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Abstract: The inherent characteristics of natural fibers include a low density and a high strength-to-weight ratio, making 
them promising candidates for lightweight applications. The mechanical features of these strands are prejudiced by their 
chemical compositions and the cross-sectional area being the most variable factor affecting strength. In this research, 
strands were obtained by processing the ripen inflorescence of Areca tree and subjected to treatment with an oxalic acid 
(C2H2O4) solution to enhance their properties. The extracted fibers underwent examination for chemical, physical, 
mechanical, and morphological properties. The study findings indicate that fibers treated with a 4 wt.% C2H2O4 solution 
for 60 min exhibit superior properties. The strands segregated from the ripen inflorescence of areca tree treated with 4 
wt.% C2H2O4 solution for 60 min exhibited a rise in cellulose proportion by 26.7%, tensile strength by 13.5%, crystallinity 
index by 16.6%, thermal endurance by 6.3% and appreciable surface roughness compared to the untreated fibers as 
viewed through Scanning Electron Microscope (SEM). The Fourier Transform Infrared (FTIR) analysis endorsed the 
observations of chemical analysis. The characterization of areca inflorescence fibers in this study highlights significant 
advantages for the advancement of composite materials. 
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HIGHLIGHTS 

Ø Surface enhanced Areca inflorescence fiber 
(AIF) proposed for polymer composite 
reinforcement. 

Ø High cellulose content (60.35 wt.%) noticed in 4 
wt.% treated fiber by chemical composition test. 

Ø Rough and porous nature of AIF promotes good 
bonding features with polymer matrix. 

Ø High tensile strength (201.6 MPa) & low density 
(1.1 g/cm3) reveals good mechanical properties.  
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Ø Measured CI value 57 % favors the drivable 
hydrophobic nature of AIF. 

INTRODUCTION 

The current situation opens ample opportunities for 
reducing pollution in various production sectors. 
Consequently, natural fiber composites play a 
noteworthy role in mitigating environmental risks [1]. 
Natural fiber composites are biodegradable in nature, 
and because of their unique characteristics, such as 
good mechanical properties and manufacturing 
flexibility, raw material availability, low cost, and so on, 
they can be used for several applications, from 
aerospace to transportation packing substances [2,3]. 
They have found successful applications in various 
fields, especially in composite sectors. In spite of 
having minimal density compared to glass fiber in 
construction and engineering, they have been utilized 
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in textile, biosensors, biomedical, smart packaging, 
biopolymer and support structures [4]. In light of their 
excellent impact qualities, composites made from 
natural fibers are most appropriate for use in ballistics 
purposes. Using natural fibers can aid in addressing 
problems related to pollution, including issues like 
waste accumulation, landfill concerns, toxicity, and the 
emission of greenhouse gases. Since fibers made from 
plants are widely distributed throughout the 
environment, they are an affordable and sustainable 
resource [5,6]. The choice of natural fiber, still is 
contingent upon the particular demands of every 
purpose. 

Natural fibers encompass plant fibers, animal fibers 
and mineral fibers. Cellulose and protein serve as the 
key constituents of plant and animal fibers, 
correspondingly. Moreover, the fiber plant can be 
categorized into stems, leaves, seeds, bark, xylem, and 
fruit [7]. These fibers are derivative of either 
meristematic tissue, a characteristic that varies 
depending on the species. Stem fibers, which 
encompass rice, corn stem, wheat, bamboo, and 
bagasse, are also part of this category. Fruit fibers 
consist of coconut and oil palm, while leaf fibers 
encompass pineapple, abaca, agave and sisal [8]. 
Examples of seed fibers are wider, cotton and kapok. 
Bark fibers include rosella, hibiscus, jute, abaca, ramie 
and soybean fiber [9]. Animal fibers consist of silk, 
wool, collagen fibers, bird fiber and hair. Mineral fibers, 
on the other hand, include asbestos, carbon, and glass 
[10,11]. Natural fibers have a few drawbacks when 
used as augmentation in polymer-based composite 
materials, in spite of all of its positives. They are 
incompatible with polymers used as substrates in the 
production of composite components, owing to its low 
wettability, and absorb a lot of moisture [12]. The 
incompatible properties of natural fiber with specific 
matrix materials poses a major obstacle to their use in 
particular fields [13,14]. Various methods such as 
chemical procedures, material coatings on natural 
fibers, and hybridization processes are employed to 
improve the mechanical and physical characteristics of 
the material. Before reinforcing natural fibers with 
polymeric composites, their compatibility can be 
enhanced by chemically treating their surface [15,16]. 
These chemical processes can decrease surface 
tension, cleanse the fiber's exterior, and strengthen the 
link among natural fibers and the polymeric matrix. 

Anne et al. (2023) treated the fibers extracted from 
the roots of Zea Mays in 4 wt.% oxalic acid solution for 
10 min to interrogate its influence on physio-

mechanical characteristics of the fiber [17]. Their 
observations portray that the treated Zea Mays root 
fibers exhibit comparatively rough surface with 23% 
increased tensile strength in relation to raw fibers. The 
fibers extracted from culms of Bambusa blumeana 
were pretreated by oxalic acid and treated with 
enzymes namely xylanase and pectinase at 
concentration of 300 U/mL and 250 U/mL 
correspondingly for further investigations by Michaela 
et al. (2023) [18]. Their experiments conclude that the 
treatments on fibers extracted from culms of Bambusa 
blumeana dissolved the wax content by 72 wt.% and 
enhanced the tenacity by 30% in comparison with the 
raw fiber. The treated fibers also had a tenacity range 
of 60 to 120 tex which suits well for textile applications. 
Oxalic acid treated natural fibers segregated from the 
log of Lankaran acacia was reinforced in polymer 
composites and tested for its physio-mechanical 
characteristics by Maguteeswaran et al. (2024) [19]. 
Their test results confirm that the composites with 20 
wt.% treated fiber loading possessed maximum 
mechanical characteristics. They found that the tensile 
strength of the modified yarn loaded composites 
improved by 8.52% whereas the impact strength 
enhanced by 42.6% in comparison with the raw yarn 
armored composites. 

Similar study was done by Vijay et al. (2023) on 
oxalic acid treated Zanthoxylum acanthopodium fibers 
reinforced polymer composites [20]. They also endorse 
that the composites with 20 wt.% treated fiber loading 
possessed maximum mechanical characteristics 
reporting a tensile strength of 47.3 MPa. Juvvi et al. 
(2021) characterized the oxalic acid modified natural 
strands segregated from the stem of Symphirema 
involucratum for the possibility of usage as 
reinforcement material in polymer composites [21]. The 
Symphirema involucratum stem fiber treated with 5 
wt.% oxalic acid solution for 60 min exhibited cellulose 
content of 68.69 wt.% with tensile strength of 471.2 
MPa having thermal stability upto 371 °C. Areca 
Catechu (betel palm), belongs to the Arecaceae family, 
was spread over 175,000 hectares in the nineteenth 
century, and has since grown to 4,97,000 hectares, 
representing a 65% growth in cultivation in India alone 
due to economic demand for harvested areca nuts. Bio 
leftovers created by it, on the other hand, are large 
enough to meet commercial demand [22,23]. The 
application of composites reinforced with areca/betel 
nut fibers offers significant benefits in the recent 
advancements of composite materials, particularly in 
areas such as electrical insulation applications [24]. 
Polymer reinforced with natural fiber composites are 
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also best suitable material for bullet proof and ballistic 
applications. 

Even though several literatures report the 
characterization of areca fibers and its use as 
reinforcement in polymer composites, very few have 
reported the characterization areca inflorescence fibers 
[25-27]. Also, none have investigated the areca fibers 
subjected to surface modification with oxalic acid. 
Moreover, most of the researchers have used the fibers 
from dried areca inflorescence for their research 
whereas in the current work the fibers were extracted 
from ripen inflorescence [28]. The same fiber will have 
different physio-mechanical characteristics at different 
stages of growth and ripening which requires further 
investigation. Thus, the novelty of the current work lies 
in the surface treatment method followed and the stage 
at which the fiber is extracted from the areca 
inflorescence.  

In order to boost and enhance sustainability, it is 
essential to take into account the physical, 
morphological, mechanical, chemical, and anatomical 
features of natural strands for their optimal and 
appropriate utilization [29]. It is noticed that different 
parts of areca plants having their own applications like, 
from sheath or leaves are used to produce bio plates 
by hot pressing and long fibers are extracted, trunk is 
used mainly for timber, decorative and furniture 
applications short fibers are extracted from areca husk. 
In this work effort made to extract fiber and 
characterization of areca inflorescence which is 
discarded after eradicating matured areca fruit from its 
bunch. The present work investigates the mechanical 
properties and characterization studies of the fibers 
extracted from a bio leftover Areca inflorescence (AI). 
After harvesting the betel nuts, the AI remains as bio 
leftover which is rich in fiber and left underutilized 
causing pollution and making bad fragrance to 
environment. This Areca inflorescence fiber (AIF) 
needs further investigation for possible utilization in 
composite industry. Especially the AIF need to 
withstand the polymerization temperature for 
reinforcement in polymer-based composites. The outer 
of the AIF desires to be coarse enough to get 
interacted and bond with the matrix on reinforcement. 
Moreover, AIF must have sufficient tensile strength to 
carry the loads transferred to it through the matrix in 
composite materials on reinforcement. For sixty 
minutes, the AIFs were exposed to varying oxalic acid 
(C2H2O4) ratios. This oxalic acid treated AIFs (OAIFs) 
were interrogated for its chemical, physical, mechanical 
and thermal properties to know the right concentration 

of oxalic acid treatment which provides optimum 
characteristics to the fiber. This article presents the 
results of AIF and OAIF based on the tests conducted 
using techniques like FTIR, Scanning Electron 
Microscopy (SEM), Chemical Analysis, X-Ray 
Diffraction (XRD), Digital Scanning Calorimetry (DSC), 
and Thermo-Gravimetric Analysis (TGA). 

MATERIALS AND METHODS 

Materials 

Areca inflorescence (AI) was obtained from the 
Dutishree areca farm in the Indian town of Arabilachi in 
the Bhadravathi taluk. Once matured, the raw AI 
collected as shown in Figure 1 is left to dry naturally in 
the sunlight for a period of 7 days [30]. Subsequently, 
the fibers are delicately loosened and freed from any 
foreign materials and outer layers through gentle 
smashing and water retting for 10 days [31]. Manual 
brushing is employed to extract the AIF strands 
carefully. The extracted AIFs are then submerged in 
water for a full day and subjected to multiple washing 
cycles to eliminate dust particles. Afterward, they are 
dehydrated in the daylight for 3 days to eliminate 
moistness [32]. Finally, the AIF is securely stored in an 
airtight bag for future processing. Oxalic acid powder 
was procured from M/s. Vasa Scientific Co. in, 
Bangalore, India which is analytical grade. The oxalic 
acid was used as such without any further purification 
process. 

Chemical Treatment of AIFs 

AIFs undergo exposure to different concentrations 
of oxalic acid as shown in Figure 2. The fibers are 
soaked in solutions containing 1, 2, 3,4 and 5 wt.% 
concentration of oxalic acid for a duration of 60 min at 
room temperature, respectively [33]. To prepare these 
solutions, distilled water is utilized. Following the 
treatment, the OAIFs are thoroughly washed multiple 
times with distilled water [34]. They are then washed in 
distilled water until the pH reaches a neutral level and 
stored in an airtight bag for further characterization. 

Characterization of OAIFs 

Chemical Study 

The chemical compositions of AIF and OAIFs were 
explained using the standard techniques found in the 
literature, such as the Krusher–Hoffer method for 
cellulose, the Conrad method for wax, the Klason 
method for lignin, and the Standard NFT 12-008 
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method for hemicellulose [35]. The AIF and OAIF ash 
content was reported in agreement with ASTM E1755-
61 norm. Using the ASTM E1755-61 standard, the 
amount of moisture in the AIF and OAIFs was 
ascertained [36]. 

Physical and Mechanical Characteristics 

The density of AIF and OAIFs was determined 
using a pycnometer [37]. The diameter of fibers is 
found using optical micrometer with digital image 
capturing device [38]. 10 measurements were made to 
report the average diameter of the areca fibers. The 
tensile strength of AIF and OAIFs was determined 
using computerized INSTRON (5500R) universal 

testing machine according to ASTM D3822 [39]. The 
specimens were prepared with a gauge length of 25 
mm and fixed into grips. The test was conducted with 
cross head speed of 5 mm/min, 10 samplings are 
tested and average value was reported.  

Surface Morphology 

Using a Hitachi (Model SU 3500) scanning electron 
microscope, the morphology of AIF and OAIFs was 
examined for surface alterations. Palladium-gold-
encased specimens sputtered with electrons and 
photographs were taken at a 10 kV voltage [40]. SEM 
images were used along with image J software to 
measure the microfibril angle of the areca fibers. 

 
Figure 1: Extraction of AIF (a) Young AI (b) Ripened AI (c) Collected left over AI (d) Drying of collected AI in sunlight (e) 
Sundried AI and (f) Extracted AIFs. 

 

 
Figure 2: Oxalic acid treatment of AIFs (a) oxalic acid pellets and (b) oxalic acid treatment. 
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FTIR Studies 

The AIF and OAIFs were ground into a fine powder 
using a grinder before conducting FTIR analysis. The 
powdered fibers were then compressed into pellets and 
inserted into a Shimadzu FTIR instrument. The 
samples were examined using a diamond cell 
attenuated total reflectance (ATR) mode. For each 
sample, a minimum of 64 scans ranging from 400 to 
4500 cm-1 were conducted [41]. Examining how the 
oxalic acid treatments affected the final spectra was the 
goal. 

XRD Studies 

AIF and OAIFs were powder using a grinder for X-
ray diffraction investigations. The powdered samples 
were held in a Teflon container. The examination was 
accomplished using a Bruker D8 Advanced Eco with 
Bragg-Brentano X-ray diffractometer. Concentrating 
geometry Cu-K irradiation at a wavelength of (λ = 1.54) 
has been utilized for the measurement [42]. Diffraction 
intensity levels ranged from 10 to 80 degrees. 

TGA Studies 

The thermal dilapidation of AIF and OAIFs was 
measured using a Shimadzu DTG 60 
thermogravimetric analyzer. 10 mg of a powder mixture 
were heated in the analyzer at a rate of 10 °C/min from 
room temperature to 600 °C [43]. Using nitrogen 
flowing at a rate of 10 ml/min, the investigation was 
conducted in a N2 environment. 

DSC Studies 

To analyze the thermodynamic response of AIF and 
OAIFs specimens at elevated temperatures, a Jupiter 
simultaneous differential scanning calorimeter (model 
STA 449 F3, M/s Netzsch Instruments Inc., Germany) 
connected to the Proteus program was utilized. To 
study the degradation process of a 10 mg pulverized 
AIF and OAIFs specimens, the temperature is 
increased in an alumina crucible in the presence of 

nitrogen from room temperature to 450 °C at a rate of 
10 °C/min in order to avoid oxidizing implications [44]. 

RESULTS AND DISCUSSION 

Chemical Analysis of OAIFs 

Table 1 lists the chemical makeup of AIF and OAIFs 
that have been oxalic acid-modified. Understanding the 
mechanical nature of yarns, which is directly influential 
to the mechanical features of bolstered composite, is 
made easier with the aid of information about the 
chemical proportion of the strands that is acquired by 
chemical examination [45]. In contrast with various 
oxalic acid-modified OAIFs modified with 1, 2, 3, and 5 
wt.% concentration, it is observed that the weight 
percentage of cellulose is highest for OAIF modified 
with 4 wt.% C2H2O4 concentration. Furthermore, it has 
been shown that when the concentration of the oxalic 
acid modification in OAIFs is increased, the weight 
percentage of the amorphous portions such as 
hemicellulose, lignin, and wax continuously decreased. 
This is caused by the OAIF's amorphous components 
being continuously removed as the concentration of the 
oxalic acid modification increases [46]. The oxalic acid 
disintegrates the amorphous contents of the areca 
fibers through acid hydrolysis. Since OAIFs are 
exposed to an oxalic acid solution of higher 
concentration, their cellulose deteriorates, which 
causes the cellulose weight percentage to drop for 
OAIFs modified with 5 wt.% C2H2O4 concentration. In 
general, the mechanical, thermal, and crystalline 
attributes of a fiber are maximized when its cellulose 
content is higher in weight percentage. Therefore, the 
OAIFs that were exposed to C2H2O4 concentration of 4 
wt.% are the ones that were optimally oxalic acid 
modified. 

Table 2 compares the chemical content of AIF and 
OAIF with 4 wt.% oxalic acid treatment with various 
untreated and modified naturally occurring fibers that 

Table 1: Chemical Composition of AIF and OAIFs 

Fiber Cellulose (wt.%) Hemicellulose (wt.%) Lignin (wt.%) Wax (wt.%) Ash (wt.%) Moisture (wt.%) 

AIF 47.61 18.55 22.61 0.29 1.7 9.24 

OAIF (1 wt.%) 52.62 14.48 21.54 0.28 2.54 8.54 

OAIF (2 wt.%) 54.57 13.93 20.57 0.28 3.53 7.12 

OAIF (3 wt.%) 57.56 10.62 18.71 0.27 4.87 7.97 

OAIF (4 wt.%)  60.35 9.28 17.12 0.26 6.01 6.98 

OAIF (5 wt.%) 59.45 9.21 17.11 0.26 7.2 6.77 
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were isolated from plants. In contrast to AIF, which 
displays 47.61 wt% of cellulose, OAIF with 4 wt.% 
oxalic acid treatment has 60.35 wt% proportion of 
cellulose. On the contrary, hemicellulose reduced from 
18.55 wt.% for AIF to 9.28 wt.% for OAIF with 4 wt.% 
oxalic acid treatment. Several researchers noticed a 
similar pattern in the recovered and modified plant 
fibers, with a rise in cellulose weight percentage and a 
reduction in hemicellulose weight percentage [52]. As a 
result, the oxalic acid bleaching of AIF also caused a 
drop in wax, lignin, and moisture weight percentage. 
Improved matrices binding properties are made 
possible in composites with polymer matrix augmented 
with OAIF with 4 wt.% oxalic acid treatment due to the 
elimination of wax and lignin components. The OAIF 
with 4 wt.% oxalic acid treatment's increased weight 
percentage of ash proportion indicates that the 
cellulose proportion of the fibers has improved. 

Physico-Mechanical Analysis 

The separation process, chemical makeup, and 
surface modifications applied to the plant fibers all 
affect their ability to withstand stress. Table 3 displays 
the physico-mechanical characteristics of AIF and 
OAIFs, along with a comparison to various plant-based 
fibers. The tensile strength of the OAIF was found to 
rise strength of 201.6 MPa, which is 13.5% greater 

than AIF. OAIF with 4 wt.% oxalic acid treatment’s 
improved tensile properties can be attributed to its 
greater cellulose weight percentage [53]. The sudden 
failure after the ultimate tensile strength explains the 
fragility of both AIF and OAIFs. While OAIF with 4 wt.% 
oxalic acid treatment's extension at break was 19.5% 
less than AIF, it had a young's modulus of 7.1 GPa, 
that is 20.3% greater than AIF. The stress-strain plot of 
AIF and OAIFs were shown in Figure 4. Following an 
oxalic acid treatment procedure, it was discovered that 
the density of OAIF with 4 wt.% oxalic acid treatment 
increased by 1.26% as a result of the fiber's 
amorphous components being removed and the pores 
being compactly filled. In the case of OAIF with 4 wt.% 
oxalic acid treatment augmented in matrix, the rise in 
density would be extremely small, adequate to yield 
composites with better specific strength, low weight, 
and also the density was comparable to that of the 
remaining natural fibers shown in Table 3. In 
comparison to AIF, which has a diameter of 416.5 µm, 
OAIF with 4 wt.% oxalic acid treatment, with a 
measurement of 401 µm, has a smaller diameter 
(Figure 3). The elimination of water content and non-
crystalline components caused OAIFs to decrease in 
size [54]. The OAIFs with low microfibril angle enhance 
the mechanical characteristics of the polymer 
composites when reinforced. The weakening in 

Table 2: Comparison of Chemical Composition of AIF and OAIF with other Fibers 

Fiber Cellulose 
(wt.%) 

Hemicellulose 
(wt.%) 

Lignin 
(wt.%) 

Wax 
(wt.%) 

Ash 
(wt.%) 

Moisture 
(wt.%) Ref 

AIF 47.61 18.55 22.61 0.29 1.7 9.24 

OAIF (4 wt.%) 60.35 9.28 17.12 0.26 6.01 6.98 
Present 

Areca palm leaf stalk 57.49 18.34 7.26 0.71 1.43 9.35 

Treated Areca palm leaf stalk 
(5 wt.%) 68.54 6.13 5.87 0.32 1.10 3.62 

[45] 

Cyrtostachys renda 45.15 22.88 18.77 - - - 

Treated Cyrtostachys renda 
(5 wt.%) 47.31 19.68 18.46 - - - 

[47] 

Cannonball 69.23 14.98 14.25 0.78 3.25 8.96 

Treated Cannonball (4 wt.%) 72.19 11.23 12.90 0.56 5.97 8.89 
[48] 

Aerial roots of banyan tree 67.32 13.46 15.62 0.81 3.96 10.21 

Treated aerial roots of 
banyan tree 70.4 10.74 12.7 0.69 5.86 9.91 

[49] 

Licuala grandis leaf sheath 49.13 11.75 26.15 0.31 1.62 11.05 

Treated Licuala grandis leaf 
sheath  56.92 7.74 24.50 0.10 2.00 8.75 

[50] 

Cocos nucifera L. peduncle 50.11 11.98 24.90 0.31 1.6 11.1 

Treated Cocos nucifera L. 
peduncle 56.78 9.86 20.59 0.21 3.85 8.71 

[51] 
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mechanical features of the OAIF with 5 wt.% oxalic 
acid treatment is due to the damage caused to OAIF 
due to excess concentration of oxalic acid. 

Surface Morphology 

Figure 5 illustrate the surface morphology of AIF 
and OAIFs. Figure 5a-f demonstrates the alterations in 
the surface of OAIFs after different treatment 
percentages of C2H2O4. The findings reveal an 

increase in surface roughness with rising C2H2O4 
concentrations. The AIF's outer surface is observed to 
be filled with non-cellulosic compounds and pectin 
which binds fibrils throughout the exterior of the fiber as 
shown in Figure 5a [55]. These non-cellulosic 
compounds are loosely bound to the AIF’s surface 
which makes the exterior of the fiber oily and smooth in 
nature. The fibrous structure is also slightly visible on 
the surface of the AIF longitudinally parallel to the axis 
of the fiber owing to its cellulose content [56]. 

Table 3: Physical and Mechanical Parameters of AIF and OAIF 

Physical properties Mechanical properties 

Fiber 
Diameter (µm) Density 

(kg/m3) 
Tensile strength 

(MPa) 

Young's 
Modulus 

(GPa) 

Elongation at 
Break (%) 

Microfibril 
Angle (°) 

Ref 

AIF 416.5 ± 21.63 1094 177.6 ± 18.37 5.9 ± 0.71 9.2 ± 0.76 6.73 ± 0.33 

OAIF 
(1 wt.%) 

409.2 ± 20.34 1097 186.2 ± 18.92 6.4 ± 0.78 8.6 ± 0.71 6.38 ± 0.32 

OAIF 
(2 wt.%) 

406.8 ± 20.29 1102 192.8 ± 19.61 6.7 ± 0.83 8.2 ± 0.69 5.92 ± 0.32 

OAIF 
(3 wt.%) 

403.6 ± 19.82 1105 197.3 ± 20.01 6.9 ± 0.87 7.7 ± 0.68 5.61 ± 0.31 

OAIF 
(4 wt.%) 

401.7 ± 19.3 1108 201.6 ± 21.27 7.1 ± 0.97 7.4 ± 0.63 5.34 ± 0.28 

OAIF 
(5 wt.%) 

399.4 ± 18.91 1110 203.7 ± 22.18 7.2 ± 0.98 7.1 ± 0.62 5.18 ± 0.28 

Present* 

Areca palm leaf 
stalk 330 ± 17.9 1090 334.66±21.46 7.64±1.13 4.38±1.15 - 

Treated Areca 
palm leaf stalk 

(5 wt.%) 
314 ± 16.2 1170 486.41±35.57 9.89±1.46 4.91±1.82 - 

[45] 

Aerial roots of 
banyan tree 0.09–0.14 1234 19.37 ± 7.72 1.8 ± 0.40 1.8 ± 0.40 10.88 ± 1.19 

Treated aerial 
roots of banyan 

tree (5 wt.%) 
0.08–0.12 1269 20.45 ± 12.20 0.82 ± 0.32 1.6 ± 0.50 10.17 ± 1.58 

[49] 

Cannonball 
Fibers 69.97–75.94 1049 42.2±10.5 2.1±0.789 4.6±0.63 17.23±1.78 

Treated 
Cannonball 

Fibers (4 wt.%) 
47.11–54.96 1091 71.5±25 4.15±1.572 4.1±13.54 16.27±1.01 

[48] 

Licuala 
grandis leaf 

sheath 
139.87 ± 23.02 1245 140.8 ± 38 3.82 ± 0.7 3.27 ± 0.9 5.98 ± 0.26 

Treated Licuala 
grandis leaf 

sheath  
130.18 ± 19.21 1263 159.4 ± 41 4.73 ± 1.2 3.12 ± 0.6 5.11 ± 0.21 

[50] 

Cocos nucifera 
L. peduncle 543.4 ± 22.7 1258 184.6 ± 18.34 5.5 ± 0.7 7.6 ± 0.6 6.36 ± 0.32 

Treated Cocos 
nucifera L. 
peduncle 

429.4 ± 20.5 1269 206.3 ± 21.64 6.7 ± 0.8 6.7 ± 0.5 5.21 ± 0.26 
[51] 
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Figure 3: Diameter measurement of (a) AIF, (b) OAIF (1 wt.%), (c) OAIF (2 wt.%), (d) OAIF (3 wt.%), (e) OAIF (4 wt.%) and (f) 
OAIF (5 wt.%). 

 

 
Figure 4: Stress-strain plot of AIF and OAIFs. 
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Figure 5: Morphological studies of AIF (a) AIF, (b) OAIF (1 wt.%), (c) OAIF (2 wt.%), (d) OAIF (3 wt.%), (e) OAIF (4 wt.%) and 
(f) OAIF (5 wt.%). 

This structural integrity of AIF is not conducive to 
create better physical bonding with the matrix when 
reinforced in polymer composites. After treatment with 
C2H2O4, the surface of OAIFs becomes rougher as 
shown in Figure 5b and c, facilitating better bonding 
with reinforcement and reducing the likelihood of fiber 
pullouts with the matrix. The C2H2O4 treatment even 
exposes the OAIF’s cellulose content with micro fiber 
bundles as seen in Figure 5d-f leading to better 
interaction with the matrix. This can be attributed to the 
elimination of non-cellulosic materials and dirt from the 
OAIF throughout the oxalic acid modification procedure 
[57]. In polymeric matrix composite materials, these 
OAIFs with rough exteriors that are reinforced show 

improved interfacial bonding among the base material 
and the fiber, which improves the mechanical 
characteristics of the resultant composite. 

FTIR Analysis 

Fluctuations in the spectra graph obtained through 
FTIR analysis in Figure 6 highlights the alterations in 
the composition of AIF under various surface 
modification treatments. The discernible troughs in the 
graphs further listed in Table 4 serve as evidence of 
the presence of distinct chemical bonds, aiding in the 
identification of cellulose, hemicellulose, and lignin. 
Noteworthy troughs are discernible at 3363 cm-1, 2946 
cm-1, 1608 cm-1, 1407 cm-1, 1213 cm-1, and 1004 cm-1, 
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Table 4: Peak Positions in FTIR Spectra of OAIFs 

Peak position based on wavenumber (cm-1) Related functional group Reference 

3363 O-H vibrations of cellulose [58] 

2946 C–H vibrations of cellulose  [59] 

1608 C-O stretching of hemicellulose [62] 

1407 –CO bending of lignin [60] 

1213 –CH stretching of acetyl group [61] 

1004 C=C bending of β-glucosidic acid [48] 

 

 
Figure 6: FTIR spectra of AIF and OAIFs. 

indicative of the presence of cellulose, moisture 
particles, wax, hemicellulose, and lignin characterized 
by O-H, C–H, C-O, –CO, –CH, and C=C bonds and 
acetyl group [58,59]. Specifically, the trough at 3363 
cm-1 correspond to O-H and bond, revealing the 
occurrence of cellulose. This trough becomes more 
pronounced after post-treatments in OAIFs, signifying 
an increased cellulosic content achieved by the 
removal of external impurities. The existence of wax is 
designated by the valley at 2946 cm-1 in the obtained 
spectra (Fan et al. 2024). The two additional troughs at 
1608 cm-1 and 1407 cm-1 are credited to C-O and C-C 
bonds, which represent hemicellulose and lignin. These 
troughs gradually diminish with the escalation of 
concentration of C2H2O4 treatment in OAIFs, 
suggesting that chemical treatments partially eliminate 
hemicellulose and lignin from the OAIF [60]. The valley 
visible at 1213 cm-1 demonstrates the occurrence of 

acetyl group in the AIF and OAIF. The trough at 1004 
cm-1 designates the occurrence of β-glucosidic acid in 
the AIF and OAIF [61]. The partial elimination of 
amorphous components from the OAIF as a result of 
the oxalic acid modification is supported by the FTIR 
examination. 

XRD Analysis  

Figure 7 presents the XRD plot of AIF and OAIFs. In 
the current study, AIF and OAIFs display two prominent 
peaks at 2θ of 16.4o and 22.2o. The peak observed at 
22.2o exhibits sharpness and high intensity, signifying 
the presence of crystalline cellulose on the (0 0 2) 
crystallographic plane [63]. Conversely, the secondary 
peak at 16.4o corresponds to the (1 0 -1) 
crystallographic plane, representing the occurrence of 
amorphous components such as amorphous 
hemicellulose, lignin, wax and pectin. The presence of 
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cellulose quality is indicated by peaks in XRD graphs, 
and this can be substantiated through the calculation of 
Crystalline Index (CI) and Crystallite Size (CS) [64] 
using the formulas (1) & (2) below and listed in Table 5.  

CI = (I22-I16)I22          (1) 

where I22 is the maximum intensity of crystalline peak 
at 2θ = 22.2° and I16 is the intensity of amorphous peak 
at 2θ = 16.4°. 

CS = Kλβcosθ           (2) 

where, K = 0.89 is Scherrer’s constant, λ is the wave 
length of the radiation, β is the peak’s full-width at half-
maximum (FWHM) and θ is the Bragg’s diffraction 
angle. 

It is evident that the CI increases by 4.1, 10.4, 14.5, 
18.7 and 16.6 percent for OAIF (1 wt.%), OAIF (2 
wt.%), OAIF (3 wt.%), OAIF (4 wt.%) and OAIF (5 
wt.%) respectively compared to AIF, achieved by the 
removal of amorphous hemicellulose, lignin, wax and 
pectin. The OAIF's (5 wt.%) improved mechanical and 
physical properties as well as compact nature make it a 
more effective strengthening substance for polymeric 
composites, as seen by its maximum CI value [65]. The 
decline in hydrophilic character of the OAIFs is 
revealed by a rise in quantitative value of CS compared 
to AIF following the oxalic acid treatment. 

TGA Analysis 

The thermal dilapidation characteristics of natural 
fibers rely on the levels of cellulose, hemicellulose, and 
lignin present. Oxalic acid treatments chemically modify 
the fiber surface, eliminating unstable impurities and 
improving thermal properties. Figure 8 displays the AIF 
and OAIF’s TGA-DTG plots, which show their thermal 
endurance. The AIF and OAIFs were subjected to a 
thermal test involving heating from room temperature to 
600°C. The variation in mass across this temperature 
range shown in Table 6 provides insights into their 
stability amid temperature fluctuations. The specimens 
were heated above room temperature, and it was noted 
that moisture particles were evaporating up to 113°C 
[66]. AIF and OAIFs show a slight weight decrease as 
a result of moisture evaporation. OAIFs have lost fewer 
mass since the amount of moisture has decreased as a 
result of the oxalic acid modification. The cellulose, 
glycosidic bonds of hemicellulose and lignin gets 
depolymerized in the temperature range of 236°C to 
287°C for AIF and OAIFs. Lesser weight loss is noticed 
for OAIFs especially OAIF (4 wt.%) owing to the OAIF's 
amorphous constituents, such as hemicellulose and 
lignin, have been partially removed [67]. 

The notable decrease in mass in the temperature 
span from 288°C to 377°C is indicative of the cellulose 
disintegration in AIF and OAIFs. The rest of the 

Table 5: CI and CS of AIF and OAIFs 

Fiber Crystalline index (CI) (%) Crystallite Size (CS) (nm) Reference 

AIF 48 12.6 

OAIF (1 wt.%) 50 13.3 

OAIF (2 wt.%) 53 13.9 

OAIF (3 wt.%) 55 14.4 

OAIF (4 wt.%) 57 14.8 

OAIF (5 wt.%) 56 14.9 

Present study 

Licuala grandis leaf sheath 48 1.26 

Treated Licuala grandis leaf sheath  54 1.73 
[50] 

Aerial roots of banyan tree 72.47 6.28 

Treated aerial roots of banyan tree (5 wt.%) 76.35 7.74 
[49] 

Cannonball Fibers 65.29 26.73 

Treated Cannonball Fibers (4 wt.%) 72.73 32.39 
[48] 

Cyrtostachys renda 50 - 

Treated Cyrtostachys renda (5 wt.%) 56 - 
[47] 

Cocos nucifera L. peduncle 50 14.6 

Treated Cocos nucifera L. peduncle 54 13.1 
[51] 
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reduction in weight for AIF and OAIFs that was seen 
above 378°C can be attributed to the partial lignin and 
wax disintegration [68]. The alteration of the crystal 
configuration in OAIFs due to oxalic acid modification is 
the reason for the reduction in residual char at 600°C 
when weighed against AIF. Understanding the fiber's 
composition, thermal stability, and degrading behavior 
is essential for their successful usage in a variety of 
applications, including polymer composites. This is 
made possible by the inflection point in the DTG curve. 
Researchers and engineers can more accurately 
forecast how natural fibers will behave under 
processing and end-use settings by examining the 
location and characteristics of the inflection point, 
guaranteeing maximum performance and longevity 
[69]. The DTG curve disparity depicts an inflection point 
for the fibers AIF, OAIF (1 wt.%), OAIF (2 wt.%), OAIF 
(3 wt.%), OAIF (4 wt.%) and OAIF (5 wt.%), 
accordingly, at around 327°C, 339°C, 341°C, 343°C, 
348°C, and 346°C, suggesting an elevation in the 
deteriorating event to greater temperatures. In 
comparison to AIF, OAIFs have superior thermal 
stability, as seen by the significantly smaller weight loss 
seen in each deterioration stage. Table 7 lists the char 
residue of AIF and OAIFs in comparison with other raw 
and treated natural fibers. AIF, OAIF (1 wt.%), OAIF (2 
wt.%), OAIF (3 wt.%), OAIF (4 wt.%) and OAIF (5 
wt.%) have kinetic activation energies (Ea) of 66.9 
kJ/mol, 68.4 kJ/mol, 69.9 kJ/mol, 70.7 kJ/mol, 71.6 

kJ/mol and 71.2kJ/mol, correspondingly, according to 
Broido's equation (3) [70]. The estimated Ea levels are 
greater than the 60 kJ/mol energy required to start the 
decomposition of wood. 

Ln (ln(1/y)) = -( Ea/R)((1/T) + K)         (3) 

Where R (8.32 J/mol K) is the Universal Gas 
constant, wt is the Mass of the sample at any time t and 
wo - Initial mass of the sample, T is the Temperature in 
K, y is the Normalized weight (wt/wo). 

Table 6: Weight Loss Percentage of AIF and OAIFs 

Temperature range (°C) 28-113 236-287 288-377 

AIF 8.1 17.4 49 

OAIF (1 wt.%) 7.8 16.9 47 

OAIF (2 wt.%) 7.5 16.1 46 

OAIF (3 wt.%) 7.1 15.4 44 

OAIF (4 wt.%) 6.7 14.3 42 

OAIF (5 wt.%) 6.5 14.8 43 

 

DSC Analysis 

The DSC contour for AIF and OAIFs are shown in 
Figure 9. Both The AIF and OAIFs were found to have 
an endothermic peak, roughly ranging from 34°C to 

 
Figure 7: XRD spectra of AIF and OAIFs. 
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Figure 8: TGA spectra of AIF and OAIFs. 

 

Table 7: Char Residue of AIF and OAIFs 

Fibers Char residue (wt.%) Reference 

AIF 22.02 

OAIF (1 wt.%) 22.37 

OAIF (2 wt.%) 22.63 

OAIF (3 wt.%) 22.89 

OAIF (4 wt.%) 23.15 

OAIF (5 wt.%) 23.01 

Present study 

Areca palm leaf stalk 0.82 

Treated Areca palm leaf stalk (5 wt.%) 1.45 
[45] 

Aerial roots of banyan tree 22.31 

Treated aerial roots of banyan tree (5 wt.%) 18.67 
[49] 

Cannonball Fibers 23.7 

Treated Cannonball Fibers (4 wt.%) 26.8 
[48] 

Cyrtostachys renda 11.41 

Treated Cyrtostachys renda (5 wt.%) 25.07 
[47] 

Licuala grandis leaf sheath 31.19 

Treated Licuala grandis leaf sheath  33.02 

[50] 

 

148°C, indicating the amount of energy needed to dry 
the fibers [71]. As a result of the lignin and 
hemicellulose in the AIF and OAIFs depolymerizing, an 
exothermic spike is detected in the temperature 
spectrum of 149°C to 219°C. OAIFs has a lower peak's 

magnitude, broadness, and deep than AIF since the 
fiber's lignin and hemicellulose were partially removed 
during the oxalic acid modification procedure. The 
subsequent endothermic spike observed within the 
temperature spectrum of 220°C to 322°C is linked to 
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the cellulose breakdown that occurs in the AIF and 
OAIFs [72]. The final exothermic spike in the 
temperature spectrum ranging from 321°C to 372°C is 
indicative of the partial lignin and wax breakdown in 
AIF and OAIFs. Owing to the lignin and wax dissolving 
from the yarn through the oxalic acid treatment 
procedure, this spike is weaker for OAIFs than AIF. 
Wax and lignin in the strands volatilize when the DSC 
plot fluctuates further than 373°C [73,74]. Upon 
analyzing the whole procedure, it was found that the 
OAIFs required more energy to deteriorate than the 
AIF, showing an enhancement in the thermal 
endurance of the OAIFs due to the oxalic acid 
modification procedure. 

CONCLUSION 

The fibers were obtained from the areca tree's ripen 
inflorescence post-harvesting of nuts. Subsequently, 
the fibers were subjected to treatment with C2H2O4 at 
different concentrations, specifically 1 wt.%, 2 wt.%, 3 
wt.%, 4 wt.% and 5 wt.%. Following this treatment, 
various characterizations, including morphological, 
physical, chemical, XRD, FTIR, TGA, and DSC, were 
conducted. The results were obtained, leading to the 
following conclusions. 

• Characteristics of fibers are influenced by the 
existence of cellulose. It has been clearly proven 
that cellulose percentage experiences a 

noticeable enhancement with OAIF (4 wt.%) 
having maximum value of 60.34 wt.% which is 
further endorsed by FTIR analysis. 

• Surface morphologies of OAIF (4 wt.%) display 
improved wettability by eliminating the outer 
layer of lignin, wax, and loosened impurities, 
resulting in a rough texture compared to other 
OAIFs and AIF. However, excessive oxalic acid 
treatment at 5 wt.% removes the linkages 
between outer cells, noticeably weakening the 
OAIF (5 wt.%). 

• Tensile strength of OAIFs is improved by 
enhancing the cellulose and removing the 
amorphous content with OAIF (4 wt.%) having 
the maximum value of 201.6 ± 21.27 MPa and 
modulus 7.1 ± 0.97 GPa. Interestingly, OAIF (4 
wt.%) exhibit superior strength compared to 
those treated with 5 wt.%. This is attributed to an 
excessive reaction that weakens the fibers in the 
latter case. 

• Chemical modification boosts the crystalline 
properties of OAIFs, as clearly confirmed by 
XRD analyses. The CI of OAIF (4 wt.%) 
increased by 18.7% compared to AIF. 

• The resulting enhancement in thermal stability 
for OAIFs was substantiated through TGA and 

 
Figure 9: DSC spectra of AIF and OAIFs. 
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DSC analyses. The TGA analysis reveals the 
thermal stability of OAIF (4 wt.%) to be 236 °C. 

As a result, it is affirmed that OAIFs exhibit 
considerable proficiency and have the potential to 
substitute conventional synthetic fibers in diverse 
applications in industries requiring lightweight polymer 
composites. Further optimizations can be done using 
machine learning techniques on the parameters like 
oxalic acid concentration, treatment duration and 
treatment temperature to identify the specific 
application of the OAIFs. 
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