak adhesion to hydrophobic polymer matrices. This lack
of adhesion can lead to poor mechanical properties in natural fiber-reinforced polymer
composites [12]. To overcome this issue, chemical modifications are often employed to
enhance the adhesion between the fibers and the polymer matrix. These modifications
create a rough surface on the fibers, facilitating a strong interlocking mechanism with
the matrix. Several chemical treatments have been explored for this purpose, including
alkylation, acetylation, silane treatment, potassium permanganate (KMnO4) treatment,
seawater treatment, and more [4,9,12,17,18]. Among the various chemical modifications,
the alkali treatment process has emerged as the most effective and cost-efficient method
for treating natural fibers [4,9,12,19]. Consequently, it is a somewhat standard procedure
to start from alkali treatment using sodium hydroxide solutions on poorly investigated
and/or newly applied lignocellulosic fibers, such as is the case of Calamus tenuis cane
fibers, before expanding and diversifying the investigation to other treatments. When the
fibers undergo alkali treatment with different concentrations under ambient and heated
conditions, it removes lignin, pectin, waxy substances, and hemicellulose from the fiber
surface. This treatment also leads to an improvement in the crystallinity index, thermal
stability, tensile strength, flexural strength, and impact toughness of the fibers and their
resulting composites [4,14]. It is noteworthy that these parameters are not only influenced
by the NaOH concentration but also by the treatment time of the natural fibers. In practice,
as known from early studies on plant fibers, together with plant fiber treatment, fiber length
and the precision of their orientation also have a significant influence on the prospected
final composites’ performance [20].

In a prior study, Umashankaran and Gopalakrishnan reached the conclusion that
treating Pongamia pinnata bark fiber with 5% (w/v) NaOH for 60 min led to significant
improvements in its structural, morphological, thermal, and tensile properties [12]. This
treatment increased the cellulose content from 62.34% to 71.32% and resulted in the high-
est values of the crystallinity index (42.43%), tensile strength (343.6 ± 13.04 MPa), and
tensile modulus (12.71 ± 0.132 GPa) for the Pongamia pinnata bark fiber [12]. Similarly,
Baskaran and colleagues discovered that treating Dichrostachys Cinerea bark fiber with 5%
(w/v) NaOH for 90 min improved the structural and thermal properties of the fibers [14].
The alkali treatment increased the crystallinity index by 7.81% and raised the maximum
degradation temperature from 359.3 ◦C (for raw fiber) to 370.3 ◦C (for optimally treated
fiber) [14]. Additionally, Vijay and his team investigated the extraction and characterization
of untreated and treated Pennisetum orientale grass fibers for potential use as reinforce-
ment in polymer composites [21]. They found that treating the fibers with 5% NaOH
resulted in the highest cellulose content (66.7%), crystallinity index (38.38%), and crystallite
size (42.92 nm). Furthermore, the fibers treated with 5% NaOH exhibited greater thermal
stability compared to both untreated and HCl-treated Pennisetum orientale grass fibers [21].
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The authors found and reported that raw Calamus tenuis cane fibers (CTCFs) could
be considered a promising candidate for reinforcement in polymer composites [22]. These
fibers are obtained from a climbing palm belonging to the Arecaceae family and are
commonly known as Assam cane in the market. This is also suggested because it is a plant
that has further possible applications as a provider of cytotoxic and antioxidant action in
phytotherapy, uses that offer large amounts of biomass waste that can be exploited in other
production systems [23].

However, the uses are more widespread, and this suggests verifying the possible use
of Calamus tenuis excess production and/or waste as the filler for polymer composites,
in the form of short fibers. In particular, Calamus tenuis canes are extensively used in
Northeast India for creating lightweight furniture, decorative items, and other products.
Although significant progress has been made in various areas, there has been a lack of
investigation into the alkali treatment of Calamus tenuis cane fibers (CTCFs). Thus, the
primary purpose of this study is to examine the impact of alkali treatment on Calamus tenuis
cane fibers (CTCFs) for the first time. This study involved a treatment using 8% (w/v)
NaOH performed under two different conditions, at ambient temperature and at 100 ◦C,
in both cases for a duration of 4 h. The untreated and treated samples were subjected to
various analyses, including chemical analysis, Fourier transform infrared spectroscopy
(FTIR) analysis, X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA), and
scanning electron microscope (SEM) analysis. The significance of the treatment was proven
by the fact that the fiber morphology was changed, enhancing their roughness and therefore
possibly providing a stronger grip for a polymer matrix.

2. Materials and Methods
2.1. Materials

Calamus tenuis cane fibers (CTCFs) were sourced from the Naharkatia region (27.2870◦ N,
95.2476◦ E) in the district of Dibrugarh, Assam, India. Following extraction, the canes
underwent a 14-day retting process aimed at promoting microbial degradation, as from [24].
Afterward, the canes were washed in tap water to remove impurities from the surface. The
canes were then sun-dried for 8 days. For surface treatments, 98% pure sodium hydroxide
(NaOH) pellets from Nice Chemicals (P) Ltd. in Kerala, India, were used.

2.2. Alkali Treatment of CTCFs

Calamus tenuis cane fibers (CTCFs) were subjected to two different treatments: one with
8% (w/v) NaOH at room temperature (32 ◦C) and another using the same tenor of alkali,
but at 100 ◦C, both for a duration of 4 h. The selection of the 8% (w/v) NaOH concentration
was based on the literature suggesting that it yields the most favorable improvements in
fiber properties [25,26]. Following the treatment process, the canes were thoroughly rinsed
with distilled water to remove any residual NaOH and subsequently sun-dried for a period
of 8 days. Sample preparation for different analyses is displayed in Figure 1.

2.3. Characterization of Untreated and Treated CTCFs
2.3.1. Measurement of Bulk Density and Diameter of Calamus tenuis Canes

The bulk density (ρb) of untreated and treated Calamus tenuis canes was determined
following the guidelines outlined in KSF 2198 [27]:

ρb =
W
V

. (1)

In Equation (1), w represents the weight, and v denotes the volume of the sample.
The microscopy was used to measure the diameter of 20 samples of Calamus tenuis

canes at three different locations, and the resulting measurements were averaged to obtain
the final value.
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Figure 1. Sample preparation from the extraction of the canes from the Calamus tenuis tree, their
retting, leading to the separation of the looser materials (leaves), then cutting, treating in water,
sun-drying, and removal of the different samples for the various analyses for this study.

2.3.2. Chemical Analysis

Untreated and treated CTCFs were chemically analyzed using standard methods
to determine the cellulose, hemicellulose, lignin, and ash content. The cellulose content
in untreated and treated CTCFs was assessed using the Updegraff method [28]. The
hemicellulose content was estimated through the natural detergent fiber (NDF) method [29].
Lignin contents were determined using the TAPPI T 222 om-02 method, while the ash
contents were estimated using TAPPI T 211 om-02. All chemical analyses were performed
in triplicate, and the average results are presented.

2.3.3. Fourier Transformed Infrared (FTIR) Analysis

The untreated and treated Calamus tenuis cane fibers (CTCFs) were subjected to Fourier
transformed infrared (FTIR) spectroscopy to investigate the functional groups present in
the samples. Test samples were prepared by mixing 1 mg of powdered Calamus tenuis cane
fibers with potassium bromide (KBr), forming pellets. Subsequently, the analysis of these
pellets was performed using a Nicolet Impact 410 FTIR Spectrometer (USA) with a 1 cm−1

resolution, covering the wavenumber range from 400 cm−1 to 4000 cm−1.

2.3.4. X-ray Diffraction (XRD) Analysis

The crystalline properties of untreated and treated CTCFs were examined using a
PANalytical Empyrean Powder XRD, equipped with a Cu low-frequency filter (LFF) X-ray
lamp with a power of 600 W, with an angle range of 5◦ to 80◦ (2θ angle) and a step size
of 0.026◦. The generator was set at 45 kV, 40 mA, and operated at 25 ◦C. The crystallinity
index (CI) of untreated and treated CTCFs was estimated using Segal’s equation [30]:

CI =
(

1 − Iam

I002

)
× 100%. (2)

In Equation (2), I002 signifies the intensity of the peak observed at 22◦, which corre-
sponds to the (002) plane in the crystalline region. On the other hand, Iam denotes the
intensity valley between the two peaks at approximately 18◦, hence positioned between
the planes (101) and (002) in the amorphous region.
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Scherrer’s equation was utilized to estimate the crystallite size (CS) of untreated and
treated CTCFs [12].

CS =
Kλ

βCOSθ
. (3)

In Equation (3), the symbol λ stands for the wavelength of CuKα radiation. Scherrer’s
constant is denoted by K, where K = 0.89. The symbol β is used to represent the full width
at half maximum (FWHM) of the peak, and θ denotes Bragg’s angle.

2.3.5. Thermogravimetric Analysis (TGA)

The degradation characterization of the samples was studied using a METTLER
TOLEDO (Columbus, OH, USA) Thermogravimetric Analyzer. The analysis involved
heating around 5 mg of powdered untreated and treated Calamus tenuis cane fibers (CTCFs)
in an alumina crucible at a rate of 10 ◦C per minute. The temperature range for the analysis
spanned from 25 to 700 ◦C, and a nitrogen atmosphere with a gas flow rate of 20 mL
per minute was maintained throughout the process. The estimation of kinetic activation
energy (Ea) involved graphing ln[−ln (1 − x)] against 1000/T using the Coats and Redfern
equation [31].

ln [−ln (1 − x)] = ln
ART2

βEa
− Ea

RT
. (4)

In Equation (4), A represents the pre-exponential factor, β is the heating rate (10 ◦C
per minute), R denotes the universal gas constant (8.32 kJ mol−1 K−1), T is the absolute
temperature in Kelvin (K), and x = w0−wt

w0−w f
, where w0 is the initial weight, and wt represents

the weight of the sample at a particular time. w f denotes the final weight of the sample.

2.3.6. Scanning Electron Microscope (SEM) Analysis

The surface morphology of untreated and treated CTCFs was analyzed using a scan-
ning electron microscope (SEM) (Model: JSM 6390LV by JEOL, Akishima, Tokyo, Japan).
Prior to analysis, the samples were coated with gold.

3. Results
3.1. Density and Diameter of Untreated and Treated Calamus tenuis Canes

The bulk density of Calamus tenuis canes is determined using Equation (1). Un-
treated canes have a density of 526 ± 16 kg/m3. Alkali treatment increases the density to
549 ± 12 kg/m3 at ambient temperature and to 557 ± 18 kg/m3 at 100 ◦C. The rise in den-
sity is a result of selectively removing amorphous components like hemicellulose, lignin,
and pectin, thereby leading to an increase in cellulose content within the composition [32].
The diameter of the untreated and treated whole-cane CTCFs are also measured, and it is
found that the diameter of the fiber decreases from 8.31 ± 0.48 mm to 7.56 ± 0.32 mm after
alkali treatment. This suggests the removal of non-cellulosic elements such as lignin, wax,
hemicellulose content, etc., from the surface of the fiber.

3.2. Chemical Analysis

To investigate the impact of alkali treatment under ambient and heated conditions
on the fibers, we have evaluated the primary chemical constituents of both untreated
and treated CTCFs. From Table 1, it can be clearly observed that the untreated CTCFs
contained 31.06 ± 1.03% hemicellulose, 37.43 ± 1.40% cellulose, 28.42 ± 0.81% lignin and
4.11 ± 0.62% ash. This appears to be on the lower side of lignocellulosic fibers, compared
to hard fibers such as coir, where the amount of cellulose in untreated fibers is between
33 and 42% [33]. In a previous study, other cane-based fibers, such as sugar cane bagasse,
starting from 38% cellulose, were able to increase this content up to 61% via an enzymatic
treatment [34]. In bamboo, the cellulose content is clearly higher, reaching more than 50%,
which in itself does not suggest the application of a treatment is necessary, such as in other
cane plants [35].
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Table 1. Physical and chemical properties of untreated and treated CTCFs.

CTCFs Samples
Physical Properties Chemical Properties

Bulk Density (kg/m3) Diameter (mm) Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)

Untreated 526 ± 16 8.31 ± 0.48 37.43 ± 1.40 31.06 ± 1.03 28.42 ± 0.81 4.11 ± 0.62
Treated at 25 ◦C 549 ± 12 8.06 ± 0.32 51.11 ± 1.62 21.57 ± 1.41 22.32 ± 1.01 4.79 ± 0.32
Treated at 100 ◦C 557 ± 18 7.56 ± 0.27 53.33 ± 0.78 19.31 ± 1.12 20.81 ± 0.58 5.87 ± 0.58

In our case, after treatment at ambient temperature and at 100 ◦C, the hemicellulose
content decreased to 21.57% ± 1.41% and 19.31 ± 1.12%, respectively. Alkali treatment also
reduced the lignin content to 22.32 ± 1.01% for the CTCFs treated at ambient temperature
and 20.81 ± 0.58% for the CTCFs treated at 100 ◦C. This demonstrates the effectiveness of
alkali treatment in removing non-cellulosic constituents from CTCFs. In contrast, the cellu-
lose content significantly increased to 51.11 ± 1.62% after treatment at ambient temperature
and 54.33 ± 0.78% for CTCFs treated at 100 ◦C, which may be due to the transformation
of a little amount of hemicellulose to native cellulose, as is recognized, e.g., in [36]. The
increased cellulose content may significantly enhance the tensile strength, crystallinity
index, and thermal stability of the natural fiber [6,8]. The increased ash content from
4.11 ± 0.62% to 4.79 ± 0.32% for CTCFs treated at ambient temperature and to 5.87 ± 0.58%
for CTCFs treated at 100 ◦C may be a consequence of the improvement in the cellulose
content in the alkali-treated CTCFs [37,38].

3.3. Fourier Transform Infrared (FTIR) Analysis

Figure 2 displays the FTIR spectra of untreated CTCFs and treated CTCFs observed
under ambient and heated conditions. Several distinct peaks are observed at specific
wavenumbers. For example, the peak at 3419.69 cm−1, corresponding to the stretching
vibration of hydroxyl groups [39–42], decreases in intensity and shifts to a higher wavenum-
ber after treatment with NaOH at ambient temperature and at 100 ◦C. This indicates a
reduction in the presence of hydrogen bonds, leading to a decrease in the hydrophilic
nature of the CTCFs [43]. Two moderate peaks at around 2928 and 2848 cm−1 represent
the C-H stretching vibrations of hemicellulose and cellulose, respectively [44,45]. The
untreated fibers exhibit a peak at 1739 cm−1 attributed to the stretching vibration of the
C=O bond in hemicellulose [46], a typical occurrence in more cellulose-based fibers as well,
or ester linkages of carboxylic groups in lignin [47], which is absent in the alkali-treated
fibers. This confirms the partial removal of hemicellulose and lignin [48,49]. Peaks at
1634 and 1507 cm−1 correspond to the C=O linkage of hemicellulose and lignin, and the
C=C stretching of the phenyl propane group in aromatic lignin, respectively [50,51]. The
detection of peaks at 1375 and 1247 cm−1 indicates the presence of C-H groups of lignin and
C-H bending of hemicellulose, respectively [52]. The intensity of these two peaks decreases
and disappears after NaOH treatment, suggesting the effective removal of hemicellulose
and lignin [6,37]. The wavenumber at 1072 cm−1 indicates the existence of C-O groups of
cellulose [43]. The peaks detected at 1462 and 851 cm−1 are attributed to the CH2 scissoring
motion and C-O-C stretching at the β-glycosidic linkage of cellulose, respectively [40,41].
These peaks offer information about the crystalline and amorphous properties of cellulose,
and are specifically pronounced in the CTCFs treated at 100 ◦C, indicating a disordered
structure of cellulose [40]. At this stage, crystals are dissolved, hence cellulose I begins to
lose its crystalline nature and transforms into cellulose II, which is amorphous, leading to
the lower crystallinity index and reduced thermal stability of CTCFs treated at 100 ◦C.

3.4. X-ray Diffraction (XRD) Analysis

Figure 3 illustrates the XRD diffractograms of both untreated CTCFs and treated
CTCFs, observed under ambient and heated conditions. The diffractograms of untreated
and treated CTCFs show three prominent diffraction peaks. The most distinct peak at
approximately 2θ = 22◦ corresponds to the (200) plane, indicating the presence of cellulose
I [24,46–48]. Two other less intense peaks are observed at 2θ = 16◦ and 34.5◦, belonging to
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the (101) and (004) planes, respectively, as extensively reported in the literature on the XRD
characterization of cellulose I-based fibers [49–51]. The crystallinity index of the fibers is
evaluated using Equation (2). Initially, the untreated fibers have a crystallinity index of
37.38%. Treatment with 8% NaOH at ambient temperature (25 ◦C) increases the crystallinity
index to 44.02%, while treatment with 8% NaOH at 100 ◦C decreases it to 41.43%, which
is clearly seen in Table 2. The improvement in the crystallinity index is attributed to the
removal of amorphous components, like hemicellulose, lignin, wax, etc., thereby increasing
the presence of crystalline cellulose and reorganization of crystalline regions within the
fibers. Conversely, as reported above, the reduction in the crystallinity index occurs because
an 8% concentration of NaOH at 100 ◦C may dissolve the more external crystals [53]. The
treated fibers also exhibit a slightly increased crystallite size, from 2.73 nm to 2.98 nm,
resulting in reduced chemical reactivity and moisture absorption capacity. This suggests
that despite the fairly high level of treatment applied, alkali was not able to penetrate
the crystalline structure, which is likely to be attributed to the very dense packing. In
other cases, e.g., with Fimbristylis globulosa straw, where the crystallite size is in the order
of 10 nm, the penetration of the chemical into the structure has been demonstrated to be
possible and harmful for the structural characteristics of the fiber [54].

3.5. Thermogravimetric Analysis (TGA)

The TGA and DTG spectra of both untreated CTCFs and treated CTCFs observed under
ambient and heated conditions are depicted in the accompanying Figure 4a,b. The spectra
reveal a distinct three-stage degradation pattern for both fiber types. In the initial stage
(25 ◦C to 133 ◦C), weight losses of 11.25%, 16.92%, and 25.85% are observed for untreated
fibers and fibers treated with 8% NaOH at ambient temperature and at 100 ◦C, respectively.
This indicates the evaporation of moisture and volatile substances and highlights the
enhanced hydrophobic nature of the treated fibers. The second stage (175 to 370 ◦C) results
in weight losses ranging from 12% to 78% for untreated fibers, 19% to 85% for fibers treated
at ambient temperature, and 28% to 85% for fibers treated at 100 ◦C. Within this range,
two peaks are observed in the untreated fibers, occurring around 285.24◦C (weight loss of
36.17%) and 317.09 ◦C (weight loss of 58.35%). The first peak represents the degradation of
hemicellulose, cellulose glycosidic links, and loosely linked materials, such as pectin, and
the second peak arises due to the decomposition of crystalline cellulose [40]. Interestingly,
the treated CTCFs show only one peak between 260 ◦C and 320 ◦C, mostly indicating
the removal of hemicellulose during alkali treatment [55]. This finding aligns with the
FTIR spectra and SEM micrographs. The maximum degradation temperature of CTCFs
observed in the main peak of alkali-treated fibers at ambient temperature and at 100 ◦C is
decreased by 30.01 ◦C and 52.41 ◦C, respectively, while no early secondary peak, pertaining
to hemicellulose, is observed. This shift indicates a decrease in thermal stability following
the treatment, not due, as shown before, to alkali penetration into the crystal, but possibly
to accelerated degradation due to the more uniform characteristics of the fibers. Also,
according to Chen and his colleagues, the changes in crystallinity and the cellulose chain
transformation may play a significant role in reducing thermal stability [56], while, as
suggested by Raia et al. [57] and Ramasamy et al. [58], the reduction in the thermal stability
is caused by the not completely selective removal of amorphous regions of the fibers
such as lignin and hemicelluloses, which might also affect specific cellulose regions. A
similar result was also reported for alkali-treated Juncus effusus fiber [4] and alkali-treated
Raffia textilis fiber [59]. In the third stage (370 ◦C to 700 ◦C), weight loss is attributed
to lignin degradation. At 700 ◦C, residual weights measure 18.20%, 26.90%, and 33.74%
for untreated and treated fibers under ambient and heated conditions, respectively. By
examining the slope of the graph in Figure 4c, the kinetic activation energy of the untreated
and treated samples was calculated. The analysis reveals decreased kinetic activation
energy from 57.74 kJ/mol to 54.03 kJ/mol when the fibers were treated with 8% NaOH
at room temperature. Additionally, the value dropped further to 45.26 kJ/mol when the
fibers were treated with 8% NaOH at a temperature of 100 ◦C. Overall, it can be suggested
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that alkali treatment does slightly affect the stability of the fibers, despite the measured
increase in crystallinity and the removal of non-structural material. This is also indicated
by the limited variation, within experimental accuracy, of the slope in Figure 4c, measured
between 264.68 and 287.08 ◦C, as from the peak degradation temperatures of the three
samples. However, in view of a smoother yet still effective treatment, the possibility of
applying alternative chemicals or else reducing the concentration of the alkali solution
might be explored.
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Table 2. Crystalline properties of untreated and treated CTCFs.

CTCFs Samples
Crystallinity Index (%) Crystallite Size (nm)

I002 (a.u.) Iam (a.u.) CI (%) 2θ (Degrees) FWHM (Radians) CS (nm)

Untreated CTCFs 5559 3481 37.38 21.67 0.05109 2.73
Treated at 25◦ C 4373 2448 44.02 22.08 0.04672 2.98

Treated at 100◦ C 3664 2146 41.43 22.18 0.05024 2.78

Figure 4. (a) TGA graph of untreated and treated CTCFs, (b) DTG graph of untreated and treated
CTCFs, (c) plot for the determination of activation energy of untreated and treated CTCFs.

Table 3 offers indications on the physical and chemical properties of a number of
fibers, which might in some sense be comparable with Calamus tenuis cane fibers, as they
are not among the fibers most commonly used as materials. The table illustrates that both
untreated and treated CTCFs exhibit significantly lower density in comparison to other
natural fibers reported. This is likely to be attributed to the fact that the fiber is taken at a
higher hierarchical level, therefore not sorting out the minimal dimension technical fiber
but rather the higher-level structure (cane fiber), which includes a significant number of
internal voids, as exploited in the production of cement composites. In this way, CTCFs can
be utilized as reinforcement in a polymer matrix to create lightweight composite materials,
though in view of the high thickness of the fibers, the possible applications are likely limited
only to the construction of fibrous panels for the construction industry. All the studies
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reported here indicate that alkali treatment leads to an increase in the density of the fibers,
which is due to the reduction in porosity and to the enhanced amount of cellulose present
in the treated fibers.

Table 3. Comparison of physical and chemical properties of untreated and treated CTCFs with other
untreated and treated plant fibers.

Fibers Alkali Treatment
Physical Properties Chemical Properties Ref.

Density (kg/m3) Diameter (mm) Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)

Calamus
tenuis

Untreated 526 ± 16 8.31 ± 0.48 37.4 ± 1.4 31.1 ± 1 28.4 ± 0.8 4.1 ± 0.6
Here8% (w/v) (25 ◦C) 549 ± 12 8.06 ± 0.32 51.1 ± 1.6 21.6 ± 1.4 22.3 ± 1 4.8 ± 0.3

8% (w/v) (100 ◦C) 557 ± 18 7.56 ± 0.27 53.3 ± 0.8 19.3 ± 1.1 20.8 ± 0.6 5.9 ± 0.6
Ficus religiosa Untreated 1246 0.0256 55.6 13.9 10.1 4.9 [8]5% (w/v) 1272 0.0225 64.4 8.9 7.6 3.6

Pongamia
pinnata

Untreated 1345 - 62.3 14.6 12.5 5.5 [12]5% (w/v) 1362 - 68.4 6.3 5.1 8.3
Phaseolus
vulgaris

Untreated 934 0.352 62.2 7 9.1 - [37]5% (w/v) 963 0.345 69.5 4.3 7 -
Himalayacalamus

falconeri
Untreated 1300 0.104 72.5 12.7 7.8 - [38]5% (w/v) 1355 0.095 76.8 10.8 7.2 -

Mucuna
atropurpurea

Untreated 1082 ± 29 0.29 ± 0.02 58.7 ± 5.7 16.3 ± 3.2 14.2 ± 3.4 8 ± 2.5 [39]5% (w/v) 1136 ± 20 0.224 ± 0.014 75.2 ± 5.3 8 ± 3.1 6.7 ± 2.9 9.9 ± 2
Thespesia
populnea

Untreated 1412 0.161 ± 0.039 70.3 12.6 16.3 1.8 [41]5% (w/v) 1559 0.146 ± 0.090 76.4 9.6 12.8 2

Perotis indica Untreated - - 68.4 15.7 8.4 4.3 [60]5% (w/v) - - 72.4 11.3 6.6 7.6

In Table 4, structural and thermal properties of CTCFs are compared with other
untreated and alkali-treated plant fibers. It is noteworthy that the interval for thermal
stability and especially the degradation process of CTCFs occurs at lower temperatures
with respect to most of the other fibers considered. A possible interpretation of this trend is
the lower crystallinity index of CTCFs, even after treatment, and possibly the considerable
presence of coating-like and loose substances over the fibers that tend to degrade early.

Table 4. Structural and thermal properties of untreated and treated CTCFs with other untreated and
treated plant fibers.

Fibers Treatment Structural Properties Thermal Properties Ref.

CI (%) CS (nm) Thermal Stability (◦C) Max. Degradation Temperature (◦C)

Calamus tenuis cane
Untreated 37.48 2.73 217 317

Here8% (w/v) (25 ◦C) 44.02 2.98 211 287
8% (w/v) (100 ◦C) 41.43 2.78 204 265

Saharan aloe vera cactus leaves Untreated 52.6 5.6 225 350 [5]5% (w/v) 56.5 5.72 231 355
Furcraea foetida Untreated 62.05 2.44 204 357 [7]9% (w/v) 74.35 4.15 231 359

Aerial roots of banyan tree Untreated 72.47 6.28 230 358 [36]5% (w/v) 76.35 7.74 230 368
Himalayacalamus falconeri culms Untreated 58.92 3.39 250 356 [38]5% (w/v) 67.79 3.8 258 362

Mucuna atropurpurea Untreated 24.01 2.75 200 298 [39]5% (w/v) 49.89 1.6 200 320

Perotis indica Untreated 48.3 - - 330 [60]5% (w/v) 55.43 - - 349

3.6. Scanning Electron Microscope (SEM) Analysis

The SEM micrographs displayed in Figure 5a–f illustrate the disparities between un-
treated CTCFs and the fibers subjected to treatment under ambient and heated conditions.
All the figures indicate that the fibers extracted from Calamus tenuis cane are composed of a
large number of aligned fibrils. However, in the treated fibers, both at ambient temperature
(Figure 5c) and at 100 ◦C, all the fibrils are more clearly exposed, whilst in Figure 5a, the
surface of most of them is concealed under non-homogeneous materials. In Figure 5a,b,
the untreated fibers exhibit a smooth surface owing to the presence of various impurities
such as wax, hemicellulose, lignin, and pectin. This appears typical of fibers obtained
with not very selective retting methods from substantial cane-like stems [61,62]. However,
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when treated with 8% NaOH at both ambient temperature and 100 ◦C, the fiber surface
undergoes a significant change, as evidenced by the SEM micrographs shown in Figure 5c–f.
This treatment effectively eliminates impurities, hemicellulose, and lignin, resulting in a
roughened surface. The increased roughness of the treated CTCFs plays a crucial role in
enhancing the adhesion between the fibers and the surrounding matrix [63–65]. More infor-
mation would possibly be obtained through future energy dispersive spectroscopy (EDS)
examinations. These considerations allow us to propose Calamus tenuis, after judicious
alkali treatment, as a new fiber for application in thick polymer composites aimed for use
in the construction sector. Other examples of the most recent works are given in [66–68].
Work with fibers up to a higher dimensional level does possibly guarantee easier retting
and a less aggressive treatment, although both aspects would require a more thorough
investigation in the future.
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4. Conclusions

This study on the effect of alkali treatment on the physicochemical, structural, mor-
phological, and thermal properties of Calamus tenuis cane fibers (CTCFs), kept within a
fiber diameter of a few millimeters, therefore not proceeding to fibril separation, offered
evidence for a number of conclusions. Specifically, treatment yielded a noticeable decrease
in the content of hemicellulose and lignin, while the cellulose content showed an increase
after the treatment, though the crystallinity and thermal stability were scarcely affected.
Furthermore, the FTIR spectra of the treated CTCFs indicate that there was a partial re-
moval of hemicellulose and lignin during the treatment process. This observation aligns
with the results obtained from the chemical analysis. The XRD analysis suggests that the
CTCFs treated with 8% NaOH at ambient temperature exhibited the highest values for
crystallinity index and crystallite size. This implies that the treatment, particularly under
these specific conditions, leads to a substantial increase in the crystallinity of the fibers,
potentially enhancing their overall structural stability and strength. Moreover, the SEM
micrographs depict a rough surface texture on the fibers, which can be attributed to the
removal of lignin, pectin, and hemicellulose. This alteration in surface characteristics may
positively impact the fibers’ adhesion and compatibility in composite applications. In sum-
mary, the comprehensive findings of this study suggest that treating CTCFs with 8% NaOH
at 100 ◦C for 4 h is not suitable for improving the properties of the fibers. However,
CTCFs treated with 8% NaOH at 25 ◦C for 4 h had significantly improved physicochemi-
cal, structural, and surface properties. The reduction in hemicellulose and lignin content,
along with the increased cellulose concentration, enhances the fibers’ potential for use in
composite materials, possibly in boards for construction, given their high thickness and
uneven geometry.

Author Contributions: Conceptualization, C.F. and S.P.; methodology, D.S. and C.S.; software, A.K.;
validation, A.K. and D.S.; formal analysis, C.F.; investigation, A.K., D.S. and S.P.; resources, S.P.;
data curation, S.P. and D.S.; writing—original draft preparation, A.K. and D.S.; writing—review
and editing, C.S., C.F. and S.T.; visualization, C.F.; supervision, D.S. and S.T.; project administration,
S.P.; funding acquisition, C.S. and S.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data available upon request.

Acknowledgments: The authors would like to thank the CSIR North East Institute of Science and
Technology (NEIST), the Sophisticated Analytical Instrumentation Centre (SAIC) at Tezpur University,
and the Sophisticated Analytical Instrument Facility (SAIF) at the Gauhati University, Assam (India)
for granting access to their research facilities. Without this support, the present investigation would
not have been possible.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Santulli, C.; Fragassa, C.; Pavlovic, A.; Nikolic, D. Use of Sea Waste to Enhance Sustainability in Composite Materials: A Review.

J. Marine Sci. Eng. 2023, 11, 855. [CrossRef]
2. Saikia, D. Studies of Water Absorption Behavior of Plant Fibers at Different Temperatures. Int. J. Thermophys. 2010, 31, 1020–1026.

[CrossRef]
3. Saikia, D. Investigations on Structural Characteristics; Thermal Stability; and Hygroscopicity of Sisal Fibers at Elevated Tempera-

tures. Int. J. Thermophys. 2008, 29, 2215–2225. [CrossRef]
4. Xia, L.; Zhang, C.; Wang, A.; Wang, Y.; Xu, W. Morphologies and properties of Juncus effusus fiber after alkali treatment. Cellulose

2020, 27, 1909–1920. [CrossRef]
5. Balaji, A.N.; Nagarajan, K.J. Characterization of alkali treated and untreated new cellulosic fiber from Saharan aloe vera cactus

leaves. Carbohydr. Polym. 2017, 174, 200–208.
6. Shanmugasundaram, N.; Rajendran, I.; Ramkumar, T. Characterization of untreated and alkali treated new cellulosic fiber from

an Areca palm leaf stalk as potential reinforcement in polymer composites. Carbohydr. Polym. 2018, 195, 566–575.

https://doi.org/10.3390/jmse11040855
https://doi.org/10.1007/s10765-010-0774-0
https://doi.org/10.1007/s10765-008-0539-1
https://doi.org/10.1007/s10570-019-02933-9


Fibers 2023, 11, 92 13 of 15

7. Shahril, S.M.; Ridzuan, M.J.M.; Majid, M.S.A.; Bariah, A.M.N.; Rahman, M.T.A.; Narayanasamy, P. Alkali treatment influence
on cellulosic fiber from Furcraea foetida leaves as potential reinforcement of polymeric composites. J. Mater. Res. Technol. 2022,
19, 2567–2583. [CrossRef]

8. Arul Marcel Moshi, A.; Ravindran, D.; Sundara Bharathi, S.R.; Indran, S.; Suganya Priyadharshini, G. Characterization of
surface-modified natural cellulosic fiber extracted from the root of Ficus religiosa tree. Int. J. Biol. Macromol. 2020, 156, 997–1006.
[CrossRef]

9. Tenazoa, C.; Savastano, H.; Charca, S.; Quintana, M.; Flores, E. The Effect of Alkali Treatment on Chemical and Physical Properties
of Ichu and Cabuya Fibers. J. Nat. Fibers 2021, 18, 923–936. [CrossRef]

10. Saikia, D. Studies on Thermo-Physical Properties of Some Textile Fibres (Plant). Ph.D. Thesis, Gauhati University, Guwahati,
India, 2003. Available online: https://ui.adsabs.harvard.edu (accessed on 13 October 2023).

11. Saikia, D.; Predeep, P.; Prasanth, S.; Prasad, A.S. The Effect of Heat on Structural Characteristics and Water Absorption Behavior
of Agave Fibers. AIP Conf. Proc. 2008, 1004, 48–52.

12. Umashankaran, M.; Gopalakrishnan, S. Effect of Sodium Hydroxide Treatment on Physico-chemical; Thermal; Tensile and Surface
Morphological Properties of Pongamia pinnata L. Bark Fiber. J. Nat. Fibers 2021, 18, 2063–2076. [CrossRef]

13. Visco, A.; Scolaro, C.; Facchin, M.; Brahimi, S.; Belhamdi, H.; Gatto, V.; Beghetto, V. Agri-food wastes for bioplastics: European
prospective on possible applications in their second life for a circular economy. Polymers 2022, 14, 2752. [CrossRef] [PubMed]

14. Hamid, L.; Elhady, S.; Abdelkareem, A.; Fahim, I. Fabricating starch-based bioplastic reinforced with bagasse for food packaging.
Circ. Econ. Sust. 2022, 2, 1065–1076. [CrossRef]

15. Navarro Gausa, M.; Pericu, S.; Canessa, N.; Tucci, G. Creative Food Cycles: A Cultural Approach to the Food Life-Cycles in Cities.
Sustainability 2020, 12, 6487. [CrossRef]

16. Saikia, D.; Pratap, A.; Saxena, N.S. Moisture Absorption of Plant Fiber under Annealed; Bleached and Mercerized Condition. AIP
Conf. Proc. 2010, 1249, 95–98. [CrossRef]

17. Baskaran, P.G.; Kathiresan, M.; Pandiarajan, P. Effect of Alkali-treatment on Structural; Thermal; Tensile Properties of Dichrostachys
cinerea Bark Fiber and Its Composites. J. Nat. Fibers 2022, 19, 433–449. [CrossRef]

18. Bezazi, A.; Boumediri, H.; Garcia del Pino, G.; Bezzazi, B.; Scarpa, F.; Reis, P.N.B. Alkali Treatment Effect on Physicochemical and
Tensile Properties of Date Palm Rachis Fibers. J. Nat. Fibers 2022, 19, 3770–3787. [CrossRef]

19. Palanisamy, S.; Mayandi, K.; Dharmalingam, S.; Rajini, N.; Santulli, C.; Mohammad, F.; Al-Lohedan, H.A. Tensile Properties and
Fracture Morphology of Acacia caesia Bark Fibers Treated with Different Alkali Concentrations. J. Nat. Fibers 2022, 19, 11258–11269.
[CrossRef]

20. Geethamma, V.G.; Joseph, R.; Thomas, S. Short coir fiber-reinforced natural rubber composites: Effects of fiber length, orientation,
and alkali treatment. J. Appl. Polym. Sci. 1995, 55, 583–594. [CrossRef]

21. Vijay, R.; Vinod, A.; Lenin Singaravelu, D.; Sanjay, M.R.; Siengchi, S. Characterization of chemical treated and untreated natural
fibers from Pennisetum orientale grass—A potential reinforcement for lightweight polymeric applications. Int. J. Lightweight Mater.
Manuf. 2021, 4, 43–49. [CrossRef]

22. Kar, A.; Saikia, D. Characterization of new natural cellulosic fiber from Calamus tenuis (Jati Bet) cane as a potential reinforcement
for polymer composites. Heliyon 2023, 9, 16491. [CrossRef]

23. Rony, R. Phytochemical screening, antioxidant and cytotoxic activity of fruit extracts of Calamus tenuis Roxb. J. Coast. Life Med.
2014, 2, 645–650.

24. Saravanakumar, S.S.; Kumaravel, A.; Nagarajan, T.; Sudhakar, P.; Baskaran, R. Characterization of a novel natural cellulosic fiber
from Prosopis juliflora bark. Carbohydr. Polym. 2013, 92, 1928–1933. [CrossRef]

25. Jamilah, U.L.; Sujito, S. The Improvement of Ramie Fiber Properties as Composite Materials Using Alkalization Treatment, NaOH
Concentration. J. Sains Mater. Indones. 2021, 22, 62–70. [CrossRef]

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

27. Jang, E.S.; Kang, C.W. Changes in gas permeability and pore structure of wood under heat treating temperature conditions.
J. Wood Sci. 2019, 65, 37. [CrossRef]

28. Dampanaboina, L.; Yuan, N.; Mendu, V. Estimation of Crystalline Cellulose Content of Plant Biomass using the Updegraff
Method. J. Vis. Exp. 2021, 171, e62031. [CrossRef]

29. Agu, C.V.; Njoku, O.U.; Chilaka, F.C.; Agbiogwu, D.; Iloabuchi, K.V.; Ukazu, B. Physicochemical properties of lignocellulosic
biofibres from South Eastern Nigeria, Their suitability for biocomposite technology. Afr. J. Biotechnol. 2014, 13, 2050–2057.
[CrossRef]

30. Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An Empirical Method for Estimating the Degree of Crystallinity of Native
Cellulose Using the X-Ray Diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

31. Farrukh, M.A.; Butt, K.M.; Chon, K.-K.; Chang, W.S. Photoluminescence emission behavior on the reduced band gap of Fe doping
in CeO2-SiO2 nanocomposite and photophysical properties. J. Saudi Chem. Soc. 2019, 23, 561–575. [CrossRef]

32. Talavera-Pech, W.A.; Montiel-Rodríguez, D.; Paat-Estrella, J.D.L.A.; López-Alcántara, R.; Pérez-Quiroz, J.T.; Pérez-López, T.
Improvement in the carbonation resistance of construction mortar with cane bagasse fiber added. Materials 2021, 14, 2066.
[CrossRef]

https://doi.org/10.1016/j.jmrt.2022.06.002
https://doi.org/10.1016/j.ijbiomac.2020.04.117
https://doi.org/10.1080/15440478.2019.1675211
https://ui.adsabs.harvard.edu
https://doi.org/10.1080/15440478.2019.1711287
https://doi.org/10.3390/polym14132752
https://www.ncbi.nlm.nih.gov/pubmed/35808796
https://doi.org/10.1007/s43615-021-00139-5
https://doi.org/10.3390/su12166487
https://doi.org/10.1063/1.3466575
https://doi.org/10.1080/15440478.2020.1745123
https://doi.org/10.1080/15440478.2020.1848726
https://doi.org/10.1080/15440478.2021.2022562
https://doi.org/10.1002/app.1995.070550405
https://doi.org/10.1016/j.ijlmm.2020.06.008
https://doi.org/10.1016/j.heliyon.2023.e16491
https://doi.org/10.1016/j.carbpol.2012.11.064
https://doi.org/10.17146/jsmi.2021.22.3.6182
https://doi.org/10.1080/15440478.2017.1349707
https://doi.org/10.1186/s10086-019-1815-3
https://doi.org/10.3791/62031
https://doi.org/10.5897/AJB2013.13443
https://doi.org/10.1177/004051755902901003
https://doi.org/10.1016/j.jscs.2018.10.002
https://doi.org/10.3390/ma14082066


Fibers 2023, 11, 92 14 of 15

33. Nascimento, D.M.; Almeida, J.S.; Dias, A.F.; Figueirêdo, M.C.B.; Morais, J.P.S.; Feitosa, J.P.; Rosa, M.D.F. A novel green approach
for the preparation of cellulose nanowhiskers from white coir. Carbohydr. Polym. 2014, 110, 456–463. [CrossRef] [PubMed]

34. Hou, X.D.; Li, N.; Zong, M.H. Facile and simple pretreatment of sugar cane bagasse without size reduction using renewable ionic
liquids–water mixtures. ACS Sustain. Chem. Eng. 2013, 1, 519–526. [CrossRef]

35. Batalha, L.A.R.; Colodette, J.L.; Gomide, J.L.; Barbosa, L.C.; Maltha, C.R.; Gomes, F.J.B. Dissolving pulp production from bamboo.
BioResources 2012, 7, 0640–0651. [CrossRef]

36. Ganapathy, T.; Sathiskumar, R.; Senthamaraikannan, P.; Saravanakumar, S.S.; Khan, A. Characterization of raw and alkali treated
new natural cellulosic fibres extracted from the aerial roots of banyan tree. Int. J. Biol. Macromol. 2019, 138, 573–581. [CrossRef]

37. Babu, B.G.; Princewinston, D.; Saravanakumar, S.; Khan, A.; Bhaskar, P.A.; Indran, S.; Divya, D. Investigation on the Physico-
chemical and Mechanical Properties of Novel Alkali-treated Phaseolus vulgaris Fibers. J. Nat. Fibers 2022, 19, 770–781. [CrossRef]

38. Pokhriyal, M.; Rakesh, P.K.; Rangappa, S.M.; Siengchin, S. Effect of alkali treatment on novel natural fiber extracted from
Himalayacalamus falconeri culms for polymer composite applications. Biomass Convers. Biorefin. 2023. [CrossRef]

39. Senthamaraikannan, P.; Saravanakumar, S.S. Evaluation of characteristic features of untreated and alkali-treated cellulosic plant
fibers from Mucuna atropurpurea for polymer composite reinforcement. Biomass Convers. Biorefin. 2023, 13, 11295–11309. [CrossRef]

40. Loganathan, T.M.; Sultan, M.T.H.; Ahsan, Q.; Jawaid, M.; Naveen, J.; Shah, A.U.; Hua, L.S. Characterization of alkali treated new
cellulosic fibre from Cyrtostachys renda. J. Mater. Res. Technol. 2020, 9, 3537–3546. [CrossRef]

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

42. Saravanakumar, S.S.; Kumaravel, A.; Nagarajan, T.; Moorthy, I.G. Effect of Chemical Treatments on Physicochemical Properties of
Prosopis juliflora Fibers. Int. J. Polym. Anal. Charact. 2014, 19, 383–390. [CrossRef]

43. Sivasubramanian, P.; Kalimuthu, M.; Palaniappan, M.; Alavudeen, A.; Rajini, N.; Santulli, C. Effect of alkali treatment on the
properties of Acacia caesia bark fibres. Fibers 2021, 9, 49. [CrossRef]

44. Ndazi, B.S.; Karlsson, S.; Tesha, J.V.; Nyahumwa, C.W. Chemical and physical modifications of rice husks for use as composite
panels. Compos. Part. A Appl. Sci. Manuf. 2007, 38, 925–935. [CrossRef]

45. Selvaraj, M.; Pannirselvam, N.; Ravichandran, P.T.; Mylsamy, B.; Samson, S. Extraction and Characterization of a New Natural
Cellulosic Fiber from Bark of Ficus carica Plant as Potential Reinforcement for Polymer Composites. J. Nat. Fibers 2023, 20, 2194699.
[CrossRef]

46. Vârban, R.; Cris, an, I.; Vârban, D.; Ona, A.; Olar, L.; Stoie, A.; S, tefan, R. Comparative FT-IR prospecting for cellulose in stems of
some fiber plants: Flax, velvet leaf, hemp and jute. Appl. Sci. 2021, 11, 8570. [CrossRef]

47. Johny, V.; Kuriakose Mani, A.; Palanisamy, S.; Rajan, V.K.; Palaniappan, M.; Santulli, C. Extraction and Physico-Chemical
Characterization of Pineapple Crown Leaf Fibers (PCLF). Fibers 2023, 11, 5. [CrossRef]

48. Ding, L.; Han, X.; Cao, L.; Chen, Y.; Ling, Z.; Han, J.; Jiang, S. Characterization of natural fiber from manau rattan (Calamus manan)
as a potential reinforcement for polymer-based composites. J. Biores Bioprod. 2022, 7, 190–200. [CrossRef]

49. Liu, Y.; Xie, J.; Wu, N.; Ma, Y.; Menon, C.; Tong, J. Characterization of natural cellulose fiber from corn stalk waste subjected to
different surface treatments. Cellulose 2019, 26, 4707–4719. [CrossRef]

50. Garvey, C.J.; Parker, I.H.; Simon, G.P. On the interpretation of X-ray diffraction powder patterns in terms of the nanostructure of
cellulose I fibres. Macromol. Chem. Phys. 2005, 206, 1568–1575. [CrossRef]

51. Senthamaraikannan, P.; Saravanakumar, S.S.; Sanjay, M.R.; Jawaid, M.; Siengchin, S. Physico-chemical and thermal properties of
untreated and treated Acacia planifrons bark fibers for composite reinforcement. Mater. Lett. 2019, 240, 221–224. [CrossRef]

52. Popescu, C.; Vasile, C.; Popescu, M.; Singurel, G.; Popa, V.I.; Munteanu, B.S. Analytical methods for lignin characterization. II.
Spectroscopic studies. Cellul. Chem. Technol. 2006, 40, 597.

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

54. Suryanto, H.; Marsyahyo, E.; Irawan, Y.S.; Soenoko, R. Effect of alkali treatment on crystalline structure of cellulose fiber from
mendong (Fimbristylis globulosa) straw. Key Eng. Mater. 2014, 594, 720–724. [CrossRef]

55. Arya, A.; Tomlal, J.E.; Gejo, G.; Kuruvilla, J. Commingled composites of polypropylene/coir-sisal yarn: Effect of chemical
treatments on thermal and tensile properties. e-Polymers 2015, 15, 169–177. [CrossRef]

56. Chen, H.; Zhang, W.; Wang, X.; Wang, H.; Wu, Y.; Zhong, T.; Fei, B. Effect of alkali treatment on wettability and thermal stability
of individual bamboo fibers. J. Wood Sci. 2018, 64, 398–405. [CrossRef]

57. Raia, R.Z.; Iwakiri, S.; Trianoski, R.; Andrade, A.S.; Kowalski, E.L. Effects of alkali treatment on modification of the Pinus fibers.
Matéria 2021, 26, e12936. [CrossRef]

58. Ramasamy, R.; Obi Reddy, K.; Varada Rajulu, A. Extraction and Characterization of Calotropis gigantea Bast Fibers as Novel
Reinforcement for Composites Materials. J. Nat. Fibers 2018, 15, 527–538. [CrossRef]

59. Elenga, R.G.; Djemia, P.; Tingaud, D.; Chauveau, T.; Maniongui, J.G.; Dirras, G. Effects of alkali treatment on the microstructure,
composition, and properties of the Raffia textilis fiber. Bioresources 2013, 3, 2934–2949. [CrossRef]

60. Prithiviraj, M.; Muralikannan, R. Investigation of Optimal Alkali-treated Perotis indica Plant Fibers on Physical, Chemical, and
Morphological Properties. J. Nat. Fibers 2022, 19, 2730–2743. [CrossRef]

61. Indran, S.; Raj, R.E. Characterization of new natural cellulosic fiber from Cissus quadrangularis stem. Carbohydr. Polym. 2015,
117, 392–399. [CrossRef] [PubMed]

https://doi.org/10.1016/j.carbpol.2014.04.053
https://www.ncbi.nlm.nih.gov/pubmed/24906779
https://doi.org/10.1021/sc300172v
https://doi.org/10.15376/biores.7.1.640-651
https://doi.org/10.1016/j.ijbiomac.2019.07.136
https://doi.org/10.1080/15440478.2020.1761930
https://doi.org/10.1007/s13399-023-03843-4
https://doi.org/10.1007/s13399-022-03736-y
https://doi.org/10.1016/j.jmrt.2020.01.091
https://doi.org/10.1016/j.carbpol.2019.04.063
https://doi.org/10.1080/1023666X.2014.903585
https://doi.org/10.3390/fib9080049
https://doi.org/10.1016/j.compositesa.2006.07.004
https://doi.org/10.1080/15440478.2023.2194699
https://doi.org/10.3390/app11188570
https://doi.org/10.3390/fib11010005
https://doi.org/10.1016/j.jobab.2021.11.002
https://doi.org/10.1007/s10570-019-02429-6
https://doi.org/10.1002/macp.200500008
https://doi.org/10.1016/j.matlet.2019.01.024
https://doi.org/10.1016/j.compositesa.2016.08.025
https://doi.org/10.4028/www.scientific.net/KEM.594-595.720
https://doi.org/10.1515/epoly-2014-0186
https://doi.org/10.1007/s10086-018-1713-0
https://doi.org/10.1590/s1517-707620210001.1236
https://doi.org/10.1080/15440478.2017.1349019
https://doi.org/10.15376/biores.8.2.2934-2949
https://doi.org/10.1080/15440478.2020.1821291
https://doi.org/10.1016/j.carbpol.2014.09.072
https://www.ncbi.nlm.nih.gov/pubmed/25498651


Fibers 2023, 11, 92 15 of 15

62. Fiore, V.; Scalici, T.; Valenza, A. Characterization of a new natural fiber from Arundo donax L. as potential reinforcement of polymer
composites. Carbohydr. Polym. 2014, 106, 77–83. [CrossRef]

63. Oushabi, A.; Sair, S.; Oudrhiri Hassani, F.; Abboud, Y.; Tanane, O.; El Bouari, A. The effect of alkali treatment on mechanical,
morphological and thermal properties of date palm fibers (DPFs), Study of the interface of DPF–Polyurethane composite. S. Afr. J.
Chem. Eng. 2017, 23, 116–123. [CrossRef]

64. Yan, L.; Chouw, N.; Yuan, X. Improving the mechanical properties of natural fibre fabric reinforced epoxy composites by alkali
treatment. J. Reinf. Plast. Compos. 2012, 31, 425–437. [CrossRef]

65. Devnani, G.L.; Sinha, S. Extraction; characterization and thermal degradation kinetics with activation energy of untreated and
alkali treated Saccharum spontaneum (Kans grass) fiber. Compos. B Eng. 2019, 166, 436–445. [CrossRef]
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