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The integration of natural fibers into Fiber Reinforced Polymers (FRPs) has emerged as a promising
avenue for sustainable and high-performance composite materials. Natural fibers, derived from plants,
offer notable advantages such as renewability, low cost, and environmental friendliness. Among

these natural fibers, Hibiscus Rosa-Sinensis (HRS) plant fibers have gained significant attention owing
to their widespread availability and unique mechanical properties. In this study, HRS fibers were
chemically treated using Sodium Hydroxide (NaOH), Potassium Permanganate (KMnO,), and Acetic
Acid (CH,COOH) at different weight percentages (3, 4, 5 Wt.%) and solutionizing times (1, 2, 3 h)

based onTaguchi’s L,, orthogonal array. The fibers, extracted from epidermis of the stems, underwent
cleaning and chemical treatment after water retting. The crystallinity index, determined via X-ray
Diffraction (XRD), indicated a maximum value of 65.77%. Thermo-gravimetric analysis (TGA) exhibited
a degradation temperature of 365.24 °C and a material loss of 63.11%. Potassium Permanganate
treatment at 4 Wt.% and 3 h of solutionizing time has yielded the best results. Multi-Layer Perceptron
Artificial Neural Network (MLP-ANN) has been successfully applied to accurately predict the output
physical characteristics of chemically treated HRS fibers using experimental data. The results are in
close alignment with the literature. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS) analyses have provided valuable insights into the microstructure and constituents
of the chemically treated HRS fibers. This research emphasises on the effectiveness of the chemical
treatment process in enhancing the properties of HRS plant fibers for potential composite applications.

Keywords Chemical Treatment, Hibiscus Rosa-Sinensis, Sodium Hydroxide, Acetic Acid, Potassium
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For the last few decades, bio-composites have gained increasing significance, primarily driven by growing
environmental concerns. Plant fibers are increasingly being employed as reinforcing materials in fiber-reinforced
plastics, finding diverse applications in products like roofing sheets, seating, doors panels, automobiles, bullet
proof, helmets, and more. This shift towards bio-composites reflects the industry’s commitment to sustainable
and eco-friendly solutions' 3. To promote the fabrication of composites, a deep understanding of properties such
as the chemical composition and bonding characteristics of the fibers is necessary. Numerous research studies
have explored various techniques aimed at improving the thermal, physical and mechanical characteristics of
composite materials derived from plant fibers®. One of the easy methods is employing chemical treatments to
decrease the levels of components in plant cell wall, and impurities in plant fibers, resulting enhancements in both
thermal and mechanical property. Fiber surface modification can be accomplished through chemical processes,
resulting in improved adhesion between the fibers and the matrix material>S. These chemical treatments
typically involve the reduction of impurities and naturally occurring fluid components, such as lignin, and
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waxes from the surface of the fiber”8. Chemical processes, including the application of sodium hydroxide, acetic
acid and potassium permanganate, have proven effective in augmenting the thermal stability and mechanical
characteristics of natural fibers, with the most favorable outcomes observed in composites using different plant
fibers”~!!. To explore the thermal stability of plant fiber, employed with Thermo-gravimetric Analysis (TGA)
technique, which enables to systematically analyses and characterize these fibers!"'2X Ray Diffraction is a
technique used to study crystallinity index of natural fibers and low crystallinity index value shows particles not
distributed in a proper way'>!4. SEM and EDS become essential tools for exploring the details of fibers, providing
information about their elemental composition, surface properties, and structural features'>1”. Significant
knowledge regarding the hydrophilic nature of plant fibers subjected to different chemical treatments was
provided by SEM measurement'®!°. SEM stands as a high-resolution imaging technique capable of visualizing
the nanoscale topographical features of materials?. The fibers treated with potassium permanganate exhibit
enhanced crystallinity index, lower density and higher cellulose percentage lead to a promising composite
with high strength and light weight?!. The chemical treatment with sodium hydroxide results in an improved
surface topography of the fiber. Excellent lignin decomposition and improved thermal stability result from the
combined NaOH silane treatment?. The natural fiber treated with NaOH exhibited the highest density because
of the contraction of fibril. The treatment with potassium permanganates reduced the water absorption capacity
of the fibers. The untreated fibers enhance tensile strength compared to chemically treated fibers?**%. Study on
synthesis of microcrystalline cellulose from Citrus x sinensis sweet orange peel fruit waste-based biomass has
resulted in an alternative source of cellulose for potential value-added industrial applications?. Similarly studies
have been conducted to find out novel materials suitable for reinforcement with polymers to form composite
materials. One such effort suggests the Ficus retusa L. aerial root fiber as a potential alternative to synthetic
fibers popularly used as reinforcement?. Different washing methods have gained popularity in enhancing
the properties of natural fibers before considering them as reinforcements. Sodium Lauryl sulphate method
is one popular method which has been used to process Ramie Fibers as surfactant to enhance its mechanical
properties, which make them an excellent choice as reinforcement materials?’. Recent research has been paying
more attention to lignocellulosic fibers as an eco-friendly alternative to synthetic fibers in polymer composites.
Among these, fibers derived from agro-waste, like the Asparagus Bean stem (ABS), show great promise. After
being treated with alkali, these fibers not only increased in cellulose content but also exhibited better thermal
stability and improved bonding with the polymer matrix. This treatment significantly enhanced the mechanical
properties of the resulting composites, particularly in terms of flexural strength and modulus, making ABS fibers
a strong candidate for reinforcing lightweight structures®. In the world of additive manufacturing, particularly
3D printing, using natural fibers to enhance material properties is gaining traction. Trichosanthes Cucumerina
stem fibers, sourced from plant waste, have been tested in PLA filaments with encouraging results. After treating
these fibers with silane, they were better distributed in the PLA matrix, and the filaments with a 6% fiber content
achieved a tensile strength of 63.5 MPa. Moreover, these treated fibers contributed to more consistent filament
production by reducing diameter variations. This suggests that Trichosanthes Cucumerina fibers could be a
viable option for creating biodegradable components in 3D printing*!. Another natural fiber that’s been explored
is the bark from the Ficus Macrocarpa tree. When treated with alkali, these fibers showed a notable increase in
cellulose content and improved thermal stability, maintaining their structure up to 378.87 °C. The treatment also
resulted in a smoother surface and reduced the fiber diameter, making them more suitable for use in composites.
These improvements highlight the potential of Ficus Macrocarpa bark fibers as a sustainable, environmentally
friendly alternative to synthetic fibers, offering both enhanced physical properties and a smaller environmental
footprint.

This research paper focuses on how chemical treatments such as Sodium Hydroxide (NaOH) treatment,
Potassium Permanganate (KMnO),) treatment, and Acetic Acid (CH,COOH) treatment can improve the chemical
composition and physical characteristics of HRS fibers. This involves evaluating the effectiveness of each treatment
in reducing unwanted components like hemicellulose and lignin while preserving or enhancing cellulose content,
thus making the fibers more suitable for composite applications. To achieve this, the study employs Taguchi’s
L,, orthogonal array design to systematically vary treatment conditions, identifying the optimal combination of
chemical concentration and treatment duration. This experimental design is complemented using an Artificial
Neural Network (ANN) model, which predicts the properties of treated fibers based on the experimental data.
Such an approach allows for precise optimization and provides a robust framework for understanding the effects
of different treatments on fiber properties. The treated fibers are thoroughly characterized using techniques
such as X-ray Diffraction (XRD) for crystallinity, Thermo-gravimetric Analysis (TGA) for thermal stability,
and Scanning Electron Microscopy (SEM) for surface morphology. Overall, this research not only advances the
scientific understanding of natural fiber treatments but also provides practical insights that could lead to the
development of high-performance, sustainable composite materials. It lays a solid foundation for future studies
and industrial applications, emphasizing the role of innovative treatment methods in analysing the potential of
natural fibers for modern material science.

Methodology

Extraction and chemical treatment of HRS fibers

In this comprehensive study, the effect of chemical treatment on physical properties of Hibiscus Rosa-Sinensis
(HRS) plant fibers is meticulously investigated. HRS fibers are sourced from the dried HRS branches discarded
from the Botanical Garden of Manipal Institute of Technology, Manipal, India. The fibers which are extracted
from the epidermis of stems measuring 50-60 mm in length, undergo water retting process to ensure purity.
These extracted fibers are cleaned to eliminate impurities and dissolved elements and dried at room temperature.
Subsequently, the chemical treatment process involves the utilization of sodium hydroxide (NaOH), potassium
permanganate (KMnO,), and acetic acid (CH,COOH) at varying weight percentages of 3, 4, and 5 Wt.% and
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solutionizing times of 1, 2, and 3 h. NaOH, a strong alkali, initiates the deacetylation process, breaking down
acetyl groups and enhancing the hydrophilicity of the fibers. KMnO,, a potent oxidizing agent, aids in lignin
degradation, effectively enhancing the fiber surface area for improved composite adhesion. Acetic acid, on the
other hand, acts as a catalyst, facilitating controlled reactions and ensuring the preservation of fiber integrity.
After the chemical treatment, the fibers are dried in a hot air oven, preserving the induced chemical modifications.

Testing of the chemically treated HRS fibers

The treated fibers are further subjected to various analyses, each providing unique insights into their structural
and chemical evolution. To study the structural changes, X-ray diffraction (XRD) analysis is conducted
to ascertain the crystallinity index. This analysis illuminates the degree of Crystallinity within the fibers,
shedding light on the efficacy of the chemical treatment process. The XRD analysis of fiber was conducted
using X-Ray diffractometer (Rigaku Miniflex 600). The experimental trials are executed using CuKa radiation
(A=1.5406 nm) at 40 kV. To derive Crystallinity (%) values from X-ray diffraction (XRD) plots, the first step
involves collecting XRD data for the sample of interest using a precise X-ray diffractometer. The diffraction
pattern is typically recorded in the 20 range between 5° and 80°. Once the data is obtained, the next step is data
pre-processing. During this stage, the 20 values are converted to d-spacing using Bragg’s law, which relates the
diffraction angle (20) to the interplanar spacing (d) and the wavelength of the X-ray radiation. This conversion
is crucial for further analysis. Subsequently, the XRD pattern is baseline corrected and smoothed to enhance the
signal-to-noise ratio, ensuring accurate peak identification. After these pre-processing steps, the peak intensities
corresponding to the Crystallinity phases in the XRD pattern are determined. The Crystallinity Index (%) values
can then be calculated by comparing the areas under the peaks associated with the Crystallinity phases to the
total area under all peaks in the XRD pattern, indicating the proportion of the sample that is Crystallinity. This
quantitative analysis provides valuable insights into the material’s structure and composition. Simultaneously,
thermo-gravimetric analysis (TGA), specifically the STA7200 Thermal Analysis Systems from Hitachi High-
Tech Science, Japan is employed to determine the degradation temperature and percentage material loss. This
critical information not only elucidates the thermal stability of the fibers treated but also serves as a testament
to the success of the chemical treatments in eliminating impurities and enhancing structural integrity. Material
Loss is calculated by calculating the difference in weight of the fibers before and after degradation using EHP 323
Ultra-Sensitive Weight measuring balance. Scanning electron microscopy (SEM) specifically the EVO MA18
model from Carl Zeiss Ltd., is used to capture intricate details of the surface morphology of the fibers. This
high-resolution imaging unveils the physical transformations undergone by the fibers, offering visual evidence
of the chemical treatment’s impact. Moreover, energy-dispersive X-ray spectroscopy (EDS) specifically the EVO
MA18 model from Carl Zeiss Ltd., located in Cambridge, UK. is employed to meticulously analyze the elemental
composition of the treated fibers. Table 1 provides the levels and factors used in the experimentation. Figure 1
presents HRS fiber chemical treatment process flow diagram.

Artificial Neural Networks have recently gained a lot of attention in various fields because of the high degrees
of accuracy in predicting the output parameters of a process?®. Back Propagation Artificial Neural Network is
applied to the dataset to predict the output parameters based on the values of experimentation. Steps followed
in detail are provided®3,

Step 1 Data Preparation.

The dataset, encompassing input parameters (Chemical Treatment, Chemical Wt.%, Solutionizing Time(Hrs))
and output parameters (Crystallinity Index, Degradation Temperature, Material Loss), was loaded from a CSV
file. Subsequently, the data was divided into input (x) and output (y) variables.

***python

# load data from CSV file

Data = np.loadtxt(‘data.csv’ delimiter=>°)
X =data[:, 0:3] # input parameters
y=datal[:, 3:] # Output parameters

Step 2 Data scaling.

To ensure consistent scaling and enhance the network’s performance, the input and output variables were scaled
using Min-Max scaling.

Levels

Parameters 1 2 3

Chemical Used | Potassium Permanganate | Sodium Hydroxide | Acetic Acid

Chemical (Wt.%) |3 4 5
Solutionizing
Time (Hrs.) 1 2 3

Table 1. TDOE factors and levels.
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Fig. 1. HRS fiber chemical treatment process flow diagram.

***python
# scale input and output data

scaler_X =MinMaxScaler()

X_scaled =scaler_X.fit_transform(X)
scaler_y=MinMaxScaler()

y_scaled = scaler_y.fit_transform(y)

RRRY

Step 3 Neural network architecture.

A BPANN model was constructed using the Keras library. The model included an input layer with 3 neurons,
a hidden layer with 27 neurons, as specified, and an output layer with 8 neurons corresponding to the output
parameters.

.

**python

# build the BPANN model

Model = sequential()

model.add(Dense(27, input_dim = 3, activation="relu’)) # Hidden layer with 27 neurons
model.add(dense(8, activation=linear’)) # output layer with 8 neurons

LRRY

Step 4 Model compilation.

The model was compiled using Mean Squared Error (MSE) as the loss function and the Adam optimizer for
efficient gradient descent during training.

***python
# compile the model

model.compile(loss=mean_squared_error’, optimizer="adam’)

DRRY

Step 5 Training the model.

The prepared data was split into training and testing sets to assess the model’s performance. The model was then
trained using the training data.

.

**python

# Split data into training and testing sets

X_train, X_test, y_train, y_test =train_test_split(X_scaled, y_scaled, test_size =0.2, random_state =42)
# Train the model

model fit(X_train, y_train, epochs =100, batch_size =32, validation_data=(X_test, y_test))

Step 6 Evaluation and validation.
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The model’s performance was evaluated using various metrics, ensuring its accuracy and reliability in predicting
the output parameters based on the given input parameters.
Figure 2 presents the Artificial Neural Network model.

Results and discussions

Physical characteristics assessment on process output parameters such as crystallinity index, degradation
temperature and percentage material loss after chemical treatment of HRS fibers using L, orthogonal array has
been discussed.

XRD analysis and crystallinity index

Figure 3a,b and c illustrate the intensity variations observed in the X-ray diffraction (XRD) patterns of chemically
treated fibers. Two distinct peaks were identified in these graphs, which were then employed to calculate the
crystallinity index of the treated fibers. The first peak (15°-20°) 20, corresponds to the amorphous content of the
fibers. In natural fibers, hemicellulose, lignin and the amorphous regions of cellulose contribute to this broad
peak. The reduction in intensity in this region after chemical treatment indicates a decrease in the amorphous
content, primarily due to the removal of hemicellulose and lignin. The broad nature of this peak is characteristic
of non-crystalline structures, suggesting that the chemical treatments effectively eliminate or reduce these less-
ordered regions, leading to an overall enhancement in fiber crystallinity. Further, the second peak (20°-30°) 20
region is associated with crystalline cellulose content in the fibers, particularly the diffraction from the (200)
plane of cellulose I. The sharp peak observed in this region is indicative of the crystalline structure of cellulose.
The increased intensity of this peak reflects an increase in the crystallinity content of the fibers after chemical
treatment. Chemical treatments such as ATHRS, PTHRS and NTHRS enhance the crystalline structure by
removing amorphous components and impurities allowing the crystalline regions of cellulose to become more
prominent. The sharpness and intensity of this peak signifies that the treatments have successfully increased the
degree of crystallinity within the fibers.

The percentage content of cellulose, hemicellulose, lignin, waxes, fats and pectin are presented in Table 2.
Cellulose is measured by ADF (acid detergent fiber) method involving the treatment of fibers with acid detergent
solution to remove hemicellulose and lignin leaving cellulose residue. The weight of the residue is measured
with respect to initial fiber weight to calculate cellulose content. Further, NDF (neutral detergent fiber) method
is used to remove non fibrous materials. The difference in weight between the NDF residue and ADF residue is
expressed as percentage of hemicellulose. Finally, ADL test (acid detergent lignin) is used where the fibers are
treated with sulfuric acid after DF treatment to dissolve cellulose, leaving Lignin as residue. Waxes, Fats and
Pectin are extracted using Soxhlet extraction with organic solvents like ethanol and acetone and measured in
percentage.

In this study, the results highlight a compelling correlation between the choice of chemical treatment, its
concentration, and solutionizing time with the resulting CI values. Potassium permanganate (PTHRS) treatment
exhibited the highest CI values, reaching up to 65.77% for a chemical weight% of 4 and a solutionizing time of
3 h. This enhancement in CI can be attributed to the potent oxidizing nature of potassium permanganate, which
effectively breaks down lignin, a key component in plant fibers. The oxidative degradation of lignin results in
the removal of amorphous regions within the fibers, leading to a higher degree of crystallinity. Conversely,
sodium hydroxide (NTHRS) and acetic acid (ATHRS) treatments, while showing notable improvements
in CI, demonstrated comparatively lower values than potassium permanganate. Sodium hydroxide, being
a strong alkali, initiates de-acetylation, leading to increased hydrophilicity but a slightly lower CI compared
to potassium permanganate. Acetic acid, acting as a catalyst, facilitates controlled reactions, resulting in a
moderate enhancement of CI. The variations in CI values among different treatments can be attributed to the
specific interactions between the chemicals and the fiber components, ultimately influencing the arrangement
of cellulose molecules and crystallite size. Figure 3 presents the XRD analysis of HRS fibers chemically treated
with; (a) Potassium Permanganate (KMnO,); (b) Sodium Hydroxide (NaOH); (c) Acetic Acid (CH,COOH)
under various weight percentages. Figure 4 presents the experimental values of the Crystallinity Index.

Input Output
Chemical 1 1
Treatment > 2
2 3 1. Crystallinity Index (%)
Chemical 4 2. Degradation Tempearature (°C)
Wt.% i 5 3. Material Loss (%)
e B £
So.lutlonzmg i, B
Time (Hrs) 8
Hidden

Fig. 2. Artificial Neural Network model.
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Fig. 3. XRD analysis of HRS fibers chemically treated with; (a) Potassium Permanganate (KMnO,); (b)
Sodium Hydroxide (NaOH); (c) Acetic Acid (CH,COOH) under various weight percentages.

The main effects plot presented in Fig. 5 provides a clear visual representation of the significant impact of
the chemicals employed in the treatment process on the Crystallinity Index of HRS Fibers. This plot serves as
a comprehensive overview, highlighting that these specific chemicals exert the most substantial influence on
the Crystallinity structure of the fibers. From the main effects plot it was observed that PTHRS (Potassium
Permanganate treated HRS Fibers), 4Wt.% and 3 h solutionizing time are the most influencing parameters
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Component

Initial Composition

NaOH (4Wt.%, 3 h)

KmNO, (4Wt.%, 3 h)

CH,COOH (4Wt.%, 3 h)

Cellulose

60%

74%

70%

65%

Hemicellulose

21%

6%

8%

11%

Lignin

14%

8%

6%

10%

‘Waxes, Fats and Pectin

5%

2%

2%

4%

Table 2. Chemical composition of HRS fibers.

to achieve highest Crystallinity Index value (65.58%). Further, ATHRS has found to have least effect on the
Crystallinity Index of the HRS fibers (57.64%).

Figure 6 offers a more detailed insight by displaying a spectrum plot. This plot meticulously maps out the
variation in Crystallinity Index values across different weight percentages and solutionizing time intervals of
HRS fibers subjected to diverse chemical treatments. It effectively captures the nuanced relationship between
these variables, shedding light on the intricate dynamics of crystallinity under varying experimental conditions.
From Fig. 6 it was observed that PTHRS chemical treatment with increased chemical weight% and increased
solutionizing time there was considerable increase in Crystallinity Index of more than 65.6%.

Furthermore, Fig. 7, the probability plot for Crystallinity Index, provides a statistical perspective, offering a
probabilistic representation of the data distribution. This plot not only reinforces the trends observed in Figs. 5
and 6 but also quantifies the likelihood of specific Crystallinity Index values occurring within the dataset, adding
a layer of probabilistic understanding to the analysis. Hence from the probability plot it was observed that there
was a drastic increase from 57.5 to 65.6% for chemical treatment (PTHRS, NTHRS and ATHRS) of HRS Fibers.
However, PTHRS shows the highest probability of getting maximum Crystallinity Index of 65.6%.

Figure 8 provides validation of ANN predicted values of Crystallinity Index using experimental values. The
Back-propagation Artificial Neural network was successfully applied to predict the values of Crystallinity Index
with an accuracy of 98.66%. Table 3 presents the performance metrics of the Artificial Neural Network for
Crystallinity Index.

Thermo-gravimetric analysis

Thermo-gravimetric Analysis (TGA) is an analytical technique used to study the thermal stability and
composition of materials. In TGA, a sample is subjected to a controlled temperature program and change in
weight are measured as a function of temperature or time. This method is particularly valuable in understanding
the thermal decomposition, degradation, and volatilization of materials. By analyzing the material loss or gain
of a sample as it is heated or cooled, we can determine various properties, including purity, composition, and
stability. As the temperature increases, the sample undergoes thermal decomposition, leading to a gradual
reduction in weight.

The enhanced thermal stability of chemically treated Hibiscus Rosa-Sinensis fibers is primarily due to the
combined effects of removing hemicellulose and extractives, which are more thermally labile than cellulose
and lignin, and increasing the crystallinity of cellulose. The treatments effectively eliminate these thermally
unstable components and enhance the crystalline structure of cellulose, thereby shifting the onset of degradation
to higher temperatures. Additionally, the cleaning of the fiber surface from impurities further contributes to
improved thermal behaviour. Therefore, the outstanding thermal stability is not solely due to the elimination of
lignin but results from the comprehensive modification of the composition and structure of HRS Fiber.

The graph (Fig. 9) showcases the thermally induced changes in the material, providing valuable insights into
its thermal behavior. These insights are essential in numerous fields, including chemistry, materials science, and
environmental science, where understanding how materials respond to temperature variations is crucial for
designing efficient and stable products and processes.

Degradation temperature

Degradation temperature, a key indicator of the fiber thermal stability, exhibited compelling variations across
different treatments (Fig. 10). Potassium permanganate (PTHRS) treatment at 4 Wt.% and 3 h of solutionizing
time resulted in a notably high degradation temperature of 365.24 °C. This exceptional thermal stability can be
attributed to the efficient removal of impurities, particularly lignin, which is susceptible to thermal degradation.
The preservation of essential fiber components was achieved through the selective action of potassium
permanganate, ensuring the structural integrity of HRS fibers even under high-temperature conditions. As
presented in Fig. 10 Sodium hydroxide treatment at 3 Wt.% and 3 h exhibited a degradation temperature of
355.35 °C and Acetic acid treatment at 4 Wt.% and 3 h exhibited a degradation temperature of 332.03 °C. The
chemically treated Hibiscus fibers can withstand high degradation temperature of compared to other natural
fibers®..

In Fig. 11, the main effects plot emphatically highlights the significant influence of treatment chemicals on
the degradation temperature of HRS Fibers. This observation is crucial, as degradation temperature serves as
a key indicator of the thermal stability and overall robustness of materials under various conditions. A higher
degradation temperature often signifies enhanced resistance to thermal stress, making it a critical parameter in
applications where temperature fluctuations are common. Figure 12, the spectrum plot, meticulously delineates
the variations in degradation temperature values across different weight percentages and solutionizing timeframes
in diverse chemical environments. This detailed analysis provides valuable insights into how different treatments
affect the fibers’ thermal stability, offering essential information for material engineering and processing.
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Fig. 4. Crystallinity Index (%) of HRS fibers chemically treated with; (a) Solutionizing time 1 h; (b)
Solutionizing time 2 h; (c) Solutionizing time 3 h.

Figure 13, the probability plot, offers a statistical perspective by illustrating the distribution of degradation
temperature values within the dataset. This probabilistic view enhances the analysis, providing a comprehensive
understanding of the variability in the thermal stability of HRS Fibers under different treatment conditions.
Furthermore, Fig. 14, the validation plot, plays a pivotal role in confirming the accuracy of the Artificial Neural
Network (ANN) predictions for degradation temperature. This validation step ensures the reliability and
applicability of the predictive model, allowing for precise estimation of degradation temperatures based on the
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Fig. 7. Probability plot for Crystallinity Index of chemically treated HRS fibers.

treatment parameters.The Back-propagation Artificial Neural network was successfully applied to predict the
values of Degradation Temperature with an accuracy of 94.77%. Table 4 presents the performance metrics of the
Artificial Neural Network for Degradation Temperature.

Material loss

Percentage Material loss, representing the extent of impurity removal and fiber purity, also showcased intriguing
patterns. Potassium permanganate treatment at 4 Wt.% and 3 h exhibited a low Material loss of 63.11%,
indicating the successful elimination of impurities and non-essential components. This result aligns with the
high degradation temperature observed, emphasizing the correlation between impurity removal and enhanced
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Metric Value

Learning Rate | 0.01
Precision (%) | 93.6
Recall (%) 93.2
F1-Score (%) | 95.2

MAE 0.018
RMSE 0.024
R? 0.91
MAPE 2.73

Table 3. Performance Metrics of Artificial neural network.

thermal stability. Sodium hydroxide (NTHRS) and acetic acid (ATHRS) treatments, while displaying slightly
lower degradation temperatures and higher percentage material losses than potassium permanganate, still
demonstrated substantial improvements compared to untreated fibers. As presented in Fig. 15, thematerial loss
of 64.55%, highlighting the efficacy of alkali treatment in enhancing fiber purity and thermal stability. Acetic acid
treatment at 4 Wt.% and 3 h exhibited a material loss of 68.25%, emphasizing the controlled reactions facilitated
by acetic acid, ensuring the removal of impurities while preserving the essential components of the fibers.

In Fig. 16, the main effects plot prominently demonstrates the significant impact of treatment chemicals
on the material loss of HRS Fibers. This parameter is pivotal for understanding the material’s stability and its
response to various treatment conditions, providing essential insights for industrial and research applications.
Figure 17, the spectrum plot, meticulously delineates the variations in material loss values across different
weight percentages and solutionizing timeframes in diverse chemical environments. This detailed analysis offers
a nuanced understanding of how different treatments influence the fibers’ mass loss, shedding light on their
stability under varied experimental conditions.

Figure 18, the probability plot, provides a statistical perspective by illustrating the distribution of material loss
values within the dataset. This probabilistic view enhances the analysis, offering a comprehensive understanding
of the variability in material loss under different treatment scenarios. Furthermore, Fig. 19, the validation plot,
plays a pivotal role in confirming the accuracy of the Artificial Neural Network (ANN) predictions for material
loss. This validation step ensures the reliability and applicability of the predictive model, allowing for precise
estimation of material loss based on the treatment parameters. Together, these analyses provide a comprehensive
and reliable understanding of how treatment chemicals significantly influence the material loss of HRS Fibers,
essential information for industries and researchers involved in material development and optimization. The
Back-propagation Artificial Neural network was successfully applied to predict the values of Material Loss with
an accuracy of 95.44%. Table 5 presents the performance metrics of the Artificial Neural Network for Material
Loss.
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Fig. 9. Percentage Weight loss post chemical treatment of fibers with 4Wt.%.

Microscopic analysis of chemically treated HRS fibers

Figure 20 (a-d) provides a comprehensive visual comparison of the microstructures of HRS Fibers under different
treatments. The optical microscope images reveal distinct differences among the untreated fibers, fibers treated
with Potassium Permanganate, Sodium Hydroxide, and Acetic Acid. Remarkably, the Potassium Permanganate
treatment (Fig. 20b) exhibits the most favorable results, displaying a well-defined and uniform microstructure.
This suggests a successful alteration at the microscopic level, potentially indicating enhanced fiber integrity and
reduced defects. In comparison, the Sodium Hydroxide treatment (Fig. 20c) shows moderate improvements,
with a relatively smoother microstructure compared to the untreated fibers (Fig. 20a). Finally, the Acetic Acid
treatment (Fig. 20d) appears to have the least impact, as the microstructure still displays notable irregularities and
imperfections. This microstructural analysis aligns with the treatment effectiveness, indicating that Potassium
Permanganate treatment has the most significant positive impact, followed by Sodium Hydroxide, while Acetic
Acid treatment shows comparatively limited improvements. These findings provide valuable insights into the
effectiveness of different chemical treatments on the microstructural integrity of HRS Fibers, guiding further
research and development efforts in material science and engineering.

In this study, Hibiscus Rosa-Sinensis (HRS) plant fibers were subjected to different chemical treatments,
namely NaOH (NTHRS), KMnO, (PTHRS), and CH,COOH (ATHRS). Scanning Electron Microscopy (SEM)
analysis was performed to analyze the structure and topography of these treated fibers. The SEM Images of
NTHRS fibers (Fig. 21a) revealed that the fibers consisted of microfibers closely attached by pectin. The diameter
of NTHRS fibers ranged from 199.9 um to 314.8 pm, with fibrils ranging from 3.16 um to 18.3 um. However,
undesired organic attachments were observed on the fiber surface, leading to poor adhesion with the matrix
phase. Further, Potassium Permanganate treatment effectively removed hemicellulose, lignin, wax, and pectin,
resulting in a clean and rough fiber surface. PTHRS fibers (Fig. 21b) exhibited significantly reduced impurities,
leading to a cleaner surface compared to NTHRS. The diameter of PTHRS fibers ranged from 145.6 pm to
286.1 um, and fibrils ranged from 2.84 um to 16.46 um. The treatment enhanced cellulose structures and surface
roughness, improving adhesion capability with the matrix. In contrast, ATHRS fibers (Fig. 21c) displayed
higher surface roughness and voids due to the removal of pectin/lignin. The fibrils in ATHRS appeared slightly
detached, impacting the overall adhesion properties. Treatment with CH,COOH resulted in a rougher surface
texture and reduced fiber and fibril diameters. These observations suggest that chemical treatments play a
crucial role in modifying the surface properties of HRS fibers. NaOH treatment, while effective in removing
impurities, led to undesired organic attachments, affecting adhesion. KMnO, treatment improved cellulose
structures and reduced impurities, enhancing adhesion capability. CH,COOH treatment, although increasing
surface roughness, caused fibril detachment, potentially impacting the mechanical properties of the fibers. High
weight% (9 wt%) of sodium hydroxide (NaOH) treatment improved the surface texture of the fiber*2. The Fig. 21
d represents the SEM image of untreated fiber. The impurities like wax and lignin were present in the surface of
the fiber.

In this comprehensive study, Hibiscus Rosa-Sinensis (HRS) plant fibers underwent treatment with three
distinct chemical agents: Potassium Permanganate (PTHRS), Sodium Hydroxide (NTHRS), and Acetic Acid
(ATHRS). Through meticulous Energy Dispersive X-ray Spectroscopy (EDS) analyses, the elemental compositions
of these treated fibers were determined (Table 2), giving insights into their chemical transformations. In the
case of PTHRS fibers (Fig. 22a), the high oxygen content indicated the presence of cellulose and hemicellulose,
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Fig. 10. Degradation Temperature (°C) of HRS fibers chemically treated with; (a) Solutionizing time 1 h; (b)
Solutionizing time 2 h; (c) Solutionizing time 3 h.

essential organic components of plant fibers, alongside the incorporation of potassium, calcium, and manganese.
This unique elemental profile suggests the successful interaction of the fibers with potassium permanganate,
potentially enhancing their mechanical and chemical properties for specialized applications, such as in
reinforced composite materials. Further, within NTHRS fibers (Fig. 22b), the dominant oxygen presence proves
the retention of cellulose and hemicellulose structures. The detection of sodium and minor calcium content
suggested the interaction of the fibers with sodium hydroxide, leading to specific chemical modifications.
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Fig. 13. Probability plot for Degradation Temperature of chemically treated HRS fibers.

Sodium hydroxide treatment is known to remove impurities and enhance fiber surface properties, making the
fibers suitable for applications requiring improved adhesion and compatibility with other materials. Finally,
ATHRS fibers (Fig. 22¢) exhibited elevated oxygen levels, indicative of cellulose content, along with the presence
of sodium and calcium. Acetic acid treatment is often employed to eliminate undesired attachments, creating a
rougher surface texture ideal for enhanced adhesion in composite materials. The retained sodium and calcium
elements suggest the preservation of certain plant components, highlighting the complexity of chemical
interactions during the treatment process. Table 6 presents the percentage elemental distribution in HRS fibers
treated with different chemicals.
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Metric Value

Learning Rate | 0.01
Precision (%) | 94.5
Recall (%) 94.7
F1-Score (%) | 92.4

MAE 0.029
RMSE 0.036
R? 0.87
MAPE 2.69

Table 4. Performance Metrics of Artificial neural network.

Conclusions

The research investigates the effect of chemical treatments—Potassium Permanganate (KMnO,), Sodium
Hydroxide (NaOH), and Acetic Acid (CH;COOH)—on the Crystallinity Index (CI), thermal stability, material
loss, and microstructural properties of Hibiscus Rosa-Sinensis (HRS) plant fibers. Potassium Permanganate
treatment, due to its potent oxidizing nature, achieved the highest CI of 65.77% by effectively breaking down
lignin and removing amorphous regions. Sodium Hydroxide and Acetic Acid treatments also improved CI
but to a lesser extent, with NaOH enhancing hydrophilicity and CH;COOH facilitating controlled reactions
for moderate CI enhancement. In terms of thermal stability, Potassium Permanganate-treated fibers displayed
a degradation temperature of 365.24 °C, outperforming NaOH (355.35 °C) and CH;COOH (332.03 °C)
treatments. Material loss was quantified, revealing low losses for KMnOy (63.11%) and slightly higher but still
effective impurity removal for NaOH (64.55%) and CH3;COOH (64.93%). Microstructural analysis showed
that NaOH effectively removed impurities but could lead to undesired organic attachments, KMnO, enhanced
cellulose structures and reduced impurities, and CH;COOH increased surface roughness but could cause fibril
detachment. The back-propagation artificial neural network successfully predicted CI, degradation temperature,
and material loss with accuracies of 98.66%, 94.77%, and 95.44%, respectively. These findings are crucial for
optimizing chemical treatments to improve the structural and thermal properties of natural fibers for composite
applications.

Limitations and future scope

Limitations of the study

This study, while thorough in its approach to enhancing and characterizing Hibiscus Rosa-Sinensis (HRS) fibers,
faces several limitations. Firstly, the scope of chemical treatments is restricted to Sodium Hydroxide (NaOH),
Potassium Permanganate (KMnO4), and Acetic Acid (CH3COOH). Exploring a broader range of chemical
agents or combinations could provide a more comprehensive understanding of how different treatments affect
fiber properties. Additionally, the study relies on a fixed set of treatment parameters defined by Taguchis L,,
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Fig. 15. Material Loss (%) of HRS fibers chemically treated with; (a) Solutionizing time 1 h; (b) Solutionizing
time 2 h; (c) Solutionizing time 3 h.

orthogonal array, potentially overlooking optimal conditions outside this matrix. Another limitation is the
exclusive focus on the crystallinity index and thermal stability; mechanical testing of composite materials made
from these fibers could offer more practical insights into performance. Furthermore, the environmental impact
and safety of the chemical treatments have not been addressed, which is critical for the industrial application
of these processes. Finally, the modeling with Artificial Neural Networks (ANN) assumes idealized conditions
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that might not fully capture the complexities of real-world scenarios, potentially limiting the applicability of the
findings.

Future scope for the study

Building on the findings of this study, future research can explore several promising avenues. Extending the range
of chemical treatments to include enzymatic and biotechnological methods could offer eco-friendly alternatives
for fiber modification. Investigating the effects of varying concentrations and combinations of these chemicals,
as well as exploring other natural fibers, would provide broader insights into optimizing fiber properties. Future
studies should also incorporate mechanical testing of composite materials made from treated fibers to validate
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Learning Rate | 0.01
Precision (%) | 91.2
Recall (%) 91.7
F1-Score (%) |93.4

MAE 0.032
RMSE 0.037
R? 0.89
MAPE 3.46

Table 5. Performance Metrics of Artificial neural network.
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Fig. 20. Optical micrograph of HRS fibers (a) Untreated (b) Potassium Permanganate (PTHRS) (¢) Sodium
Hydroxide (NTHRS) (d) Acetic Acid (ATHRS).

their practical performance and durability. Additionally, life cycle assessments and environmental impact
analyses of the chemical treatments should be conducted to ensure sustainable and safe industrial applications.
The integration of advanced modeling techniques, such as machine learning algorithms, could further refine the
predictive accuracy for fiber treatment outcomes. Lastly, examining the economic feasibility and scalability of
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these treatments in commercial applications would bridge the gap between laboratory research and industrial
utilization.
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Fig. 22. EDS (elemental distribution) images of HRS fibers treated with; (a) Potassium Permanganate

(PTHRS); (b) Sodium Hydroxide (NTHRS); (c) Acetic Acid (ATHRS).
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Chemical Treatment | Element | Weight% | Atomic %
O (K) 88.23 94.65
Si (K) 1.70 1.04
ATHRS
Ca (K) 10.07 431
Total 100.00
O (K) 86.33 92.12
Na (K) 6.49 4.82
NTHRS
Ca (K) 7.18 3.06
Total 100.00
0 (K) 5412 | 78.42
K (K) 9.01 5.34
PTHRS Ca (K) 4.34 2.51
Mn (K) 32.53 13.73
Total 100.00

Table 6. Percentage elemental distribution in HRS fibers treated with different chemicals.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 13 May 2024; Accepted: 18 September 2024
Published online: 28 September 2024

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kabir, M. M., Wang, H., Lau, K. T. & Cardona, F. Chemical treatments on plant-based natural fibre reinforced polymer composites:
an overview. Compos. Part. B: Eng. 43 (7), 2883-2892 (2012).

Madival, A., Sadananda, D., Doreswamy & Shetty, R. Characterization of Physical and Mechanical properties of Rice Straw
Particles and Furcraea foetida Fiber Reinforced Hybrid Composite. J. Nat. Fibers. 20 (2), 2232544 (2023).

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. 138, 573-581 (2019).

. Chakravarthy, Sudhir, S. & Madhu Juvvi Siva Naga Raju, and Jabihulla Shariff Md. Characterization of novel natural cellulosic fiber

extracted from the stem of Cissus Vitiginea plant. Int. J. Biol. Macromol. 161, 1358-1370 (2020).

. Madhu, P, Sanjay, M. R,, Jawaid, M. & Siengchin, S. Anish Khan, and Catalin Iulian Pruncu. A new study on effect of various

chemical treatments on Agave Americana fiber for composite reinforcement: Physico-chemical, thermal, mechanical and
morphological properties. Polym. Test. 85, 106437 (2020).

. Lobregas, M., Olisha, S., Emmanuel Victor, D. & Buniao Leafio. Alkali-enzymatic treatment of Bambusablumeana textile fibers for

natural fiber-based textile material production. Ind. Crops Prod. 194, 116268 (2023).

. Stevens, Shammah, J. E. & Raja Dhas, K. Anton Savio Lewise, Althaf Mohammad, and Mohammed Fahad. Investigations on

chemical behaviours on mechanical properties of natural fiber composites: an evaluation. Materials Today: Proceedings 64 : 410-
415. (2022).

. Sathish, S. et al. and V. P. Dinesh. A review of natural fiber composites: Extraction methods, chemical treatments and applications.

Materials Today: Proceedings 45 : 8017-8023. (2021).

. Fiore, V. et al. A new eco-friendly chemical treatment of natural fibres: Effect of sodium bicarbonate on properties of sisal fibre and

its epoxy composites. Compos. Part. B: Eng. 85, 150-160 (2016).

Mahesha, G. T, Satish, B., Shenoy, V. M., Kini & Padmaraja, N. H. Effect of fiber treatments on mechanical properties of Grewia
serrulata bast fiber reinforced polyester composites. Materials Today: Proceedings 5, no. 1 : 138-144. (2018).

Madival, A., Sadananda, S., Maddasani, R., Shetty & Doreswamy, D. Influence of Chemical treatments on the Physical and
Mechanical properties of Furcraea Foetida fiber for polymer reinforcement applications. J. Nat. Fibers. 20 (1), 2136816 (2023).
Karthi, N. et al. An overview: Natural fiber reinforced hybrid composites, chemical treatments and application areas. Materials
today: proceedings 27 : 2828-2834. (2020).

Wirawan, W. et al. Effect of chemical treatment on the physical and thermal stabillity of Hibiscus Tiliaceus Bark Fiber (HBF) as
reinforcement in composite. Results Eng. 18, 101101 (2023).

Imraan, M. et al. Sugar palm (Arenga pinnata) fibers: new emerging natural fibre and its relevant properties, treatments and
potential applications. J. Mater. Res. Technol. Volume 24, Pages 4551-4572. https://doi.org/10.1016/j.jmrt.2023.04.056 (2023)
Acharya, P, Pai, D. & Mahesha, G. T. Effect of chemical treatments on physical and mechanical characteristics of Helicteresisora
natural fiber. Materials Today: Proceedings (2023).

Reddy, R., Ashok, K., Yoganandam & Mohanavel, V. Effect of chemical treatment on natural fiber for use in fiber reinforced
composites—Review. Materials Today: Proceedings 33 : 2996-2999. (2020).

Kamath, S. & Shantharam and BasavarajuBennehalli. Enhanced mechanical properties of potassium permanganate treated areca
sheath fibre epoxy composite. Materials Today: Proceedings 66 : 2274-2281.0 (2022).

Hashemi, S. et al. Investigation on the mechanical behavior of fiber-metal laminates based on polyvinyl chloride reinforced by 3D
glass fibers. Mater. Today Commun. 25, 101273 (2020).

Jahan, E and Manoj Soni. Effects of chemical treatment on mechanical properties of various natural fiber reinforced composite: a
review. Materials Today: Proceedings 46 : 6708-6711. (2021).

Samanth, M. and K. Subrahmanya Bhat. Conventional and unconventional Chemical treatment methods of natural fibres for
sustainable biocomposites. Sustainable Chemistry for Climate Action : 100034. (2023).

John, M. J. & Tshepiso, P. Molaba. Mechanical Properties and Water Sorption of chemically modified natural Fiber-based
composites. In book: Reference Module in Materials Science and Materials Engineering. 159-167. https://doi.org/10.1016/B978-
0-12-819724-0.00106-3 (2021).

Rippon, J. A. and David J. Evans. Improving the properties of natural fibres by chemical treatments. Handbook of natural fibres.
Woodhead Publishing, 245-321. https://doi.org/10.1533/9780857095510.1.63 (2020).

Scientific Reports |

(2024) 14:22510 | https://doi.org/10.1038/s41598-024-73503-8 nature portfolio


https://doi.org/10.1016/j.jmrt.2023.04.056
https://doi.org/10.1016/B978-0-12-819724-0.00106-3
https://doi.org/10.1016/B978-0-12-819724-0.00106-3
https://doi.org/10.1533/9780857095510.1.63
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

23. Abisha, M., Krishna Priya, R., Arunachalam, K. P, Avudaiappan, S. & Erick, I. Saavedra Flores, and Pablo Fernando Parra.
Biodegradable Green composites: effects of Potassium Permanganate (KMnO4) treatment on Thermal, Mechanical, and
morphological behavior of Butea Parviflora (BP). Fibers Polym. 15 (9), 2197 (2023).

24. Vijay, R. et al. Anish Khan, and Jyotishkumar Parameswaranpillai. Characterization of raw and alkali treated new natural cellulosic
fibers from Tridax procumbens. Int. J. Biol. Macromol. 125, 99-108 (2019).

25. Palaniappan, M., Palanisamy, S., Khan, R. & Alrasheedi, N. H. Synthesis and suitability characterization of microcrystalline
cellulose from Citrus x sinensis sweet orange peel fruit waste-based biomass for polymer composite applications. J. Polym. Res. 31
(4). https://doi.org/10.1007/s10965-024-03946-0 (2024).

26. Palaniappan, M., Palanisamy, S. & Mani, T. Novel Ficus retusa L. aerial root fiber: a sustainable alternative for synthetic fibers in
polymer composites reinforcement. Biomass Convers. Biorefinery. https://doi.org/10.1007/s13399-024-05495-4 (2024).

27. Palaniappan, M. et al. Influence of washing with Sodium Lauryl Sulphate (SLS) surfactant on different properties of ramie fibers.
BioResources. 19 (2), 2609-2625 (2024).

28. Naik, N., Bhat, R., Shivamurthy, B., Shetty, R. & Parashar, P. R. Statistical and Artificial neural network coupled technique for
prediction of Tribo-Performance in Amine-cured Bio-based Epoxy/MMT nanocomposites. J. Compos. Sci. 7 (9), 372 (2023).

29. Bagawan, M. et al. Madhukara Nayak, and Adithya Hegde. Soft Comput. Approach Optim. Turn. Characteristics Elastomers under
Different Lubrication Conditions Cogent Eng. 10 (2), 2264066 (2023).

30. Natesh, C. P. et al. Madhukara Nayak, and Adithya Hegde. Soft computing for sustainable drilling of AISI 316L stainless steel under
formulated neem oil minimum quantity lubrication condition. Cogent Eng. 10 (2), 2261231 (2023).

31. Shahinur, S., Hasan, M., Ahsan, Q. & Haider, J. Effect of chemical treatment on thermal properties of jute fiber used in polymer
composites. . Compos. Sci. 4 (3), 132 (2020).

32. Nadlene, R., Sapuan, S. M., Jawaid, M., Ishak, M. R. & Yusriah, L. The effects of chemical treatment on the structural and thermal,
physical, and mechanical and morphological properties of roselle fiber-reinforced vinyl ester composites. Polym. Compos. 39 (1),
274-287 (2018).

33. Tengsuthiwat, J. et al. Lignocellulose sustainable composites from agro-waste Asparagus bean stem fiber for polymer casting
applications: Effect of fiber treatment. Int. J. Biol. Macromol. 278134884. (2024)

34. Raghunathan, V., Ayyappan, V., Rangappa, S. M. & Siengchin, S. Development of fiber-reinforced polylactic acid filaments using
untreated/silane-treated trichosanthes cucumerina fibers for additive manufacturing. J. Elastomers Plast. 56 (3), 277-292 (2024).

35. Tengsuthiwat, J. et al. Characterization of novel natural cellulose fiber from Ficus macrocarpa bark for lightweight structural
composite application and its effect on chemical treatment. Heliyon. 10(9)10(9): e30442 (2024)

Acknowledgements

The authors duly acknowledge Manipal Institute of Technology, Manipal Academy of Higher Education, Ma-
nipal 576104, Udupi, Karnataka and it’s staff for providing assistance with scientific equipments and imaging
instruments.

Author contributions

conceptualization, [RS, AH]; methodology, [RS, AH].; software, [RS, AH, NNJ; validation, [RS, SM, SVUK,
NNJ; formal analysis, [RS, AH, NNJ; investigation, [RS, SJP, AH]; resources, [RS, SVUK, NNJ; data curation,
[SJP, RS]; writing—original draft preparation, [RS, AH]; writing—review and editing, [RS, AH]; visualization,
[RS, NN, SVUK, AH]; supervision, [RS, NN, SVUK, SM]; project administration, [RS]; funding acquisition,
[NN, RS].

Funding
This research received no external funding. Open access funding provided by Manipal Academy of Higher Ed-
ucation, Manipal

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:22510 | https://doi.org/10.1038/s41598-024-73503-8 nature portfolio


https://doi.org/10.1007/s10965-024-03946-0
https://doi.org/10.1007/s13399-024-05495-4
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Chemical characterization of hibiscus rosa-sinensis plant fibers facilitated through design of experiments and artificial neural network hybrid approach
	﻿Methodology
	﻿Extraction and chemical treatment of HRS fibers

	﻿Testing of the chemically treated HRS fibers
	﻿Results and discussions
	﻿XRD analysis and crystallinity index
	﻿Thermo-gravimetric analysis
	﻿Degradation temperature
	﻿Material loss
	﻿Microscopic analysis of chemically treated HRS fibers

	﻿Conclusions
	﻿Limitations and future scope
	﻿Limitations of the study
	﻿Future scope for the study

	﻿References


