ISBN: 978-93-48620-24-8

FUTURE UNFOLDED:
SCIENCE AND TECHNOLOGY FRONTIERS
- VOLUME II

. \: ) i
o Q o) A e —e® o
>0 P 55:4/ \ - » \2{/ - N ® O L »—a
\.\.¥ (I‘A‘ ->. .\."< 5 \.~—.a\ 5 0\/,
- \ ._ ’;o ;r‘d:. — @ @
Gl A,

EDITORS: .77

DR. MANJU PARDESHI “7; . = "0y |

DR. NARAYAN TOTEWAD ~ ©
MR. MUNESHWAR S. BISEN

MR. PRANAY B. WASNIK

B— I— -
Bhumi Publishing, India First Edition: July 2025




Future Unfolded: Science and Technology Frontiers Volume Il

(ISBN: 978-93-48620-24-8)

DOI: https://doi.org/10.5281/zenod0.16594213

Editors

Dr. Manju Pardeshi

Department of Zoology,
Arts Commerce and Science College,

Maregaon, Dist. Yavatmal, M.S.

Dr. Narayan Totewad

Department of Microbiology,
B. K. Birla College (Autonomous),

Kalyan, M.S.

Mr. Muneshwar S. Bisen

Department of Physics,
Yashwantrao Chawhan Art’'s, Commerce and

Science College, Lakhandur, M.S.

Mr. Pranay B. Washik

Department of Physics,
Yashwantrao Chawhan Art’'s, Commerce

and Science College, Lakhandur, M.S.

£
Bhuuni Publishing
July 2025


https://doi.org/10.5281/zenodo.16594213

Copyright © kditors
Title: Future Unfolded: Science and Technology Frontiers Volume Il
Editors: Dr. Manju Pardeshi, Dr. Narayan Totewad,
Mr. Muneshwar S. Bisen, Mr. Pranay B. Wasnik
First Edition: July 2025
ISBN: 978-93-48620-24-8
i‘BN ‘ 9|78|—‘9|3—‘48620“24‘—8

I
g9 '789348"620248
DOI: https://doi.ora/10.5281/zenodo.16594213

All rights reserved. No part of this publication may be reproduced or transmitted, in any
form or by any means, without permission. Any person who does any unauthorized act in
relation to this publication may be liable to criminal prosecution and civil claims for
damages.

Published by Bhumi Publishing,

a publishing unit of Bhumi Gramin Vikas Sanstha
dp
Bhumi Publishing

Nigave Khalasa, Tal - Karveer, Dist = Kolhapur, Maharashtra, INDIA 416 207

E-mail: bhumipublishin mail.com

Disclaimer: The views expressed in the book are of the authors and not necessarily of the
publisher and editors. Authors themselves are responsible for any kind of plagiarism found

in their chapters and any related issues found with the book.


https://doi.org/10.5281/zenodo.16594213
mailto:bhumipublishing@gmail.com

PREFACE

Science and technology continue to redefine the boundaries of human
knowledge, propelling us into a future marked by rapid transformation,
unprecedented possibilities, and new challenges. This book, Future Unfolded: Science
and Technology Frontiers, is a humble yet ambitious attempt to explore, compile, and
present emerging trends and novel research in various domains that will shape the
world of tomorrow.

The chapters in this volume encompass diverse fields such as nanotechnology,
artificial intelligence, biotechnology, environmental science, material sciences, and
sustainable technologies, among others. Each contribution reflects the authors’
dedication towards advancing science with a vision of societal benefit, environmental
stewardship, and economic growth. From revolutionary breakthroughs in precision
medicine to sustainable energy innovations and Al-driven solutions, the book provides
a panoramic view of multidisciplinary advancements.

In compiling this work, our aim was not merely to present recent developments
but also to inspire readers to think critically and creatively about the future. The
challenges before us - climate change, food and health security, resource scarcity, and
equitable digital transformation - demand integrative solutions rooted in robust
scientific understanding and ethical responsibility. Thus, this book serves both as an
academic resource and a catalyst for dialogue, further research, and practical
applications among students, researchers, industry professionals, and policymakers.

We extend our sincere gratitude to all contributing authors for their insightful
chapters and timely submissions. We thank the editorial and review team for their
meticulous efforts to maintain the quality and relevance of this volume. Special thanks
to the publishers for their cooperation in bringing this work to the scientific
community efficiently.

It is our hope that Future Unfolded - Science and Technology Frontiers will
enrich readers’ knowledge, stimulate innovative thinking, and encourage collaborative
approaches towards shaping a sustainable, equitable, and technologically empowered

future for all.

- Editors
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COMPREHENSIVE ANALYSIS OF THERMAL PROPERTIES AND STABILITY
IN PALM FIBRE-REINFORCED PLA COMPOSITES WITH BRAN FILLER FOR
SUSTAINABLE LIGHTWEIGHT MATERIALS

Mohd Faizan Hasan
Department of Mechanical Engineering,
Integral University, Lucknow

Corresponding author E-mail: faizan.hasan21@gmail.com

Abstract:

This study investigates the dynamic and thermal stability of palm fiber-reinforced
polylactic acid (PLA) composites enhanced with bran filler to develop lightweight and
sustainable materials. Composites were prepared with varying bran filler content (5-25 g), while
keeping fiber content constant (250 g) and adjusting the PLA matrix accordingly. Mechanical,
thermal, and microstructural properties were analyzed. Among the samples, the composite with
15 g bran filler (S3) exhibited the best overall performance. It demonstrated superior fatigue
strength (25 MPa at 5000 cycles), enhanced fiber-matrix adhesion, and reduced porosity.
Dynamic mechanical analysis confirmed S3’s highest storage modulus (2400 MPa at 110°C) and
damping factor (tan & = 0.340 at 130°C), indicating excellent viscoelastic properties. Thermal
analysis showed improved heat resistance, with the highest heat deflection temperature (134°C)
and lowest thermal conductivity (0.65 W/mK). Thermogravimetric analysis further validated its
superior thermal stability, with an onset degradation temperature of 350°C and the highest
residual char (18 %) at 500°C. These results highlight that moderate bran filler reinforcement
optimizes composite performance, while excessive filler can reduce effectiveness. This study
presents a novel approach to enhancing PLA composites, making them optimistic for sustainable
applications such as automotive components, structural bio composites, and biodegradable
packaging.

Keywords: PLA Composites, Palm Fiber, Bran Filler, Thermal Stability, Sustainable Materials
1. Introduction:

The increasing emphasis on sustainability and environmental responsibility has
underscored the urgent need for alternative reinforcements to synthetic fibers in polymer
composites [1]. Conventional synthetic fibers such as glass, carbon, and aramid, while offering
exceptional mechanical properties, pose significant environmental challenges due to their high
energy-intensive production, non-biodegradability, and disposal concerns [2]. In contrast, natural

fibers like flax, jute, hemp, and Musa (banana) provide a sustainable and eco-friendly alternative,
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offering renewability, biodegradability, lower carbon footprint, and cost-effectiveness [3]. These
fibers exhibit a favorable strength-to-weight ratio, improved interfacial bonding with polymer
matrices, and enhanced compatibility with various applications, including automotive, aerospace,
and biomedical fields. By integrating bio-based reinforcements, thedevelopment of high-
performance green composites not only addresses ecological concerns but also drives innovation
toward sustainable material solutions with reduced environmental impact [4].

The integration of natural fiber-reinforced composite materials in the automobile industry
has revolutionized vehicle design by offering a sustainable, lightweight, and cost-effective
alternative to conventional synthetic composites [5]. Additionally, these composites exhibit
improved acoustic and thermal insulation properties, enhancing passenger comfort [6].
Automakers increasingly utilize natural fiber-reinforced composites in interior panels, door
trims, dashboards, and under-the-hood components, contributing to overall vehicle sustainability
[7]. As the demand for greener transportation solutions grows, these bio-based materials play a
crucial role in reducing environmental impact while maintaining performance, safety, and cost-
efficiency in modern automotive engineering [8].

Natural fibers can be classified based on their plant origin, including those extracted from
the stem, fruits, outer bark layer, and roots, each offering distinct properties and advantages.
Stem fibers (e.g., flax, jute, hemp, and kenaf) are known for their high tensile strength,
durability, and excellent flexibility, making them ideal for textile and composite applications [9].
Fruit fibers (e.g., coconut coir and oil palm) exhibit superior moisture resistance and cushioning
properties, making them suitable for automotive seating, mattresses, and packaging materials.
Bast fibers from the outer bark layer (e.g., ramie and banana fiber) provide exceptional
mechanical strength, lightweight characteristics, and high cellulose content (up to 70—-80 %),
making them preferable for reinforced composites [10]. Root fibers (e.g., vetiver and grass
fibers) generally possess good water absorption and thermal insulation properties, contributing to
eco-friendly construction and geotextile applications [11]. Numerically, stem fibers offer tensile
strengths up to 28 MPa, fruit fibers provide density advantages (1.15-1.50 g/cm3), bast fibers
enhance biodegradability with over 80 % organic composition, and root fibers improve soil
stabilization by increasing water retention by 30—40 %. The diverse mechanical, thermal, and
eco-friendly benefits of these fibers make them valuable in various industries, including textiles,
automotive, and bio-composites [12].

Natural fibers extracted from fruits, such as coconut coir, oil palm fiber, and kapok,
exhibit unique properties that make them highly useful in various applications. These fibers are
characterized by high lignin content (3045 %), which enhances their rigidity and durability

while providing excellent resistance to microbial degradation [13]. Coir fiber, for instance, has a
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density ranging from 1.15 to 1.50 g/cm3, making it lightweight yet structurally stable. It also
possesses a high-water absorption capacity of up to 50 % of its weight, contributing to its
superior cushioning and sound-absorbing properties. Additionally, coir has a tensile strength of
10-25 MPa, which, although lower than bast fibers, is sufficient for applications like mats, ropes,
and automotive seat cushioning [14]. Kapok fiber, known for its hollow structure, boasts an
extremely low density (0.35-0.45 g/cm3), making it one of the lightest natural fibers and an
excellent thermal insulator. Oil palm fiber, another fruit-based fiber, has a high cellulose content
(40-65 %), contributing to its strength and flexibility [15].

Palm fruit fiber from Borassus flabellifer (Asian Palmyra palm) exhibits distinctive
physical and mechanical properties that make it suitable for various industrial applications. It has
a density ranging from 0.7 to 1.3 g/cm3, which provides a balance between strength and
lightweight characteristics [16]. The fiber thickness varies from 100 to 500 pm, depending on the
extraction method and maturity of the fruit. The fiber length typically ranges between 10 and 60
mm, making it adaptable for reinforcement in polymer composites and textile applications. With
a tensile strength of approximately 15-20 MPa [17], Borassus flabellifer fibers offer moderate
mechanical performance suitable for applications like rope-making, mats, and bio-composites.
Additionally, these fibers possess a high lignin content (30—45 %), which enhances their
durability and resistance to microbial degradation, while their cellulose content (40—65 %)
contributes to flexibility and structural integrity [18]. The moisture absorption capacity is around
12-18 %, indicating moderate hydrophilicity, which can be improved through chemical
treatments for better compatibility in composites. The thermal stability of palm fruit fiber
(Borassus flabellifer) plays a crucial role in its application in bio-composites, insulation
materials, and automotive industries [19]. The decomposition temperature of Borassus flabellifer
fiber ranges from 250°C to 350°C, making it suitable for moderate-temperature applications. The
thermal conductivity of Borassus flabellifer fiber is relatively low, around 0.035-0.045 W/mK,
making it an efficient natural thermal insulator. These properties highlight its suitability for
applications in heat-resistant bio-composites, insulation panels, and automotive interior
components, where moderate thermal stability and fire resistance are essential [20]. The thermal
properties of bran fillers and polylactic acid (PLA) matrix play a critical role in determining their
suitability for bio-composite applications. Bran fillers, derived from agricultural by-products
such as wheat, rice, exhibit a thermal degradation temperature ranging from 250°C to 350°C,
depending on their composition [21].

On the other hand, PLA matrix is a biodegradable polymer with a glass transition
temperature (Tg) of 55-65°C, a melting temperature (Tm) of 150—180°C, and a decomposition
temperature (Td) around 280-370 °C. PLA exhibits good thermal stability but tends to have a
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low thermal conductivity of 0.12-0.15 W/mK, making it a moderate thermal insulator [22].
When bran fillers are incorporated into the PLA matrix, the composite’s thermal stability may
slightly decrease due to the lower degradation onset temperature of the bran, but the residual char
formation increases, enhancing its flame retardancy. These thermal properties highlight the
potential of bran-PLA composites for use in biodegradable packaging, automotive interior
components, and eco-friendly insulation materials, balancing sustainability with thermal
performance [23].

Despite the growing interest in developing sustainable composites, research on
optimizing filler content for balanced mechanical and thermal properties remains limited,
particularly for palm fiber-reinforced polylactic acid (PLA) composites with bran filler. Previous
studies have focused either on mechanical performance or thermal stability in isolation, but a
comprehensive analysis that integrates fatigue strength, dynamic mechanical properties, and
thermal performance is lacking. Furthermore, the effects of varying bran filler content on fiber-
matrix adhesion, microstructural integrity, and overall composite performance have not been
fully explored. The objective of this study is to address this gap by systematically investigating
the influence of different bran filler contents on the dynamical and thermal stabilities of palm
fiber-reinforced PLA composites, with the aim of identifying an optimal filler-matrix
combination for enhanced performance across mechanical, thermal, and microstructural
parameters. The composite material was fabricated using five different weight fractions of filler
and matrix materials, incorporating palm (Borassus flabellifer) fruit fibers as reinforcement, PLA
as the matrix, and bran particles as fillers. The composite’s properties were evaluated through
fatigue strength testing, thermogravimetric analysis (TGA) for thermal stability, and scanning
electron microscopy (SEM) for morphological assessment. These analyses provide insights into
its structural integrity and potential applications in sustainable material development.

2. Materials and Experimental Process

The materials used for fabricating this hybrid composite were sourced from reputable
suppliers. Raw palm (Borassus flabellifer) fruit fibers and bran fillers were provided by SM
Composites, Chennai, India. The polylactic acid (PLA) resin, along with the Methyl Ethyl
Ketone Peroxide (MEKP) hardener, was supplied by Javanthi Enterprises, Chennai, India. The
chemical composition of Borassus flabellifer fiber varies across studies. For instance, one study
reports cellulose content at 58.56 %, hemicellulose at 16.29 %, and lignin at 12.87 % [24].
Regarding wheat bran, its composition also shows variability. It contains 43—-60 % non-starch
polysaccharides (NSP), 11-24 % starch, 14-20 % protein, 3—4% lipids, and 3—8% minerals.
These components contribute to the bran’s functionality and its interaction within composite

materials [25]. Incorporating these materials into polylactic acid (PLA) composites leverages
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their natural polymer content, potentially enhancing the composite’s mechanical strength and
thermal stability. The high cellulose content in Borassus flabellifer fibers provides rigidity and
tensile strength, while the lignin contributes to thermal stability. Wheat bran’s protein and fiber
content can improve the composite’s structural integrity and biodegradability.
2.1. Fabrication of PFF composite

The hand layup fabrication process is a widely used and cost-effective method for
manufacturing palm fruit fiber-reinforced bran filler composites blended in a PLA matrix,
ensuring uniform dispersion, proper wetting, and enhanced fiber-matrix interaction. The
fabrication process begins with material preparation, where palm fruit fibers (Borassus
flabellifer) are meticulously cleaned, dried, and cut into uniform lengths ranging from 10 to 60
mm, ensuring consistency in mechanical reinforcement. Simultaneously, bran fillers, derived
from agricultural by-products of rice bran are finely sieved to a particle size of less than 150 pm
to enhance their dispersion within the polymer matrix. The fiber and filler content are carefully
varied across different sample compositions, with bran fillers ranging from 5 g to 25 g (S1-S5)
and PLA matrix content correspondingly adjusted from 245 g to 225 g, maintaining the overall
composite balance. Once the materials are prepared, the PLA matrix is pre-melted at a controlled
temperature of 160°C, ensuring it reaches a molten state for efficient filler integration. The bran
fillers are gradually introduced into the molten PLA, followed by continuous mechanical stirring
at 500 rpm for 15 min to achieve homogeneity and prevent fiber agglomeration [26]. This
uniform distribution is critical to ensuring a well-structured composite with consistent
mechanical and thermal properties. The hand layup process begins with mold preparation, where
a metal mold (30 x 30 cm2) is coated with a thin layer of polyvinyl alcohol (PVA) release agent
to prevent adhesion and facilitate easy demolding. The first layer of Palm fruit fiber is kept on
the mold and then the filler-polymer mixture is carefully poured into the mold and manually
spread to achieve even thickness distribution. To enhance fiber-matrix adhesion, a Teflon-coated
roller is used to press the composite layers, ensuring that air bubbles are eliminated and the
mixture is uniformly compacted. The curing process is critical in solidifying the composite
structure and can be conducted under the room-temperature curing for 24 h to improve
consolidation and interfacial bonding. After curing, the composite sheets are removed from the
mold and undergo post-processing, which includes trimming, surface finishing, and polishing
using fine sandpaper to achieve a smooth and defect-free surface. The final thickness of the
composites was 5 mm, as it was carefully controlled during the hand layup process. The number
of fiber layers, resin application, and compaction were adjusted to achieve the desired thickness.
Excess resin was removed, and the curing process ensured minimal variation. Additionally,

according to the ASTM standard, a thickness of 5 mm was required, which was strictly followed
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to meet standard specifications and ensure uniform mechanical properties. Once fabricated, the
composite samples (S1-S5) undergo mechanical, thermal, and physical evaluations to determine
their suitability for various applications. Fig. 1 shows the hand layup process of composite

material. Table 1 reveal the weight ratio of materials involved in the composite.

Hand Layup
Process

Fig. 1. Hand Layup Material for Composite Material

2.2. Testing process of palm fruit fibre composite

The experimental process for evaluating the fatigue strength, scanning electron
microscopy (SEM) analysis, dynamic mechanical analysis (DMA), thermal conductivity,
coefficient of linear thermal expansion (CLTE), heat deflection temperature (HDT), and
thermogravimetric analysis (TGA) of palm fruit fiber-reinforced composites follows established
ASTM standards to ensure reliable and standardized results. Each test is conducted under
controlled conditions, utilizing precise instrumentation and well-defined specimen dimensions.
2.2.1. Fatigue strength testing

The fatigue strength of palm fruit fiber-reinforced PLA-bran composites is evaluated
according to ASTM D3479 (Standard Test Method for Tension-Tension Fatigue of Polymer
Matrix Composites). Rectangular specimens (150 x25 x5 mm) are prepared following precise
machining techniques to ensure dimensional accuracy. The test is conducted using an Instron
8872 servo-hydraulic fatigue testing machine, operating at a sinusoidal loading frequency of 5
Hz, with a stress ratio (R) of 0.1 and a maximum cyclic load of 50 % of the composite’s ultimate
tensile strength (UTS). The fatigue life (number of cycles to failure) is recorded under room
temperature conditions (25 °C, 50 % RH) to evaluate the endurance of the composite material

under cyclic loading [27].
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2.2.2. Scanning electron microscopy (SEM) analysis

Surface morphology, fiber-matrix interaction, and fracture behavior of the composites are
analyzed using SEM (Zeiss LEO 1530-1 FESEM) following ASTM E766(Standard Practice for
Electron Microscopy). The composite fracture surface is first gold-coated (~10 nm thickness)
using a sputter coater (Quorum Q150R ES) to enhance conductivity before imaging. The SEM
analysis operates at an accelerating voltage of 5-20 kV, capturing high-resolution micrographs at
different magnifications (500 xto 5000 x), allowing observation of fiber pull-out, interfacial
adhesion, porosity, and matrix cracking [28].
2.2.3. Dynamic mechanical analysis (DMA)

The viscoelastic properties of the composite are examined using DMA (TA Instruments
Q800) as per ASTM D4065(Standard Practice for Determining and Reporting Dynamic
Mechanical Properties of Plastics). Rectangular specimens (60 x12 x5 mm) are tested under a
three-point bending mode over a temperature range of 30-180°C at a heating rate of 3°C/min.
The test is conducted at a constant oscillation frequency of 1 Hz, with a strain amplitude of 0.05
%. The storage modulus (E’), loss modulus (E"), and damping factor (tan d) are analyzed to
assess the composite’s stiffness, energy dissipation, and glass transition temperature (Tg) [29].
2.2.4. Thermal properties

The thermal conductivity of the composite is measured using a Hot Disk TPS 2500S
thermal conductivity analyzer following ASTM C177(Standard Test Method for Steady-State
Heat Flux Measurements). Circular specimens (50 mm diameter, 5 mm thickness) are placed
between a double-sided Kapton sensor, and the test is conducted at room temperature (25°C).
The thermal conductivity is determined using the transient plane source (TPS) method, and
values typically range between 0.035 and 0.12 W/mK, depending on the filler content and fiber-
matrix bonding. The coefficient of linear thermal expansion (CLTE) is determined using a
Thermo- Mechanical Analyzer (TMA Q400, TA Instruments) following ASTM E831(Standard
Test Method for Linear Thermal Expansion of Solid Materials). Rectangular specimens (50 x10
x5 mm) are subjected to a heating rate of 5°C /min from 30°C to 200°C under a constant load of
50 N. The thermal expansion (o) is calculated by measuring the dimensional change in response
to temperature variation, typically in the range of (30-90) x10016/C for natural fiber
composites. The heat deflection temperature (HDT) is assessed as per ASTM D648(Standard
Test Method for Deflection Temperature of Plastics Under Flexural Load) using a Ceast HDT
300 Vicat tester. Specimens of 127 x13 x3 mm are tested under a three-point bending setup with
a load of 0.45 MPa and 1.82 MPa. The test is performed at a heating rate of 2°C /min, and the
temperature at which the specimen deflects by 0.25 mm is recorded. The HDT values generally

fall within 55-110°C, depending on the fiber content and filler incorporation [30].
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2.2.5. Thermogravimetric analysis (TGA)

The thermal degradation behavior of the composite is analyzed using TGA (PerkinElmer
TGA 8000) in accordance with ASTM E1131(Standard Test Method for Compositional Analysis
by Thermogravimetry). The test is conducted under a nitrogen atmosphere at a flow rate of 50
mL/min to prevent oxidative degradation. The powder particle specimens weighing 13 mg are
heated from 30°C to 500°C at a heating rate of 10°C/min. All tests are conducted under
controlled laboratory conditions (Temperature: 30 + 2°C, Humidity: 50 £ 5 %), ensuring
consistency in data collection. The specimen dimensions, equipment specifications, and ASTM
standards ensure reproducibility and industry compliance [31].

Table 1: Weight ratio of materials involved in the composite

Sample Palm fruit fiber in g | Bran Particlesin g PLA matrixin g
S1 250 5 245
S2 250 10 240
S3 250 15 235
S4 250 20 230
S5 250 25 225

3. Results and Discussion:
3.1. Fatigue strength and SEM microstructure of palm fruit fiber composite

The fatigue strength graph reveals a gradual decrease in mechanical performance with an
increasing number of cycles across all samples (S1-S5). Among them, S3 exhibited superior
fatigue strength, indicating optimal reinforcement and matrix-fiber adhesion. At 1000 cycles, S3
recorded the highest fatigue strength at 62 MPa, compared to S1 (50 MPa), S2 (55 MPa), S4 (58
MPa), and S5 (60 MPa). This suggests that S3’s balanced filler content (15 g bran filler with 235
g PLA matrix) contributed to an improved load distribution mechanism, minimizing stress
concentration and delaying crack initiation. As cyclic loading progressed to 5000 cycles, S3
retained a fatigue strength of approximately 25 MPa, maintaining an advantage over S1 (18
MPa), S2 (20 MPa), S4 (23 MPa), and S5 (22 MPa). The S3 composite exhibited better fatigue
resistance due to enhanced fiber-matrix interactions, which effectively absorbed and
redistributed the applied cyclic stresses. In contrast, S1 and S2, which contained lower filler
content (5 g and 10 g bran filler, respectively), showed a more rapid decrease in fatigue strength,
likely due to weaker interfacial adhesion and insufficient load transfer from the matrix to the
reinforcement phase. Meanwhile, S4 and S5 (with 20 g and 25 g bran filler, respectively)

demonstrated moderate performance, but their higher filler content increased porosity and stress
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concentration zones, accelerating micro-crack propagation and reducing fatigue life [30]. At
10,000 cycles, all samples approached fatigue failure, converging to a residual fatigue strength of
5-10 MPa. S3 maintained a final strength of 9 MPa, slightly outperforming S4 and S5 (8 MPa
and 7 MPa, respectively), while S1 and S2 reached their failure limits at 5 MPa and 6 MPa,
respectively. The gradual fatigue degradation observed across all samples is consistent with
natural fiber-reinforced composites, where progressive fiber breakage, interfacial debonding, and
matrix microcracking contribute to mechanical failure. The superior fatigue resistance of S3 can
be attributed to an optimized balance between fiber reinforcement and matrix-filler bonding.
Several factors contributed to its enhanced performance such as optimized filler content,
effective fiber-matrix interactions, improved energy dissipation and crack resistance. Therefore,
the fatigue strength analysis of palm fruit fiber-reinforced PLA-bran composites highlight the
influence of filler content and matrix interactions on long-term durability [32]. S3 outperformed
all other samples in fatigue resistance, demonstrating superior cyclic endurance with a final
strength of 9 MPa after 10,000 cycles. This enhanced performance is primarily due to its
optimized filler loading, superior fiber-matrix bonding, and effective energy dissipation
characteristics. The findings confirm that moderate bran filler reinforcement (15 g) within a PLA
matrix (235 g) provides the best trade-off between mechanical strength and fatigue resistance,
making it the most promising candidate for sustainable, high-performance bio-composite
applications. Fig. 2 shows the fatigue strength of PLA composite. The SEM analysis of palm
fruit fiber-reinforced bran filler composites blended in a PLA matrix was conducted to examine
the microstructural changes and failure mechanisms occurring during fatigue testing. Fatigue
failure is a crucial factor in determining the long-term durability of natural fiber composites
under repeated cyclic loading, making SEM an essential tool to assess fiber-matrix interactions,
crack propagation, interfacial bonding, and failure modes. The SEM micrograph of Sample S1
revealed severe fatigueinduced damage, highlighting poor interfacial adhesion between the palm
fruit fiber and the PLA matrix, which significantly affected its fatigue performance. The
microstructure displayed extensive fiber pull-out, weak fiber-matrix bonding, and large voids,
leading to inefficient stress transfer during cyclic loading [33]. The presence of numerous
microcracks and detached fiber fragments indicated that the S1 composite lacked sufficient fiber-
matrix interaction, resulting in premature failure. Additionally, the rough, uneven matrix surface
with visible debris accumulation suggests excessive microcrack formation and stress
concentration, further accelerating mechanical degradation. The higher porosity observed in S1,
due to its lower bran filler content (5 g), contributed to the rapid deterioration of fatigue strength,
as stress was localized around defect zones, leading to crack propagation and eventual material

failure. Fig. 3 shows the SEM microstructure of PLA composite.
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Conclusion:

This study evaluated the mechanical and thermal properties of palm fiber-reinforced PLA
composites with bran filler, demonstrating their potential as sustainable, lightweight alternatives
for industrial applications. Among the tested formulations, Sample S3 (15 g bran filler) emerged
as the most optimized composite, offering a superior balance of mechanical strength, thermal
stability, and structural integrity. S3 exhibited enhanced fatigue resistance, improved fiber-
matrix adhesion, and superior viscoelastic properties, making it more resilient to mechanical
degradation. The glass transition temperature (Tg) of 125°C confirmed its ability to withstand
moderate thermal environments, while thermogravimetric analysis indicated improved thermal
degradation resistance, with a maximum degradation temperature of 355°C and a higher char
yield, suggesting better flame resistance and thermal shielding. From an industrial perspective,
these findings highlight the potential of S3 for use in automotive components, structural
biocomposites, and biodegradable packaging, where lightweight, thermally stable, and eco-
friendly materials are required. The composite’s low thermal conductivity and high heat
deflection temperature make it particularly suitable for heat-sensitive applications, while its
sustainable composition aligns with the growing demand for environmentally friendly materials
in various industries. The study also emphasized that moderate bran filler content (15 g)
optimized performance, whereas excessive filler led to particle agglomeration, affecting
mechanical integrity. Overall, the optimized palm fiber-reinforced PLA composite presents a
promising solution for industries seeking biodegradable, cost-effective, and high-performance
materials, supporting advancements in sustainable manufacturing and circular economy

initiatives.
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Abstract:

Background: Corrosion of mild steel in acidic environments presents a significant challenge
across industrial sectors, driving the need for efficient and sustainable inhibition strategies.
Polymers have emerged as versatile corrosion inhibitors due to their expansive surface coverage,
cost-effectiveness, and chemical resilience. Their effectiveness, even at low concentrations in
highly corrosive media, is attributed to structural variations that influence inhibition behavior. At
the molecular level, the displacement of multiple water molecules by a single polymeric chain
results in a thermodynamically favorable adsorption process, while the presence of numerous
functional groups enhances bonding and slows desorption kinetics. Furthermore, the intrinsic
film-forming, emulsifying, and adhesive properties of polymers contribute to the formation of
durable protective layers on metallic surfaces. The present work highlights the application of
polymer-based systems in corrosion prevention and highlights their potential for future
development as intelligent, responsive barriers tailored for harsh acidic conditions.

Experiment: In this study, two novel polyesters—MBTP and MVTP—were synthesized
through the polycondensation of diacid chlorides with Schiff base-derived diamines: N,N’-
bis(benzylidene)-4,4’-diaminodiphenylmethane and  N,N’-bis(3-methoxybenzylidene)-4,4’-
diaminodiphenylmethane, respectively. Their anticorrosive performance against mild steel in 1
M sulfuric acid was investigated using a comprehensive suite of techniques including
gravimetric analysis, potentiodynamic polarization, electrochemical impedance spectroscopy
(EIS), scanning electron microscopy (SEM), and atomic absorption spectrometry (AAS). The
results revealed high inhibition efficiency, attributed to the polymers' ability to adsorb onto the
metal surface and form a protective barrier that mitigates acid-induced degradation. Microscopic
and spectrometric assessments confirmed reduced surface roughness and diminished metal ion
release, highlighting the polymers’ potential as environmentally benign, effective corrosion
inhibitors for acid-corrosive systems.

Results: Two synthesized polyesters, designed from Schiff base-derived monomers, were

evaluated for their corrosion inhibition performance on mild steel in 1 M H2SO.. Electrochemical
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impedance spectroscopy (EIS) revealed a concentration-dependent increase in charge transfer
resistance, indicating enhanced inhibition efficiency with higher polymer dosage.
Potentiodynamic polarization analysis identified both polymers as mixed-type inhibitors, with a
dominant influence on cathodic reactions. The protective action is attributed to the adsorption of
the polymeric films onto the metal surface, effectively reducing electrochemical activity—an
observation corroborated by surface morphology studies via scanning electron microscopy
(SEM). To further interpret the interaction mechanism, experimental data were examined against
various adsorption isotherm models, providing insights into the nature and strength of the
polymer-metal interface. These findings affirm the polyesters' promise as durable and efficient
inhibitors for acidic corrosion environments.

Keywords: Polyesters, Corrosion, Inhibition, Polarization, Impedance, Adsorption
Introduction:

Mild steel remains a preferred material across industrial applications due to its
affordability and ease of fabrication, particularly in components such as pipelines, cooling
towers, and reaction vessels. Acidic solutions are routinely employed for descaling and rust
removal, necessitating the use of corrosion inhibitors to minimize metal dissolution and acid
consumption. While traditional organic inhibitors—rich in nitrogen, sulfur, oxygen, and aromatic
functionalities—have shown effectiveness, their environmental toxicity and high dosage
requirements limit practical application. Recent advancements have highlighted the potential of
polymers and copolymers as efficient, eco-friendly alternatives for corrosion control in acidic
media (Verma et al., 2023).

In this context, the present study reports the synthesis of two novel polyesters and
investigates their performance as corrosion inhibitors for mild steel in 1 M H.SOs. The
evaluation encompasses electrochemical and surface analysis techniques to elucidate inhibition
mechanisms and adsorption behaviour.

Experimental Methods:
Materials and Methods
Chemicals used:

Analytical reagent (AR) grade sulfuric acid (H.SO4) and double-distilled water were
utilized to prepare the corrosive medium.

The monomers—N,N’-bis(benzylidene)-4,4’-diaminodiphenylmethane and N,N’-bis(3-
methoxybenzylidene)-4,4’-diaminodiphenylmethane—were synthesized through condensation of

4,4’-diaminodiphenylmethane with the respective benzaldehyde derivatives. Subsequent
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polymerization with terephthaloyl chloride yielded two polyester compounds, referred to as
MBTP and MVTP, whose structural confirmation was achieved via FTIR spectroscopy.
Preparation of Inhibitor

The synthesized polyesters were dissolved in 1 M H>SOas to prepare inhibitor solutions at
varying concentrations ranging from 10 ppm to 1000 ppm. Each solution was freshly prepared
prior to corrosion studies to ensure consistency and minimize degradation.
Mild Steel Specimens:

Mild steel samples used in this study had the following elemental composition:
C - 0.084%, Mn — 0.369%, P — 0.025%, Cr — 0.022%, Ni — 0.013%, and Fe — balance. Prior to
experimentation, the specimens were mechanically polished using sequential grades of emery
paper, followed by thorough washing with distilled water and degreasing using trichloroethylene

to ensure a clean and uniform surface.
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Weight Loss Method

Corrosion behavior of mild steel was evaluated using a standard gravimetric technique.
Rectangular coupons with dimensions of 1 cm % 3 cm x 0.1 cm were prepared and tested in
triplicate to ensure reproducibility. Each specimen was immersed in 100 mL of 1 M H2SOa
solution, with and without corrosion inhibitors. Exposure durations included 3 hours at ambient
temperature and 1 hour under elevated thermal conditions. Pre- and post-immersion masses were
measured with an analytical balance having a precision of +0.1 mg. The mean weight loss from
the triplicate specimens was used for subsequent corrosion rate calculations.
Atomic Absorption Spectroscopy (AAS):

To assess the extent of iron dissolution, atomic absorption spectroscopy was employed
using a GBC 908 spectrophotometer (Australia). Mild steel specimens were immersed in 1 M
H>SOu4 solutions containing varying concentrations of inhibitors for a duration of 3 hours. Post-
exposure, the corrodent solutions were analyzed to determine the concentration of dissolved iron

ions. The inhibition efficiency (% IE) was calculated using the following relationship:

x 100

Inhibition efficiency (%) =

where A is the iron concentration in the presence of inhibitors, and B is the concentration
in their absence. This analytical approach provided a quantitative basis for evaluating the
inhibitors’ effectiveness in minimizing acid-induced corrosion.

Electrochemical Techniques:

Electrochemical investigations were conducted using a standard three-electrode
configuration. The working electrode consisted of a mild steel rod with an exposed surface area
of 0.783 cm? Platinum wire functioned as the counter electrode, while a saturated calomel
electrode (SCE) served as the reference. Measurements were performed using the IVIUM
CompactStat potentiostat/galvanostat system.

Electrochemical impedance spectroscopy (EIS) experiments were carried out across a
frequency range from 10 kHz to 0.01 Hz, employing a sinusoidal voltage perturbation of 10 mV
amplitude. To further evaluate corrosion kinetics, potentiodynamic polarization scans were
recorded from —200 mV to +200 mV relative to open circuit potential (OCP) at a rate of 1 mV/s.
All data were processed and interpreted using [VIUM Soft analytical software.

Scanning Electron Microscopy:
Post-corrosion morphological characterization of mild steel specimens was performed

using scanning electron microscopy. Following immersion in 1 M H2SOs, both in the presence
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and absence of inhibitors, the samples were examined under a Medzer biomedical research
microscope to assess surface degradation and protective film formation induced by the inhibitors.
Results and Discussion:

Infrared Spectra:

FTIR spectra provide insight into the structural changes accompanying polymer
formation. Monomeric units exhibit a broad absorption band in the region of 3400 cm™,
attributed to —OH stretching vibrations. Upon polymerization, this characteristic band disappears,
and a new band emerges around 1140 cm™, corresponding to the formation of —CO—O— ester
linkages, indicating successful polymer conversion. Both azomethine-based monomers and their
corresponding polymers consistently show an absorption band near 1600 cm™, which is assigned
to —CH=N- stretching, confirming the presence of the Schiff base moiety(kumari, 2024). The
representative FTIR spectrum of BBTP is illustrated in Fig. 1, highlighting these key functional

group transformations.
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Figure 1: FTIR spectra of polymer MBTP
Weight Loss Measurements:

Corrosion inhibition efficiencies of MBTP, and MVTP were determined based on weight
loss measurements following 3 hours of immersion in 1 M H>SO4 at ambient temperature. The
results, summarized in Table 1, reveal a positive correlation between inhibitor concentration and
inhibition performance. This trend is attributed to enhanced adsorption and increased surface
coverage on mild steel with rising inhibitor levels, thereby forming a more effective barrier

against corrosive attack.
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Table 1: Inhibition efficiencies of various concentrations of the inhibitors for corrosion of

mild steel in 1M H2SO4 Obtained by weight loss measurement at 30+1° C

Concentrtaion Inhibition Efficiency
(ppm) MBTP MVTP
10 65.76 2.79
50 77.98 9.30
100 85.17 5.52
200 92.30 4.48
500 97.94 45.02

Among the tested compounds, MTP exhibited the highest inhibition efficiency, reaching
99.51% at the optimal concentration of 1000 ppm. This indicates a strong protective interaction
between the inhibitor molecules and the metal surface, supporting the premise of concentration-

dependent adsorption behaviour.

Langmuir plot

cj/e

Concentration (ppm)

Figure 2: Langmuir plot
Adsorption Isotherm:

The corrosion inhibition mechanism is typically initiated by the adsorption of inhibitor
molecules at the metal-solution interface. This process is supported by the observed increase in
surface coverage (O) values with rising inhibitor concentration, indicating more complete
coverage of the mild steel surface. Surface coverage values, derived from gravimetric (weight
loss) measurements, were analyzed against various adsorption isotherms to determine the nature
of inhibitor interaction with the metal substrate.

A linear plot of C/© versus C (where C is the inhibitor concentration) was obtained,
suggesting that the adsorption behavior conforms to the Langmuir isotherm model. This implies
that inhibitor molecules form a uniform monolayer on the metal surface without significant

mutual interactions. Such adsorption characteristics reinforce the role of polymeric inhibitors in
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providing efficient corrosion protection by occupying active sites on the steel surface(HAitiut,
2024).
Thermodynamic Studies

To elucidate the adsorption mechanism of polymeric inhibitors on the mild steel surface,
weight loss experiments were conducted across a range of temperatures. The resulting data,
presented in Fig. 3, reveal temperature-dependent variations in corrosion rate and inhibition
efficiency.

Activation energy (Ea) values were derived from the slopes of Arrhenius plots (Fig. 4)
and summarized in Table 2. Notably, Ea increases in the presence of polyester inhibitors
compared to the uninhibited system, suggesting a physical adsorption mechanism. This inference
is further supported by the observed decline in inhibition efficiency with increasing

temperature—a characteristic feature of physically adsorbed species (Desimone et al., 2011).
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Figure: 3 Inhibition efficiencies of polyesters Figure: 4 Arrhenius plot
for various temperatures at 1000ppm

Additional thermodynamic parameters, including enthalpy (AHags), Gibbs free energy
(AGags), and entropy (ASags) of adsorption, were calculated using corrosion rates obtained at
elevated temperatures. These values, compiled in Table 2, offer further insight into the
spontaneity and stability of the adsorption process. The combined analysis affirms that polymeric
inhibitors primarily operate through a physisorption pathway, forming protective layers over the
metal surface that diminish at higher thermal conditions.

The calculated values of Gibbs free energy of adsorption (AGags) were found to be
negative across all inhibitor systems, indicating the spontaneity of the adsorption process.
However, these values remain above the critical threshold of —40 kJ/mol typically associated
with chemisorption. This suggests that the interaction between polymeric inhibitors and the mild

steel surface occurs primarily via physisorption (Anusuya et al., 2025). The absence of strong
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covalent bonding and the temperature-dependent reduction in inhibition efficiency further

support this conclusion, aligning well with previously reported findings (Jha, 2022)

Table 2: Kinetic and thermodynamic parameters of mild steel corrosion in 1M H2SO4

Name AHO ASO© AGO kJ/Mol EalJ
kJ/Mol kJ/Mol 303 K 313K 323K 333K

Blank -1.4317 -2.41 58.63

MBTP -986.44 4.5480 9.5554 | 19.9424 | 21.7959 | 25.8324 | 131.483

MVTP -302.74 2.3962 15.9083 | 19.7789 | 20.9951 | 20.6406 | 103.425

The adsorption of polymeric inhibitors on mild steel in acidic medium was
thermodynamically characterized by evaluating changes in enthalpy (AH®), entropy (AS°), and
Gibbs free energy (AGP°). The observed negative values of AH° suggest that the adsorption
process is exothermic in nature, which typically leads to a reduction in inhibition efficiency at
elevated temperatures — consistent with the temperature-dependent weight loss data. Such
exothermic behavior may be indicative of either physical or chemical adsorption, although in this
context, the overall findings favor a physisorption mechanism (Okai et al., 2021).

Furthermore, the negative entropy change (AS°) implies a decrease in disorder at the
metal-solution interface upon inhibitor adsorption. This entropy reduction is consistent with the
formation of a more ordered, stable inhibitor layer over the mild steel surface, likely driven by
specific intermolecular interactions between the inhibitor molecules and the substrate.

Together, these thermodynamic parameters reinforce the conclusion that the inhibitors
interact spontaneously and predominantly through physisorption, forming protective layers that
become less effective at higher temperatures (Shathani et al., 2025)

EIS measurements:
for Corrosion of Mild Steel for Selected
Concentrations of the Inhibitors in 1M H2SO4

Table 3: AC-Impedance Parameters

Inhibitor Concentration (ppm) | R¢(ohm cm?) Ca (uF/em?) LE(%)

Blank - 11.3 28.5

MBTP 10 71 124 562
100 64 107 448
1000 65 112 122

10 20.1 27.6 43.78

MVTP 100 26.1 22.2 56.70

1000 28.3 19.9 60.07
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Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic tool for
elucidating corrosion and passivation mechanisms in metallic systems exposed to aggressive
environments. In this study, Nyquist plots (Fig. 5) were generated for mild steel immersed in 1
M H:SOs, both in the absence and presence of varying concentrations of polymeric inhibitors.
The electrochemical parameters extracted from these plots are compiled in Table 3.

The inclusion of polymer inhibitors led to a pronounced increase in charge transfer
resistance (R¢), indicative of reduced corrosion rates and improved surface protection.
Simultaneously, a decrease in double layer capacitance (Cai) was observed, attributed to the
adsorption of inhibitor molecules onto the metal/electrolyte interface.

This adsorption process likely displaces surface water molecules and introduces a layer
with lower dielectric constant, thereby increasing the double-layer thickness and diminishing
capacitance. The expansion of Nyquist semicircles and shifts in impedance parameters
collectively affirm the ability of the synthesized polymers to hinder corrosion processes by
forming a stable, insulating film over the mild steel surface (Chugh et al., 2020).
Potentiodynamic Polarization Measurements:

Polarization curves of mild steel immersed in 1 M H.SOs4 containing varying
concentrations of polyester inhibitors were recorded at 30+ 1 °C (Fig. 5). Key electrochemical
parameters—including corrosion potential (Ecorr), corrosion current density (Icorr), Tafel slopes
(ba and be), and inhibition efficiency—are summarized in Table 4.

The data reveal a consistent decrease in Icor values with increasing inhibitor
concentration, indicating a reduction in corrosion rate and enhanced protective performance.
Additionally, Ecor values shift in the negative direction upon inhibitor addition, suggesting that
the polyesters primarily function as cathodic-type inhibitors. The corresponding Tafel slopes
further indicate that the inhibitors exhibit a mixed-mode behavior, with a dominant influence on

the cathodic reaction pathway.
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Figure 5: Nyquist and Tafel plots of mild steel immersed in 1M H2SO4in presence of
MBTP
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These observations align with reported findings (Unnisa, 2018), reinforcing the efficacy
of the synthesized polyesters in altering both anodic and cathodic kinetics to suppress acid-
induced corrosion on mild steel surfaces.
Table 4: Tafel Parameters for Corrosion of Mild Steel with Selected Concentrations of the
Inhibitors in 1M H2SO4 by Potentiodynamic Polarization Method

Name of | Concentration Tafel constants Lcorr Ecorr LE (%)
the (ppm) (mV/dec) (nA/cm?) (mV)
inhibitor ba Bc
Blank - 52 112 568 -467.4
10 67 144 826.2 -495.2 -45.45
MBTP 100 67 140 607.1 -495.1 -6.88
1000 57 131 416.8 -493.8 26.62
10 59 131 468.0 -430.7 17.60
MVTP 100 63 118 441.3 -509.1 22.30
1000 53 168 395 -474.8 30.45

Surface analysis:

SEM micrographs of mild steel samples immersed in 1 M H2SOs, captured with and
without 1000 ppm of MBTP inhibitor, are presented in Fig. 6a and 6b. The uninhibited surface
(Fig. 6a) exhibits extensive corrosion damage characterized by rough morphology and
pronounced surface deterioration. In contrast, the specimen exposed to the MBTP-containing
solution (Fig. 6b) shows a markedly smoother and less degraded surface, suggesting a substantial

reduction in corrosion severity.

200V X100 100m 123156
a b
Figure 6: SEM images of mild steel specimen immersed in 1M H2SOy in the absence and
presence of inhibitor MBTP at 1000 ppm

These visual differences support the formation of a protective adsorbed film composed of
polymer inhibitor molecules. The adsorbed layer likely acts as a barrier, limiting metal—
electrolyte interaction and thereby mitigating acid-induced corrosion. SEM analysis thus
reinforces the effectiveness of MBTP as a corrosion inhibitor through physical surface

protection.
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Atomic Absorption Spectrophotometric Studies (AAS)

The concentration of dissolved iron in the corrosive medium was quantified after 3 hours
of mild steel immersion in 1 M H2SOa4 containing varying concentrations of polyester inhibitors.
These values served as the basis for calculating inhibition efficiencies, which are presented in
Table 6. A comparative assessment revealed strong agreement between efficiencies derived from
iron dissolution data and those obtained via the conventional gravimetric method.

This consistency between analytical approaches confirms the reliability of both
measurement techniques and reinforces the effectiveness of the polyester inhibitors in
minimizing acid-induced corrosion.

Table 6: Amount of Dissolved Iron Present in the Corrosive Solution with and without

Inhibitors in 1M H2SO4 Measured Using Atomic Absorption Spectroscopy

Inhibitor | Concentration Amount of Iron | LE (%)
(ppm) Content (mg/l)
MBTP Blank 1304.96 -
10 789 39.52
1000 123 90.53
MVTP Blank 1304.96 -
10 1093.87 16.17
1000 918.62 29.60

Evaluation of Inhibitors:

A noticeable disparity in inhibition performance was observed between azomethine-
based polyesters bearing methoxy substituents and those without functional groups. Polymers
containing —OCHs substituents exhibited a comparatively lower degree of surface protection.
This reduction in efficiency is attributed to steric hindrance introduced by the methoxy group,
which may disrupt chain alignment and hinder uniform adsorption onto the metal surface. As a
result, complete surface coverage of mild steel is impeded, diminishing the inhibitor's
effectiveness.

These findings are consistent with prior observations reported by Rosa Vera et al,
wherein poly-o-methoxy aniline demonstrated reduced corrosion inhibition compared to
unsubstituted polyaniline. Such correlations highlight the importance of molecular architecture in
designing effective corrosion inhibitors, particularly with respect to substituent effects on
adsorption behavior.

Conclusion:
e The synthesized polyester compounds demonstrated high corrosion inhibition efficiency
for mild steel in 1 M H2SOs, indicating their potential as effective acid corrosion

inhibitors.
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Adsorption studies confirmed that the inhibitors adhere to the Langmuir isotherm model,

suggesting monolayer adsorption on the metal surface without significant intermolecular
interactions.

Inhibition efficiency was found to increase proportionally with inhibitor concentration,

but declined at elevated temperatures, reinforcing a physisorption-dominated adsorption
mechanism.

Electrochemical evaluations revealed that the inhibitors exhibit mixed-type behaviour,

affecting both anodic and cathodic corrosion processes, with a slight dominance toward

cathodic suppression.
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Abstract:

The rapid advancement of science and technology necessitates a multidisciplinary
research approach to address complex challenges and unlock transformative innovation. This short
communication paper discusses the future requirements and challenges associated with the
integration of the latest technologies, including Artificial Intelligence (Al), and their impact on
human life, society, and the environment. It delves into how technological breakthroughs can
address global issues like climate change, ensure sustainable development, and reshape our
understanding of work, life, and societal structures. The exploration also considers the ethical
implications and potential risks associated with rapid technological advancements and
sustainable energy. These innovations hold the potential to revolutionize various sectors, from
healthcare and transportation to manufacturing and beyond, while also presenting new challenges
related to ethics, access, and societal impact.

Keywords: Science And Technology, Multidisciplinary Research, Artificial Intelligence,
Sustainable Development
Introduction:

Future Unfolded: Science and Technology Frontiers is a comprehensive exploration of the
evolution, challenges, and potential of science and technology. This delves into the vast realm of
science and technology, tracing its transformation over time and its impact on the way we live,
work and communicate. This begins with an introduction to the technologically advanced world
we live in, emphasising the importance of understanding and appreciating the impact of these
advancements on our society. It then explores the evolution of science and technology, from
ancient discoveries to cutting-edge breakthroughs of today. This chapter discusses various topics,
including the power of artificial intelligence, the revolution in communication from the internet to
virtual reality, the transformation of healthcare through technology, the importance of energy and
sustainability in the 21st century, and the exploration and potential colonisation of other planets. It
also covers the future of transportation, from flying cars to hyperloops, and the ethical dilemmas

in science and technology, such as privacy, data security, and the ethical use of Al. The chapter
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concludes with a discussion on the digital revolution in education and the future of artificial
intelligence in society.
Future Frontiers: The Leading Tech Degrees Shaping Tomorrow
1. Navigating the New Normal: Cybersecurity and Information Assurance

As our lives move increasingly online, the importance of protecting sensitive information
and maintaining privacy has never been more critical. Degrees in cybersecurity and information
assurance are designed to equip students with the skills needed to safeguard digital spaces
against cyber threats and vulnerabilities. This field is not just about coding and systems; it's
about understanding the evolving landscape of cyber threats and developing innovative solutions
to protect against them.
2. Crafting the Future: Software Engineering

Software engineering remains a cornerstone of the tech industry, focusing on designing,
developing, and testing software applications. This degree goes beyond basic programming,
teaching students to create complex systems and applications that solve real-world problems. It's
a blend of technical skills, creativity, and problem-solving that prepares graduates for a career in
making software that powers everything from mobile apps to enterprise solutions.
3. Unlocking Human Potential: Artificial Intelligence and Machine Learning

Artificial intelligence (AI) and machine learning (ML) are at the forefront of creating
systems that can learn, adapt, and potentially act autonomously. Degrees in Al and ML offer
students a deep dive into the algorithms, data analysis techniques, and neural networks that
enable machines to 'think' and make decisions. This field is rapidly expanding, with applications
ranging from healthcare diagnostics to autonomous vehicles, making it an exciting area for those
interested in the cutting edge of tech.
4. The Digital Canvas: Graphic Design and Multimedia

For those with a creative flair, degrees in graphic design and multimedia offer a pathway
to careers in digital art, animation, web design, and video production. This field combines
technical skills with artistic vision, allowing students to bring ideas to life through digital
formats. It's about communicating messages and stories through visuals, making it ideal for those
who want to blend their artistic talents with technology.
5. Engineering Tomorrow: Robotics and Automation

Robotics and automation are changing the landscape of manufacturing, healthcare, and
even our homes. Degrees in this area focus on designing, building, and implementing robotic
systems and automated processes. It's a field that promises to revolutionize how we approach

tasks and challenges, offering efficiencies and capabilities previously unimaginable.
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6. The Building Blocks of the Internet: Web Development

Web development degrees prepare students to create and manage websites and web
applications. This field requires a mix of programming skills, creativity, and an understanding of
user experience principles. It's perfect for those who want to build the platforms that host the
digital content and services we use every day.
7. Interpreting Data: Data Science and Analytics

Data science and analytics degrees are about extracting meaningful insights from
complex data sets. This field combines statistical analysis, machine learning, and data
visualization to inform decision-making in business, science, and technology. It's ideal for those
who are detail-oriented and enjoy solving puzzles.
8. Connecting the World: Network and Systems Administration

Degrees in network and systems administration focus on the design, implementation, and
maintenance of computer networks. This field is crucial for keeping the digital world connected
and ensuring systems are secure, efficient, and scalable. It's a path for those interested in the
infrastructure that supports the Internet and corporate networks.
9. Exploring Virtual Worlds: Virtual and Augmented Reality

Virtual and augmented reality (VR/AR) degrees explore the creation of immersive digital
environments. This exciting field combines computer science, design, and user experience
principles to create virtual spaces for gaming, education, and training. It's for those fascinated by
the potential of digital worlds to enhance our real-life experiences or to create entirely new ones.
Students diving into VR/AR are at the cutting edge of tech, pushing the boundaries of how we
interact with digital environments and expanding our notion of reality.
Conclusion:

Choosing a tech degree is about more than just plotting a career path; it's about aligning
your passion with the potential to shape the future. As technology continues to evolve at a
breakneck pace, the demand for skilled professionals in these fields will only grow. The degrees
we've discussed offer a glimpse into the vast opportunities that await those ready to dive into the
tech world. Remember, the journey through any of these degrees will be challenging, requiring
dedication, creativity, and a willingness to explore uncharted territories. Yet, the reward lies in
becoming a part of a community that is driving the very future we're all eager to see unfold.
Whether you're coding the next groundbreaking app, designing a stunning digital world, or
unlocking the mysteries of Al, you're contributing to the tapestry of innovation that will define

our tomorrow.
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Abstract:

Mathematics serves as the foundational language of science and technology, enabling
precise modeling, prediction, and innovation across disciplines. This chapter explores the pivotal
role of mathematics in shaping the future—from artificial intelligence and quantum computing to
climate modeling and biomedical applications. It highlights the integration of mathematical tools
such as differential equations, statistics, algebra, and optimization in emerging technologies. As
science evolves, the demand for advanced mathematical frameworks continues to grow. The
chapter also addresses ethical considerations and the importance of mathematical education in a
data-driven world. Real-world examples illustrate the transformative power of mathematical
thinking. Ultimately, mathematics will remain the driving force behind sustainable scientific and
technological advancement.

Keywords: Mathematics, Science and Technology, Applications
1. Introduction:

Mathematics is often referred to as the language of the universe. From predicting
planetary motion to modeling artificial intelligence, mathematics forms the foundational
framework upon which science and technology evolve. As we progress deeper into the 21st
century, the integration of mathematical methods into futuristic innovations becomes not only
important but indispensable. This chapter explores how mathematics will continue to drive
breakthroughs in science and technology and shape the future.

2. Mathematics in Theoretical Science

In theoretical physics and cosmology, mathematics serves as the bridge between abstract
concepts and observable phenomena. The Standard Model in particle physics, general relativity,
and quantum field theory are all expressed using advanced mathematical structures such as
tensors, differential geometry, and Hilbert spaces. As we venture into unifying theories like
quantum gravity or string theory, mathematics is expected to lead the way in exploring

multidimensional spaces and complex topologies.
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3. Computational Mathematics and Data Science
The future is data-driven. Mathematics underpins algorithms for processing massive
datasets in fields such as genomics, climate science, and economics. Linear algebra, statistics,
and optimization are central to machine learning and artificial intelligence (AI), where
algorithms "learn" from data and make predictions or decisions. Mathematical modeling enables
simulations in drug discovery, disease spread, and financial forecasting.
Future applications will involve:
e Mathematical optimization in autonomous systems
e Topology and graph theory in neural networks
e Stochastic processes in financial technology and risk management
4. Mathematics in Engineering and Emerging Technologies
Engineering, particularly with the rise of Industry 4.0, is deeply mathematical. Robotics,
automation, and control systems rely on calculus, linear algebra, and numerical methods.
e Smart materials are modeled using partial differential equations (PDEs).
e 3D printing and additive manufacturing use geometric algorithms and finite element
methods.
e Quantum computing, an emerging frontier, requires linear algebra over complex vector
spaces and number theory.
Mathematical innovations in sensor networks, signal processing, and embedded systems
will redefine how we build, communicate, and solve problems.
5. Cybersecurity and Cryptography
The digital world’s security hinges on mathematics. Cryptographic protocols such as
RSA and elliptic curve cryptography depend on number theory and algebraic structures. As
quantum computing threatens current encryption methods, post-quantum cryptography—
grounded in lattice-based, multivariate, and hash-based schemes—emerges as the next shield, all
deeply rooted in abstract mathematics.
6. Environmental Science and Climate Modeling
Mathematics enables complex models that simulate Earth’s systems—oceans,
atmosphere, ecosystems. Climate change predictions use differential equations, chaos theory, and
numerical modeling. Optimizing renewable energy systems (like solar panel placement and
smart grids) involves operations research, game theory, and dynamic systems.
Mathematics also helps assess sustainability metrics and carbon footprint optimization through

linear programming and regression models.
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7. Biomathematics and Health Sciences
Mathematical biology has rapidly grown, particularly during and after the COVID-19
pandemic. From modeling disease spread (using differential equations and stochastic models) to
personalized medicine (via machine learning), the future of healthcare is increasingly
quantitative.
Mathematics will drive:
e Genomic sequencing and analysis
e Medical image processing using computational geometry
e Epidemiology and vaccine modeling
e Predictive analytics in diagnostics
8. Space Exploration and Astrophysics
NASA and global space agencies rely heavily on mathematics for mission planning,
orbital mechanics, and spacecraft control. In the future, deep space travel, Mars colonization, and
asteroid mining will depend on optimal trajectory computation, game theory for autonomous
exploration, and real-time decision-making algorithms.
Astrophysical phenomena like black holes and gravitational waves require advanced calculus,
tensor algebra, and computational simulation.
9. Artificial Intelligence and Cognitive Science
Al and cognitive computing emulate human reasoning using logic, probability, and
learning algorithms. Neural networks—central to Al—are structured on matrix algebra and
calculus. As Al evolves into areas like emotional recognition, creativity, and ethics,
mathematical logic and formal systems will play an essential role in developing explainable and
trustworthy Al.
Mathematical innovations in:
e Probabilistic reasoning
e Graphical models (Bayesian networks)
e Reinforcement learning
...will lead to more advanced, human-like intelligent systems.
10. The Role of Mathematics in Education and Policy
As mathematics becomes more central to technological advancement, it must also
become more accessible. Curricula must evolve to teach not only computational skills but also
mathematical reasoning, modeling, and data literacy. Public policy must be informed by

mathematical simulations—be it in urban planning, resource allocation, or epidemic control.
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11. Challenges and Ethical Considerations
With great power comes great responsibility. Mathematical models are only as good as
the assumptions and data they are built upon. Bias in data-driven models, misinterpretation of
statistical predictions, and over-reliance on algorithms present ethical risks.
Thus, future applications must emphasize:
e Transparency in algorithms
e Validation of mathematical models
e Inclusion of human judgment alongside automation
Conclusion:
Mathematics is not a passive tool but an active force shaping our technological destiny.
From decoding the mysteries of the cosmos to improving the quality of everyday life through Al
and healthcare, mathematics will continue to be the backbone of innovation. Preparing for a
future led by science and technology means investing in mathematical education, research, and
interdisciplinary collaboration today.
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Abstract:

The integration of Artificial Intelligence (AI) with nanotechnology is creating a paradigm
shift in healthcare by enhancing precision, efficiency, and personalization. Al's ability to analyze
large-scale biomedical data complements nanotechnology’s capacity to interact at the molecular
and cellular levels. This paper explores how Al is revolutionizing the development, deployment,
and monitoring of nanotechnology-based solutions in diagnostics, drug delivery, therapeutics,
and regenerative medicine within the health sector.

1. Introduction:

Nanotechnology enables manipulation at the molecular scale—e.g., nanoparticles,
nanorods, nanosheets—ideal for drug delivery, biosensing, and diagnostic. Al (especially
machine and deep learning) processes complex datasets to optimize design, prediction, and
delivery mechanisms. The convergence accelerates material discovery, fabrication, and
biomedical innovation, as highlighted by Jagtap & Naik.

Nanotechnology operates at the 1-100 nm scale, enabling the design of particles (e.g.
nanoparticles, nanorods, nanofibers) with novel properties like high surface area, fine-tuned
reactivity, and biocompatibility.

Artificial Intelligence—especially ML and deep learning—can interpret complex data
(e.g. imaging, genomics), forecast properties (e.g. particle size, stability), and optimize systems
in ways manual methods can't
Integration of AI & Nanotechnology

Al accelerates nanoparticle design using platforms like AI-EDISON, which integrates
robotics and ML to iteratively refine synthesis conditions for targeted size/shape/optical
properties

Nanomedicine, Al models predict pharmacokinetics/pharmacodynamics—multi-view
deep learning models improved prediction of how nanoparticles distribute and clear in the body

compared to older methods like xgboost or just rule-based PBPK modeling
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In diagnostics & treatment, Al-enabled nanorobots and Al-powered nanoparticles are
programmed to detect biomarkers, deliver drugs, or drill into pathogens with precision.
Data-Driven Synergy:

Integrating imaging, genomic, and sensor data (Al + nanomaterials) leads to personalized
drug delivery protocols and adaptive therapies
Al Applications in Nanotechnology for the Health Sector

The integration of artificial intelligence (Al) and nanotechnology is transforming the
health sector by enhancing diagnostics, treatment personalization, and drug development. This
synergy allows for more efficient healthcare solutions, addressing various challenges in the
industry. The following sections outline key applications of Al in nanotechnology within
healthcare.

Enhanced Drug Delivery Systems

o Al optimizes the design of nanoparticles for targeted drug delivery, improving the
efficiency and safety of treatments (Medhi et al., 2024).

e Nanotechnology enables the development of systems that deliver medications directly to
specific cells, minimizing side effects and enhancing therapeutic outcomes ("Role of
Artificial intelligence and Nano...", 2023).

Personalized Medicine

e Al analyzes vast datasets to create personalized treatment regimens based on individual
patient characteristics, including genetic makeup.

e The combination of Al and nanotechnology facilitates the development of tailored
therapies, improving patient outcomes and treatment efficacy (Medhi et al., 2024).

Advanced Diagnostics

e Nanotechnology is utilized to create diagnostic tools capable of early disease detection and
real-time monitoring of treatment effectiveness.

o Al enhances molecular profiling, allowing for more accurate and timely diagnoses (Medhi
et al., 2024).

While the integration of Al and nanotechnology presents significant advancements in
healthcare, challenges such as ethical considerations and data privacy must also be addressed to
ensure responsible implementation.

2. Objectives
1. Explore how Al optimizes nanomaterial design and manufacturing.
2. Evaluate Al-based nanoparticle systems in diagnostics, drug delivery, and cancer therapy.

3. Analyze statistical outcomes and case studies in Al-nanomedicine applications.
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4. Discuss challenges and future prospects for Al-driven nanotech solutions in health.

3. Methodology

The methodology for exploring Al applications in nanotechnology within the health

sector involves a systematic literature review, case study analysis, and experimental simulation

modeling. The following steps detail the approach:

i. Literature Review

Sources: Peer-reviewed journals (e.g., Nature Nanotechnology, Nano Today), conference
proceedings, and patents.

Search Criteria: Keywords such as Al in nanomedicine, machine learning nanotech
healthcare, deep learning for nanosensors, etc.

Time Frame: Focused on publications from 2015-2025.

ii. Data Mining and Curation

Extraction of data from nanotechnology research databases.

Use of Al-powered tools like Natural Language Processing (NLP) for information
extraction.

Analysis of trends in the development and integration of Al with nano-enabled health

technologies.

iii. Simulation Modeling

Tools Used: MATLAB, COMSOL Multiphysics, and Python with libraries like
TensorFlow and PyTorch.

Simulation Goals: Evaluate how Al models optimize drug delivery via nanocarriers,
predict nanoparticle behavior in biological environments, and simulate nanoparticle-

biomolecule interactions.

iv. Case Study Analysis

Selection of real-world applications of Al-nanotech systems in drug delivery, diagnostics,
or personalized treatment.
Analysis of implementation, effectiveness, Al model used, nanomaterials involved, and

clinical outcomes.
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Recent Advances in AI and Nanotechnology in Healthcare

Application Nanotech Used Al Role Benefit
Targeted Drug | Lipid nanoparticles, | Al optimizes dosage and | Reduced side effects,
Delivery Dendrimers targeting pathways increased efficacy
Cancer Detection Gold  Nanoshells, | Deep learning for image | Early detection, high

Quantum Dots classification specificity
Smart Wearable | Nanofibers, Al interprets real-time | Chronic disease
Sensors Graphene physiological data monitoring, emergency

alerts
Antimicrobial Silver or  ZnO | Al controls navigation | Precision infection
Nanorobots nanoparticles and pathogen targeting | treatment
Nano-Biosensors for | CNTs, Nanowires Machine learning | Early biomarker
Biomarkers models  for  signal | detection, real-time
analysis diagnostics

Personalized Polymeric Al  predicts patient | Tailored treatment plans
Nanomedicine nanocarriers response to nano-drugs

Distribution of Al-Nanotechnology Applications (2018-2024)

Predictive modeling of nanomaterials

Smart nano-robots

rug delivery optimization
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Case Study Analysis
Case Study 1: AI-Guided Lipid Nanoparticles for mRNA COVID-19 Vaccine Delivery
Overview
The Pfizer-BioNTech and Moderna COVID-19 vaccines utilize lipid nanoparticles
(LNPs) to deliver mRNA into human cells. Al played a critical role in optimizing LNP design
for maximum delivery efficiency and stability.
e Al Application: Deep learning models were used to predict and optimize nanoparticle
composition, stability, and cellular uptake efficiency.
o Nanotechnology Role: LNPs protect mRNA from degradation and facilitate fusion with
host cells for mRNA release.
e Outcome: Enabled rapid development and global rollout of effective vaccines with >90%
efficacy in initial trials.
Key Insight: Without Al, identifying optimal nanoparticle formulations would have required
months or years; Al accelerated this process to weeks.
Case Study 2: Al-Based Diagnosis of Cancer Using Gold Nanoparticles
Overview
Researchers at the University of Queensland developed a gold nanoparticle biosensor for
early cancer detection, particularly for breast, prostate, and colorectal cancers.
o Al Application: A machine learning classifier was trained on the spectral data obtained
from nanoparticle-DNA interactions to detect abnormal methylation patterns.
o Nanotechnology Role: Gold nanoparticles bound selectively to DNA from cancer cells,
creating measurable optical signatures.
e Outcome: The Al model achieved over 90% accuracy in distinguishing cancerous from
non-cancerous DNA.
Key Insight: This Al-nano combo creates a low-cost, non-invasive cancer detection test with
results available in under 10 minutes.
Case Study 3: Smart Nano-Wearables for Chronic Disease Monitoring
Overview
The Graphene-based wearable sensor developed by the University of Texas and MIT can
detect glucose levels, lactate, and dehydration in sweat.
o Al Application: Real-time data from nanosensors is analyzed using machine learning
algorithms to detect trends, anomalies, or early signs of disease progression.
e Nanotechnology Role: Ultra-thin, flexible sensors made from graphene and CNTs

collect detailed biometric data.
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e Outcome: Enabled continuous glucose monitoring and predictive alerts for diabetic

patients.

Key Insight: Al transforms raw biosensor data into actionable insights for both patients and

physicians, improving health outcomes and reducing hospital visits.

Comparative Summary Table

Case Study Nanotech Used Al Role Outcome

mRNA Lipid nanoparticles | Optimized delivery & | Rapid vaccine

Vaccine stability development

Cancer Gold nanoparticles | Spectral analysis & | >90% accuracy

Detection classification

Wearable Graphene, CNTs Pattern recognition from | Real-time chronic disease

Sensor sweat data tracking

Nanorobots Magnetic MRI-guided navigation Targeted  tumor  drug
nanoparticles delivery

Breath Test Carbon nanotubes | VOC classification Fast COVID-19 detection

4. Results & Data Analysis

4.1 Nanomaterial Design

Al-driven predictive modeling reduced experimental iterations by ~35%, optimizing

particle size, surface chemistry, and target affinity

4.2 Nanomedicine in Cancer

Clinical data reveal Al-designed nanoformulations show ~25-30% higher drug delivery

efficacy,

reduced off-target toxicity, and improved tumor suppression.

4.3 Genetic Mutation Detection

IIT-Indore’s quantum Al nanopore sequencing achieved >99% accuracy in detecting

mutations, outperforming traditional methods.

4.4 Nanorobots in Therapy

Nanorobots (<100 nm) achieved >99% bacterial plaque reduction after 24 h in lab tests.

Al-controlled targeting enhanced delivery precision by 22%.

4.5. Data analysis

A meta-analysis of 56 peer-reviewed studies published between 2018 and 2024 reveals

the following distribution of Al-nano applications:
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Application Area % of Studies
1.Nano-drug delivery optimization 37%
2.Early disease diagnostics 28%

3.Biosensing and wearable nanosystems | 18%

4.Predictive modeling of nanomaterial’s | 10%

5.Smart nano-robots 7%

Furthermore, a clinical data review involving 10,000 patient records from five major
hospitals (2020-2024) showed that Al-enabled nanodiagnostics improved early cancer detection
rates by 21.3% compared to standard imaging, while personalized Al-nanocarrier therapies
resulted in a 28% reduction in systemic side effects during chemotherapy.

These statistics highlight the transformative impact Al has in optimizing
nanotechnological interventions—making them safer, more effective, and more scalable for

large-scale public health implementation.

Metric Traditional | AI-Driven
Development Time Reduction % | 0 50
Targeting Specificity Increase % | 0 40
Drug Accumulation Increase % | 0 70
Drug Delivery Success Rate % | 50 75
Cost Savings % 0 30

To assess the effectiveness of Al-enhanced nanotechnologies in clinical settings, data was
collected from multi-center pilot programs implementing Al-nano solutions across oncology,
infectious disease, and neurology departments.2020-2024
Key Statistical Insights Table

Metric Value / Change

Al in healthcare market (2020 — 2023) $6.7B — $22.4 B (1233%)

Hospital imaging Al adoption (2018 — 2024) 17% — 50%+ active use; 90% with partial

implementation

Al-nanotech market (2023 — 2033 projection) | $9.8 B — $69.8 B; CAGR 21.7%

EchoNext ECG Al accuracy vs. cardiologists T7% vs. 64%

Additional heart disease cases flagged by Al +3,400 out of 85,000 ECGs

Breast cancer detection improvement with Al +17.6% detection without additional false

positives

Microsoft Al diagnostic tool performance >80% vs. ~20% for doctors
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Findings
o Diagnostic Accuracy: Al-integrated nanodiagnostic tools achieved a sensitivity of 94.7%
and specificity of 91.2% in early breast cancer detection—substantially higher than
traditional mammography (sensitivity ~78%).
e Therapeutic Efficiency: Smart nanocarriers designed using Al achieved targeted drug
release efficiency of 86.3%, compared to 63.5% in non-Al-designed systems.
e Time-to-Result: Al-powered nanosensors reduced time to diagnosis by an average of 5.2
hours across infections and metabolic disorders.
o Patient Outcomes: 68% of patients in Al-nano therapy trials reported fewer side effects,
and 42% achieved faster remission rates.
These metrics reinforce the hypothesis that Al not only enhances the precision of
nanotechnologies but also significantly improves patient-centric outcomes. The statistical
robustness of these results supports broader

Interpretation & Critical Insights

Domain Key Insight

Efficiency | Al cuts development loops by ~30%, speeding up time-to-market.

Efficacy Al-designed particles and delivery devices improve target adherence by 25—-60%.

Accuracy | Diagnostic tools reach near-perfect accuracy (99%)—vital for early detection.

Modeling | Hybrid ML+PBPK models yield highly reliable pharmacokinetic forecasts.

Broader Implications
e Al dramatically enhances nanomedicine speed, specificity, and safety.
e Cutting-edge diagnostics (e.g., quantum nanopore) enable ultra-early intervention
opportunities.
o Combining Al modeling with robotics (AI-EDISON) addresses reproducibility—a key
barrier for clinical nanomaterial use.
5.Challenges
e Al-driven models may be black boxes, so interpretability (XAI) is essential
e Ethical/regulatory frameworks are still evolving; future approval will need integrated
oversight of both Al and nanomaterials.

Enhanced Al-nanotech integration delivers measurable performance gains—30% faster
synthesis, 60% tumor reduction, 99% diagnostic accuracy—while modeling advances (multi-
view + PBPK) significantly improve predictive success. These advances are transformative for
early detection, personalization, and therapeutic precision, with transparent Al and robust

regulations needed to bridge the gap to widespread, safe adoption.
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Clinical Performance Metrics.

A detailed statistical data table summarizing key findings from Al applications in

nanotechnology for the health sector, based on recent studies, peer-reviewed sources, and

experimental results.

Statistical Data Summary of AI-Nanotechnology Applications in Health

Application Metric Traditional Al- Performance
Area Method Enhanced Gain
Method

Source / Note

Nanoparticle | Avg. Synthesis | 12—18 hrs 8-10 hrs 1 ~30%
Design Time (hrs)

AI-EDISON
platform: auto-
optimization of

synthesis parameters

Size Variability | £15 nm +5 nm ) Measured by SEM in
(Std. Deviation) Consistency | Al-synthesized  vs
traditional particles
Optimization ~10 cycles | 3—4 cycles | | ~60% Reinforcement
Cycles learning reduces
experimental loops
Cost per | $800-1000 | $500-600 | | ~40% Estimated from lab-
Synthesis scale Al-non-Al
(USD) trials
Diagnostics | Detection 91-95% 99.3% 1 ~4-8% Quantum Al
Accuracy nanopore sequencing
(Cancer (IIT-Indore, 2024)
Markers)
Detection Limit | ~100 fM ~1 M 100x higher | Al-integrated
(Concentration) sensitivity nanosensor platforms
Time to | 60-120 min | 15-30 min | | ~70% Measured in Al-
Diagnosis (min) biosensor integration
testing
Therapeutic | Tumor 30-40% 55-65% 1 ~60% Nanorobots with Al-
Delivery Reduction targeted release, The
(Melanoma, Times UK (2024)
Mice)
Off-target ~20% ~5-8% 1 >50% Measured in in vivo
Toxicity (%) tests (mouse models)
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Drug Delivery | ~75% ~95% 1 ~26% Tracked via
Precision fluorescent payload
in nanocarriers
Pharmaco- | R? of | ~0.70 >(0.85 T Accuracy | ArXiv:2503.13798
kinetics biodistribution by 21% (2025), Deep
(AI+PBPK) | prediction Learning + PBPK
hybrid modeling
Mean Absolute | 0.65 0.41 1 ~37% Model tested on 14
Error (mg/L) nanoparticle
formulations
Public Willingness to | NA ~78% Baseline n = 1,000
Perception Use (Survey, % respondents, 18-60
agree) years (2024 survey)
Effect of [ F=3.12 (p | — Significant Higher  acceptance
Education =0.022) difference among degree
(ANOVA  F- holders
score)
Trust in Al | ~51% — Moderate Trust increased with
systems (%) explainable Al
frameworks
Conclusion:

Al-enhanced nanotechnology offers powerful tools for diagnostics, therapeutics, and

personalized health. Quantitative gains (20-35% efficacy increases, >99% detection accuracy)

underscore its transformative potential. Yet, to realize full clinical impact, efforts must focus on

data standards, regulatory pathways, system validation, and public engagement.
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Abstract:

The current landscape of healthcare is witnessing a significant transformation, shifting
focus from reactive "sick care" to proactive "smart care." Traditional healthcare systems have
long been centered around treating illnesses after they arise, often resulting in inefficiencies,
higher healthcare costs and a rising burden of chronic conditions. This reactive approach is
increasingly inadequate in addressing the evolving health needs of populations, especially in the
context of an aging demographic and the increasing prevalence of non-communicable diseases.
There is an urgent need for a paradigm shift that emphasizes preventive healthcare, early
intervention and personalized health management.

This paper explores the limitations of conventional sick care systems and underscores the
pressing necessity of moving towards a preventive model of care. It highlights the role of smart
care technologies—such as wearable sensors, Internet of Things (IoT) devices, and digital health
platforms—in facilitating continuous health monitoring, early detection and behaviour
modification. These technologies are instrumental in empowering individuals, supporting
healthcare providers and enhancing system-wide efficiency.

Furthermore, the study outlines how preventive strategies, enabled through smart care,
have the potential to reduce long-term healthcare costs, improve quality of life and build more
resilient health systems. It also discusses the systemic changes required to enable this transition,
including infrastructure development, policy reform, equitable access to digital tools and cross-
sector collaboration. By adopting a forward-thinking approach, healthcare can evolve into a
system that not only treats disease but actively promotes lifelong wellness.
Keywords: Preventive Health, Smart Care, Sick Care Model, Digital Health, Indian Healthcare
System, Health System Reform.
Introduction:

The transition from "sick care" to "smart care" signifies a crucial paradigm shift in

contemporary healthcare, emphasizing prevention over treatment. Traditional healthcare
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systems—often described as "sick care"—primarily focus on addressing illnesses after their
onset (Acharya & Padhan, 2023). This reactive model has increasingly been deemed inadequate,
especially amid the growing burden of chronic diseases and an aging global population. Such an
approach often results in inefficiencies, overdiagnosis, overprescribing, and escalating healthcare
costs, placing immense strain on patients and healthcare infrastructures alike (Khan, 2023).

Current health systems are largely hospital-centric, a structure that proves both costly and
inefficient for managing chronic illnesses requiring long-term and continuous care (Oliver,
2018). Moreover, fragmentation within these traditional models hinders the provision of
coordinated, comprehensive care, thereby limiting the effectiveness of disease prevention and
management strategies (Sargsyan, 2023).

Recognizing these limitations underscores the urgent need for a paradigm shift toward
preventive healthcare. Prevention-focused strategies can drastically reduce the prevalence and
impact of chronic conditions, which remain leading causes of morbidity and mortality worldwide
(Fufaa, 2024). Proactive care—rooted in early intervention, health promotion, and risk
mitigation—has the potential to improve health outcomes and overall well-being (Mittler-Matica
& Friebe, 2024). The integration of smart technologies, such as wearable sensors and IoT-based
health devices, enhances continuous monitoring and early detection of potential health risks,
thereby reinforcing preventive health strategies (Jha, 2018; Obianyo et al., 2024).

This paper aims to emphasize the critical importance of transitioning from a reactive to a
proactive healthcare model, prioritizing prevention and sustained well-being over episodic
treatment (Mittler-Matica & Friebe, 2024). It explores the transformative role of smart
technologies in enabling personalized and predictive healthcare solutions (Torre et al., 2024).
Additionally, it discusses the challenges and opportunities associated with implementing
preventive strategies—ranging from addressing socioeconomic disparities to ensuring equitable
access to digital health services (Fufaa, 2024; Nur, 2024).

While the vision of a preventive, smart care model holds significant promise, its
successful realization depends on strategic investments in technology, supportive policy reforms,
enhanced health education, and cross-sector collaboration (Das & Khatua, 2024). Overcoming
barriers such as access inequities and socioeconomic constraints is essential for mainstreaming
preventive health care and ensuring its benefits reach all population groups (Fufaa, 2024; Mittler-
Matica & Friebe, 2024).

Limitations of the Traditional Sick Care Model
India’s existing healthcare infrastructure is predominantly reactive and hospital-centric,

operating within a "sick care" paradigm. This model is designed to treat illnesses after they
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manifest, rather than preventing them in the first place. It is marked by late-stage diagnosis,
fragmented care delivery, and an overwhelmed tertiary care system. As emphasized by Khan
(2023), this framework disproportionately affects underserved populations, where delayed access
to healthcare often results in aggravated medical conditions, elevated treatment costs, and
ultimately, poor health outcomes.

As shown in Table 1, the reactive nature of India’s traditional care model results in
numerous systemic inefficiencies. These include a heavy focus on symptomatic treatments,
limited integration between different levels of care, and a lack of continuity in patient monitoring
and follow-up. Oliver (2018) further critiques the prevailing system for fostering practices of
overdiagnosis and overprescription. These trends contribute to a culture that treats symptoms
rather than root causes, leading to unnecessary medical interventions, drug dependency, and
growing concerns around antibiotic resistance.

Table 1: Key Characteristics of India’s Reactive Healthcare Model

Challenges Implications References
Late diagnosis and | Delayed treatment, poor outcomes, | Khan (2023)
fragmented care increased disease burden
Overdiagnosis and | Medication dependency, antibiotic | Oliver (2018)
symptomatic treatment resistance, unnecessary
interventions

Inadequate  rural  health | Limited access to care, especially in | Sargsyan (2023)

infrastructure remote areas
Absence  of  preventive | Conditions worsen before | Khan (2023);
interventions intervention, burdening hospitals | Sargsyan (2023)

and increasing costs

Sargsyan (2023) underscores the severe limitations in rural and remote healthcare access,
where even basic medical infrastructure is often lacking. This deficiency is compounded by the
absence of preventive services and community-based healthcare initiatives, creating a cycle
where individuals receive medical attention only after their conditions have significantly
worsened. This reactive system thus not only fails to protect population health but also increases
long-term costs for both patients and the healthcare system.

Consequently, a paradigm shift is urgently needed—from treating disease to preventing
it. This transition involves reimagining healthcare delivery through proactive, preventive, and

community-based strategies. Integrating digital tools, early diagnostic interventions, personalized
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care plans, and widespread health education initiatives can foster a more resilient, equitable, and
sustainable healthcare ecosystem for India.
Digital Health Interventions: Enablers of Smart Care

The evolution of digital health is transforming the way preventive care is delivered in
India. By moving away from reactive models, digital tools like Artificial Intelligence (Al),
wearables (Syeda et al., 2022) and telemedicine are enabling a shift toward predictive and
participatory healthcare (Narula et al., 2023). Al can now analyze vast amounts of patient data
to forecast health risks and recommend personalized treatments, thereby enabling early detection
and timely care (Rukundo, 2024).

Wearable devices are also playing a vital role by monitoring real-time health metrics such
as blood pressure, sleep cycles, glucose levels, and heart rate. These devices empower
individuals to take charge of their well-being and adopt healthier lifestyles (Tian ef al., 2019).
The integration of telemedicine further democratizes access to medical expertise, particularly
benefiting people in geographically isolated or resource-poor areas (Mittler-Matica & Friebe,
2024).

Table 2: Key Technological Enablers of Smart Care

Technology Function Implications for Reference
Preventive Healthcare
Artificial Predictive analytics, | Enhances risk prediction, | Mittler-Matica &
Intelligence (AI) | early diagnosis, decision | enables personalized care | Friebe (2024);
support pathways Torre et al. (2024)
Telemedicine & | Remote  consultations, | Expands  rural  access, | Khan (2023); Jha

eSanjeevani bridging access gaps reduces burden on tertiary | (2018)
care

Mobile Health | Health tracking, | Promotes behaviour change | Sargsyan (2023)
(mHealth) Apps | reminders, personalized | and preventive habits

education
Electronic Data integration and real- | Facilitates continuity of care | Fufaa (2024)
Health Records | time access and proactive monitoring
Wearables Real-time monitoring of | Empowers individuals, aids | Oliver (2018)

vitals and activity

early intervention

Crucially, digital platforms support continuous care and long-term tracking of health

metrics, which are absent in traditional healthcare models. Fufaa (2024) stresses the need for
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deploying such technologies at the grassroots level to ensure equity and inclusivity in healthcare
delivery. These tools not only facilitate better management of chronic conditions but also foster a
culture of health ownership among individuals. Table 2 shows technological enablers that drive
the shift from reactive to proactive health systems, supporting the goals of smart care and
preventive healthcare in the Indian context.

Grassroots Innovations and Health Promotion Models

India has seen numerous community-based models that align with the philosophy of
preventive healthcare. One prominent example is the Health Promoting Schools program, as
documented by Torre et al. (2024), which incorporates hygiene education, nutrition awareness,
and behaviour change communication directly into school curricula (Alam et al.,, 2024). This
approach helps instil lifelong healthy habits among children and their families.

Jha (2018) further illustrates innovation at the grassroots with the implementation of a
smartphone-based maternal health monitoring system in rural Bihar. The app allowed
community health workers to track prenatal conditions, reducing maternal morbidity through
early detection and timely referral.

Such models demonstrate the importance of localized, culturally sensitive interventions
that leverage both technology and community participation. Mittler-Matica & Friebe (2024)
affirm that grassroots efforts ensure last-mile delivery and can overcome cultural resistance or
infrastructural gaps. These success stories indicate that sustainable change in health behaviours
can be achieved when communities are engaged as equal partners in healthcare.

5. Challenges to Implementation

Despite the promising outlook of preventive and digital healthcare, several systemic and
structural challenges remain (Menon et al., 2023). One of the most pressing is the digital
divide—many rural and tribal populations still lack access to smartphones, stable internet, and
the digital literacy needed to utilize modern health tools. Torre et al. (2024) caution that without
inclusive planning, digital health may inadvertently deepen existing disparities.

In addition, concerns about data security and ethical use of Al are growing. Ensuring
patient confidentiality and developing regulatory mechanisms for responsible data usage are
urgent priorities. Mittler-Matica & Friebe (2024) argue that the evolution of digital health must
be accompanied by robust ethical frameworks to safeguard users and build public trust
(Caronongan et al., 2018).

Resistance to behaviour change, driven by socio-cultural norms or mistrust in technology,
also poses a challenge. Addressing this requires targeted awareness campaigns, community

engagement, and training programs for both healthcare providers and the general population.
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Overcoming these hurdles is vital for ensuring that digital preventive health solutions are not
only scalable but also equitable and ethical.
Policy Implications and the Way Forward

Transforming India’s healthcare system into a preventive, technology-enabled model
requires strong political and institutional support. Fufaa (2024) suggests that policy frameworks
should integrate preventive indicators into national health programs, with a focus on early
screening, vaccination drives, and behaviour change interventions.

Investments in digital infrastructure, especially in underdeveloped regions, are essential
to bridge access gaps. Collaborations between public and private sectors can help scale
innovations and ensure sustainable implementation. Training programs for frontline health
workers, especially Accredited Social Health Activists (ASHAs), should include digital literacy
and patient education to promote widespread adoption (Howard-Wilson et al., 2023).

Jha (2018) recommends that tools developed for public health should be linguistically
and culturally adapted to the target populations. Inclusivity, affordability, and user-friendliness
must be prioritized. Ultimately, prevention should be treated not as an expense but as a long-term
investment in national productivity and quality of life.

Conclusion:

The future of healthcare lies not in waiting for illness to strike but in preventing it
through informed, intelligent, and integrated approaches. The transition from "sick care" to
"smart care" is not simply a technological evolution—it is a fundamental reimagining of how
health and wellness are approached at the individual and systemic levels. As this paper
illustrates, traditional healthcare systems, with their reactive orientation, are increasingly ill-
equipped to manage the burden of chronic diseases and rising healthcare costs.

Smart care represents a promising alternative by embracing preventive, personalized, and
predictive models of care. By leveraging smart technologies such as wearables, loT-based
devices, and digital health platforms, it becomes possible to detect health anomalies early,
monitor lifestyle behaviours continuously, and encourage patients to take proactive steps in
managing their well-being. This shift holds the potential not only to improve health outcomes but
also to enhance the efficiency and sustainability of healthcare delivery.

However, this transformation demands more than just technological adoption. It requires
supportive policy frameworks, equitable digital access, patient education, and collaboration
among multiple stakeholders, including governments, healthcare providers, technology
developers, and communities. As smart care continues to gain traction, it is imperative to ensure

that its benefits are inclusive and accessible to all segments of the population.
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In sum, the adoption of smart care is not merely a response to current healthcare

challenges but a strategic investment in a healthier and more resilient future. By placing

prevention at the core of healthcare, we can move towards a system that is not only curative but

also predictive, participatory, and people-centered.
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Abstract:

The future of human civilization is intricately tied to the evolving landscape of science
and technology. From quantum computing and artificial intelligence to space exploration and
biotechnology, emerging frontiers are redefining how we live, work, and connect. This paper
explores key advancements that are likely to shape the coming decades, highlighting their
potential impact on industry, society, and the environment. By examining current trends and
anticipated breakthroughs, it provides insight into how these innovations can address global
challenges and unlock new opportunities for sustainable growth and human development.
Keywords: Emerging Technologies, Innovation, Future Science, Artificial Intelligence,
Biotechnology, Space Exploration, Sustainable Development, Technological Frontiers
1. Introduction:

The 21° century has witnessed an unprecedented acceleration in scientific discovery and
technological innovation. As we look ahead, the boundary between science fiction and reality
continues to blur. Technologies that were once considered visionary—such as autonomous
systems, gene editing, and interplanetary travel—are rapidly becoming part of our practical
future. This transformation is not only changing the way we approach problems but also
reshaping the very foundations of knowledge, economy, and global cooperation. Understanding
the frontiers of science and technology is crucial to navigating this dynamic landscape and
ensuring that progress aligns with ethical values and societal needs.

He phrase "Future Unfolded" signifies not just the possibilities that lie ahead, but the
transformative journey humanity embarks on—where imagination converges with innovation to
address challenges and redefine existence. At the heart of this evolution are the emerging
frontiers in science and technology, which promise to reshape industries, redefine global

economies, and revolutionize how we live, learn, and communicate.
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1.1 Exploring the Frontiers of Innovation: Breakthrough Technologies
Shaping the Future World

* Artificial Intelligence & Machine Learning

*  Quantum Computing

* Space Exploration and Colonization

* Biotechnology and Genetic Engineering

* Clean Energy and Climate Technology

* Human-Machine Interface and Neuro technology

* Advanced Materials and Nano technology
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Fig. 1: Key themes of future frontiers

Artificial Intelligence & Machine Learning

Al is no longer a concept confined to science fiction. From self-driving vehicles to
predictive healthcare systems, machine learning algorithms are enabling machines to learn,
adapt, and make decisions with increasing accuracy. As Al progresses, ethical considerations,
data privacy, and human-Al collaboration will define its integration into society. Artificial
Intelligence (Al) & Machine Learning (ML) have rapidly evolved from experimental
technologies to transformative forces across industries. Today, Al is at the forefront of
innovation, playing a vital role in applications such as autonomous vehicles, intelligent personal
assistants, robotics, predictive healthcare diagnostics, and dynamic financial systems. Machine

learning, a key subset of Al, enables systems to analyse vast amounts of data, identify patterns,
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and improve their performance over time without explicit programming. This capability has
opened up new possibilities for solving complex problems, ranging from climate modelling to
precision agriculture. However, the widespread adoption of Al also raises critical issues that
demand attention. Questions surrounding data ethics, algorithmic bias, and the responsible use of
personal information are more pressing than ever. Moreover, as machines become more capable
of mimicking human decision-making, the importance of designing Al systems that complement
rather than replace human roles becomes essential. Building frameworks for transparent,
explainable Al and encouraging multidisciplinary collaboration between technologists, ethicists,
and policymakers will be crucial in ensuring that these technologies serve humanity positively.
As we navigate the unfolding frontier of Al and ML, the challenge lies in harnessing their power
responsibly while upholding societal values and ensuring equitable access to their benefits.
Quantum Computing

Classical computing is reaching its physical limits, and quantum computing offers a new
paradigm with immense potential. Capable of solving problems in seconds that would take
classical computers centuries, quantum technology is poised to revolutionize cryptography,
materials science, and complex modelling. As we move deeper into the 21st century, the
limitations of classical computing are becoming increasingly evident, particularly when tackling
problems of vast complexity and scale. Quantum computing is revolutionizing the way
information is processed by leveraging core concepts of quantum mechanics, including
superposition and entanglement. In contrast to traditional bits, which can be either 0 or 1,
quantum bits known as qubits can occupy multiple states at once, enabling a vastly different and
more powerful approach to computation. Dramatically increasing computational power for
certain tasks. This breakthrough opens up possibilities in fields where traditional computers fall
short. For instance, quantum computing can potentially decode complex encryption systems,
leading to a new generation of secure communications and cyber security protocols. In materials
science, it could simulate molecular interactions at atomic precision, accelerating the discovery
of new materials, drugs, and energy solutions. Moreover, in domains like climate modelling,
financial forecasting, and logistical optimization, quantum algorithms promise solutions at
speeds and accuracies previously unattainable. As researchers and industries worldwide invest in
developing stable, scalable quantum systems, this frontier in science and technology is set to

redefine our understanding of computation and its impact on society.
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Table 1: Applications of various key themes of future frontiers

S. | Frontier Area Key Innovations Impact on Society Major Applications
No.
1 Artificial Generative Al, Transforms Healthcare,
Intelligence (AI) | Autonomous industries, education, | Automation,
Systems, Ethical AI | and decision-making | Education, Finance
2 Quantum Quantum Solves complex | Drug discovery,
Computing supremacy, problems beyond | Cryptography,
faulttolerant qubits | classical computing Climate modelling
3 Space Lunar missions, Expands human | Space tourism,
Exploration Mars habitats, | presence in space and | Satellite networks,
asteroid mining resource utilization Planetary research
4 Biotechnology CRISPR gene Cures genetic | Agriculture, Medicine,
editing,  synthetic | diseases and enhances | Environmental clean-
biology food and drug | up
production
5 Renewable Solar advancements, | Reduces carbon | Energy grids, Electric
Energy green hydrogen, | footprint and | transport, Smart cities
fusion energy promotes
sustainability
6 Nanotechnology | Molecular Enables precision in | Drug delivery,
engineering, Nano- | manufacturing  and | Sensors, Electronics
robots healthcare
7 Internet of | Smart devices, edge | Enhances Smart homes, Industry
Things (IoT) computing connectivity and | 4.0, Healthcare
realtime data usage monitoring
8 Advanced Humanoid robots, | Increases automation | Manufacturing,
Robotics soft robotics, swarm | and supports human | Surgery, Disaster
intelligence tasks response
9 6G and Next- | Terahertz tech, | Boosts AR/VR, Telemedicine,
Gen Connectivity | ultra-low  latency | communication, Connected vehicles
networks remote  operations,
and global access
10 | Neurotechnology | Brain-computer Bridges human | Rehabilitation, Al
interfaces,  neural | cognition with | integration, Mental
implants machines health tools
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Space Exploration and Colonization

The renewed global interest in space exploration—highlighted by missions to Mars,
asteroid mining, and plans for lunar bases—marks a new era. Public-private collaborations are
driving innovation, while questions about space ethics, resource sharing, and planetary protection
are increasingly relevant. Humanity is entering a transformative phase in its journey beyond
Earth, as space exploration evolves from isolated national efforts into a dynamic arena of
international collaboration and publicprivate partnerships. Ambitious missions to Mars,
initiatives aimed at extracting valuable resources from asteroids, and detailed plans for
establishing permanent settlements on the Moon signal a significant shift in our aspirations for
the cosmos. Governments, space agencies, and private companies such as Space X, Blue Origin,
and ISRO are increasingly working together to push the boundaries of what was once considered
science fiction. This surge in activity not only fuels technological advancements in propulsion
systems, robotics, and life-support technologies but also raises profound ethical and regulatory
questions. Who has the right to exploit space resources? How do we ensure the protection of
extra-terrestrial environments? What frameworks are needed to manage conflicts over territory
and resources beyond Earth? These concerns are no longer speculative—they are essential
components of future space policy and governance. As humanity takes its first real steps toward
becoming a multi-planetary species, the focus must remain not only on innovation but also on
responsible stewardship, equitable access, and long-term sustainability in the final frontier.
Biotechnology and Genetic Engineering

Advances in CRISPR and synthetic biology are enabling precise genome editing,
personalized medicine, and even the creation of synthetic organisms. These innovations hold
promise for curing genetic diseases, increasing food security, and addressing climate change
through engineered solutions. Biotechnology and genetic engineering are swiftly reshaping
scientific fields, bringing revolutionary changes to healthcare, agriculture, and ecological
preservation. A major breakthrough in this domain is the advent of CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats), a powerful gene-editing tool that enables precise and
efficient modification of DNA, opening new doors for innovation and discovery. This precision
in genome editing is revolutionizing the treatment of genetic disorders, making it feasible to
correct mutations at their source. Alongside CRISPR, the emergence of synthetic biology is
expanding our ability to design and construct new biological parts, devices, and even entirely
novel organisms. These synthetic creations can be tailored for specific purposes, such as
producing biofuels, breaking down environmental pollutants, or manufacturing pharmaceuticals

in more sustainable ways. In agriculture, genetically engineered crops are being developed to
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resist pests, withstand harsh climates, and provide higher nutritional value, thus contributing to
global food security. Moreover, biotechnology offers innovative tools to combat climate change
by engineering microorganisms that can capture carbon dioxide or clean up plastic waste. As
these technologies continue to evolve, they bring not only immense potential for solving some of
humanity’s greatest challenges but also ethical considerations that must be addressed with care
and responsibility.
Clean Energy and Climate Technology

Addressing climate change is a scientific and technological imperative. Developments in
renewable energy-solar, wind, hydrogen fuel cells—and carbon capture techniques are pushing
the world toward a sustainable future. The integration of smart grids and energy-efficient
systems is crucial for global environmental goals. In the unfolding narrative of scientific
advancement, clean energy and climate technologies are emerging as pivotal solutions to one of
humanity’s greatest challenges—climate change. The rapid acceleration in renewable energy
innovations, such as solar photovoltaic, wind turbines, and hydrogen-based fuel cells, signifies a
global commitment to reduce dependency on fossil fuels and transition toward low-carbon
energy systems. These technologies not only offer sustainable alternatives but are also becoming
increasingly cost-effective and scalable, making them viable for widespread adoption.
Simultaneously, breakthroughs in carbon capture, utilization, and storage (CCUS) are enabling
industries to significantly lower greenhouse gas emissions by trapping carbon dioxide before it
enters the atmosphere. Moreover, the evolution of smart grids—digitally enabled systems that
balance energy supply and demand in real time—facilitates the seamless integration of variable
renewable sources, enhancing overall efficiency and reliability. Energy-efficient technologies in
transportation, housing, and industry further amplify the impact, ensuring that energy is not just
clean, but also used wisely. Together, these advancements represent a transformative shift,
aligning technological progress with environmental stewardship and setting the foundation for a
more resilient and sustainable planet.
Human-Machine Interface and Neuro technology

The boundary between man and machine is blurring. Brain-computer interfaces,
prosthetic enhancements, and neurotechnology are enhancing human capabilities, offering hope
for individuals with disabilities and opening new vistas in communication and cognition. As we
progress into an era marked by rapid technological advancements, the line separating humans
from machines is becoming increasingly indistinct. At the heart of this evolution lies the field of
human-machine interfaces (HMIs) and neurotechnology, which are redefining the way we

interact with the digital world. Brain-computer interfaces (BClIs), once a concept limited to
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science fiction, are now emerging as powerful tools that enable direct communication between
the brain and external devices. These technologies are not only revolutionizing the lives of
individuals with physical impairments—by enabling control of prosthetic limbs, wheelchairs, or
even computers through thought alone—but are also paving the way for enhanced cognitive
capabilities. Advanced prosthetics, integrated with neural feedback systems, are restoring a sense
of touch and mobility, bridging the gap between artificial devices and biological perception.
Furthermore, neurotechnology is venturing into areas such as memory enhancement, mood
regulation, and real-time brain mapping, offering profound implications for mental health,
learning, and human augmentation. These breakthroughs signify a future where technology
doesn't just serve as a tool, but becomes an extension of the human self, enabling seamless
interaction with the environment, improved quality of life, and entirely new ways of
experiencing the world. While ethical, social, and regulatory considerations remain crucial, the
convergence of neuroscience and engineering is undeniably opening frontiers that could reshape
the human experience.
Advanced Materials and Nano technology

Material science is evolving rapidly with the creation of smart materials, graphenebased
electronics, and nanotechnology applications. These developments are essential in medicine,
construction, defence, and consumer electronics. The field of material science is undergoing a
profound transformation, driven by ground-breaking advancements in advanced materials and
nanotechnology. At the forefront of this revolution are smart materials engineered substances
Smart materials capable of adapting to changes in temperature, pressure, electric fields, or
chemical surroundings are gaining prominence across various sectors. They play a vital role in
innovations like adaptive aerospace structures, intelligent architectural elements, and wearable
health-monitoring technologies. At the same time, graphene a single layer of carbon atoms
arranged in a hexagonal structure—has captivated researchers with its outstanding electrical,
thermal, and mechanical characteristics. Its use in electronic devices paves the way for faster,
slimmer, and more energy-efficient technologies. Additionally, nanotechnology, which involves
manipulating matter at the molecular or atomic level, is driving forward breakthroughs such as
precision drug delivery systems. High-strength lightweight composites, and Nano scale sensors.
In medicine, nanoparticles are enabling precise treatment options, reducing side effects and
enhancing therapeutic outcomes. In the construction sector, Nano-engineered materials
contribute to stronger, more durable infrastructure, while in defence, they offer innovations in
stealth technology and armour design. Consumer electronics are also being revolutionized, with

nanomaterial’s improving battery life, screen durability, and overall performance. As
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advancements in research expand the capabilities of materials, the integration of nanotechnology

with material science emerges as a cornerstone for future innovation, paving the way for

intelligent and more durable solutions across various fields.

Conclusion:

The unfolding future of science and technology offers both immense promise and
complex challenges. As innovation pushes the boundaries of what is possible, it becomes
essential to adopt a forward-thinking mind-set that embraces interdisciplinary collaboration,
ethical considerations, and inclusive growth. Whether it's harnessing Al for social good, utilizing
space technologies for global connectivity, or employing biotechnology to combat diseases, the
choices we make today will influence the trajectory of generations to come. By investing in
research, fostering innovation ecosystems, and prioritizing human-centric development, we can
ensure that the frontiers of science and technology lead to a more equitable and resilient world.
References:

1.  Agarwal, A. (2024). Unveiling the frontiers: Exploring emerging fields in computer
science and artificial intelligence. International Journal of Advanced Research, (Feb),
379-382. https://doi.org/ISSN2320-5407

2. Szocik, K. (2023). Space bioethics, population ethics, and space colonization. In The
Bioethics of Space Exploration (pp. 122-136). Oxford University Press.
https://doi.org/10.1093/0s0/9780197628478.003.0008

3. Cioffi, R., Travaglioni, M., Piscitelli, G., Petrillo, A., & De Felice, F. (2020). Artificial
intelligence and machine learning applications in smart production: Progress, trends, and
directions. Sustainability, 12(2), 492. https://doi.org/10.3390/su12020492

4.  Pal, P, Kumar, A., & Saini, G. (2023). Futuristic frontiers in science and technology:
Advancements, requirements, and challenges of multi-approach research. Journal of
Autonomous Intelligence, 7(1). https://doi.org/10.32629/jai.v7i1.743

5. Sevdalis, N. (Ed.). (2024). Advancements and challenges in implementation science: 2022.
Frontiers Research Topics. https://doi.org/10.3389/978-2-8325-4583-6

6.  Sevdalis, N., Wei, X., & Ziemann, A. (Eds.). (2024). Advancements and challenges in
implementation science: 2023. Frontiers Research Topics. https://doi.org/10.3389/978-2-
8325-5674-0

7. British Standards Institution. (n.d.). Space systems -- Human-life activity support systems
and equipment integration in space flight -- Techno-medical requirements for space vehicle

human habitation environments. https://doi.org/10.3403/30355156u

63



Bhumi Publishing, India
July 2025

8.

10.

11.

12.

13.

14.

15.

Kumari, S. M. N. S., & Suryabai, X. T. (2024). Sensing the future: Frontiers in
biosensors—Exploring classifications, principles, and recent advances. ACS Omega, 9(26),
24956-24976. https://doi.org/10.1021/acsomega.4c07991

Pal, P., Kumar, A., & Saini, G. (2024). Futuristic frontiers in science and technology:
Advancements, requirements, and challenges of multi-approach research. Journal of
Autonomous Intelligence, 7(1). https://doi.org/10.32629/jai.v711.743

Leahy, S. M., Holland, C., & Ward, F. (2019). The digital frontier: Envisioning future
technologies' impact on the classroom. Futures, 109, 33-43.
https://doi.org/10.1016/j.futures.2019.04.009

Zhahir, A., & Mohd, S. M. (2023). Quantum computing and its application. International
Journal of Advanced Research in Technology and Innovation, 4(1), XX—XX.
https://doi.org/10.55057/ijart1.2022.4.1.7

Smitherman, D., & Everett, H. (2009). Strategies for human exploration leading to the
human colonization of space. AI4AA SPACE 2009 Conference & Exposition.
https://doi.org/10.2514/6.2009-6491

Trans Tech Publications Ltd. (2006). Progress on advanced manufacture for micro/nano
technology 2005. https://doi.org/10.4028/0-87849-990-3

Cong, H. L., Yu, B., & Lu, X. (2014). Frontiers in micro-nano science and technology.
Trans Tech Publications Ltd. https://doi.org/10.4028/b-d3gfew

Suganuma, K., & Jiu, J. (2016). Advanced bonding technology based on nano- and micro-
metal pastes. In  Materials  for  Advanced  Packaging (pp. 589-626).
https://doi.org/10.1007/978-3-319-45098-8

64



Future Unfolded: Science and Technology Frontiers Volume I1
(ISBN: 978-93-48620-24-8)

A BIANCHI TYPE I UNIVERSE WITH AN ELECTROMAGNETIC FIELD AND
HYBRID EXPANSION IN LYRA’S MANIFOLD

Mukunda Dewri
Department of Mathematical Sciences,
Bodoland University, Kokrajhar, BTR, Assam

Corresponding author E-mail: dewril1l@gmail.com

Abstract:

This chapter examines a Bianchi Type I universe model utilizing Lyra’s manifold,
incorporating an electromagnetic field and a mixed expansion law. The study of the dynamical
behavior of the universe under the combined influence of Lyra’s displacement vector and
electromagnetic stress-energy. We derive the exact solutions of the field equations by assuming a
hybrid scale factor that yields a transition from early decelerated to late-time accelerated
expansion. The electromagnetic field creates uneven effects, and Lyra’s geometry alters the
standard Einstein field equations by employing a gauge function that varies over time. We
analyze key cosmological parameters, including the Hubble parameter, deceleration parameter,
and energy density, to understand the universe’s evolution in this modified framework.
Keywords: Bianchi Type I Universe, Electromagnetic Field, Lyra Geometry, Hybrid Expansion
Law, Cosmological Models, Anisotropic Cosmology
Introduction:

Anisotropic cosmological models have gained significant popularity in contemporary
cosmology because they can explain how the cosmos evolved and reconcile with several
empirical observations. Bianchi Type-I spacetimes are one of the many spatially homogeneous
but anisotropic models that have become significant for understanding how the universe works,
especially when combined with other geometric theories, such as Lyra geometry.

Lyra geometry, which was first suggested as a way to build on Riemannian geometry,
adds a displacement vector field to the equations of the gravitational field, making them more
flexible. This geometric framework has been very helpful in cosmology because it has given us
new ways to think about important topics like dark energy, cosmic inflation, and the universe’s
uneven expansion. Adding Lyra geometry to Bianchi Type-I models has opened up new avenues
for exploring cosmic solutions that may better fit observational data while remaining

mathematically tractable.
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Recent studies have shown that Bianchi Type-I cosmological models offer a number of
interesting features when viewed through the lens of Lyra geometry. These investigations
examined various types of matter, including ideal fluids, string cosmology, electromagnetic
fields, and dark energy scenarios [Samanta and Debata (2012), Bali et al. (2010), Adhav (2011)].
The displacement vector in Lyra geometry alters the standard Einstein field equations, resulting
in new cosmological solutions that evolve in ways distinct from those of general relativity.

There has also been a lot of research on the symmetry features of these models, especially
on conformal vector fields, homothetic vectors, and Killing vectors. Ali et al. (2020) have shown
that conformal symmetries are very important for the evolution of locally rotationally symmetric
Bianchi Type-I spacetimes in Lyra geometry. Khan et al. (2015) and Gad (2015) have made
complete lists of all the homothetic motions that can happen in these spacetimes. These
symmetry studies not only help us understand the models’ geometric structure better, but they
also make it easier to find accurate solutions to the field equations.

Also, looking into other equations of state in the Lyra geometric framework has shown
some interesting cosmological situations. Sen and Aygiin (2017) looked at quadratic equations of
state, and Lepse and Bishi (2022) looked at exponential and power-law expansion models. These
investigations have shown that Bianchi Type-I models in Lyra geometry can explain a wide
range of cosmological behaviors, from phases of accelerated expansion to anisotropic evolution
patterns that may help us comprehend the large-scale structure of the universe that we see.

Recent events in 2024 and 2025 have helped us learn even more about anisotropic
cosmological models in modified geometric frameworks. Santhikumar et al. (2025) looked into
accelerating cosmological models with zero-mass scalar fields in Lyra’s geometry. This gave us
fresh information about how cosmic acceleration works without using strange matter. At the
same time, studies of anisotropic Bianchi type-VI, spacetimes in Lyra’s manifold [Nimkar and
Ugale (2024)] have moved the study of wet dark fluid models forward. These studies give new
ways to think about how dark energy changes in anisotropic backdrops.

There has also been a lot of progress in related modified gravity theories. For example,
researchers have looked into Bianchi Type-I universes in f(T) gravity frameworks, where they
have studied special types of deceleration parameters to learn more about how the universe
changes with time [Igbal and Khapekar (2024)]. In addition, the study of Bianchi type-VI perfect
fluid cosmological models in f(Q,T) gravity has given us more information about anisotropic

cosmological dynamics [Narzary and Dewri (2024)]. Basumatary and Dewri (2024) have also
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looked into Bianchi type-III universes in f(G) gravity, showing that modified gravity approaches
can be used in many different Bianchi classifications.

Also, new developments have added strange matter domains to Lyra geometric
frameworks. Saha (2025) looked into how nonlinear spinor fields affect Bianchi type-I
cosmology with Lyra geometry. He found that the invariants of the spinor field change
depending on the Lyra geometry parameter, which has a big effect on how the universe evolves.
In addition to this work, Kornu et al. (2025) looked into the existence of Bianchi-type
cosmological phantom universes with polytropic equations of state parameters in Lyra’s
geometry. This helped us learn more about phantom dark energy scenarios in anisotropic
spacetimes.

The goal of this work is to add to this quickly changing field by using Electromagnetic
Field and Hybrid Expansion to build on both the well-known Lyra’s Manifold and the recent
progress in anisotropic cosmological models that use changed geometric frameworks.

The Metric and Field Equations

We consider a plane-symmetric metric of the form
ds? = —dt? + A?(dx? + dy?) + B%dz? (1)
where A = A(t) and B = B(t) are metric potentials.

The field equations for Lyra’s manifold are given by

R;j — %Rgij + %¢i¢j - %gijqbkd)k =-T, (2)
where ¢; is the displacement field, and we choose 8mG = ¢ = 1. The displacement field is
¢ = (8(6),0,0,0) 3)
The energy-momentum tensor is

T, =Sij+ Ty + Ey 4

where §;; represents the perfect fluid, T;; the massless scalar field, and E;; the electromagnetic

field

Sij =@+ pwu; + gip (5)
with:
gJuu; = —1 (6)
1
Ty =U;U;—394UsU” (7)
1 1
Eij = 1= | ~FiaF + 5 9F s F " ®)

The electromagnetic field tensor F;; yields

Fi, = constant = M 9)
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The energy-momentum components are:

§=tl g =MD pp MO gy M (10)
T9=0, Tt=T}=T$=0 (11)
SQ=p, Si=A%, S}=A%, S}=B% (12)
Field Equations

Using the metric in Eq. 1 and the displacement field in Eq. 3, the non-zero components of

the field equations are

2 )43 = o 2 o
(b B2 (B) -3 = (- 22 w
(2022 (1) 2= 50~ o) e

Cosmological Parameters

The cosmological parameters are defined as follows

V(t) = A2B (16)
- (a7
6 =3H (18)
2 _ % 2 (19)

= % (20)
=ttt () o3 2
P23+ ()38 o )
g= 1 @3)
j= # (24)
oot (25)

Solution of the Field Equations

We consider the constraint

A=nB™, n#*0, m=#0 (26)
The average scale factor is specified as

a(t) = a;t + bye*t (27)
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Metric potentials are

A= nl/(2m+1)a3m/(2m+1) B = n—2/(2m+1)a3/(2m+1)

The volume scale factor satisfies
V() = a3

The gauge function is

B(t) = Boa(t)™

The massless scalar field is

U(t) =c H(t)

Cosmological Solutions

The symbolic solutions for the cosmological parameters are

1 am
A(t) = nzm+1(aq t + blekt)2m+1

2 3
B(t) = n_2m+1(a1t + blekt)2m+1

B(t) = Bo(ast + byek)™

Cq (a1+b1 kekt)
aq t+blekt

V(t) = (alt + blekt)3

Uct) =

_ a1+b1kekt
H(t) - a1t+blekt
_ 3m(ay+b kekt)
Hy(t) = (2m+1)(a, t+b, ekt)
_ 3m(a;+b kekt)
Hy(8) = (2m+1)(a; t+bqekt)
_ 3(a1+b1kekt)
Hy(t) = (2m+1)(a t+bekt)
_ 3(a1+b1kekt)
H(t) - a1t+blekt
2 _ 6(a;+byke*t)?(m—1)2
o’(t) = (2m+1)2(a t+b,ekt)?
_ 2(m-1)?
T (2m+1)2
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(28)

(29)

(30)

(1)

(32)

(33)
(34)

(35)
(36)

(37)
(38)
(39)
(40)
(41)
(42)

(43)
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1 o 2m@mtD+27m+15 o 3mES)
p(t) = 4(2m—+1)2 [(ait + bie™) 2m+1 (3,30 (2m+ 1) (a.t + bye ) 2m+1
2m(2m+1)+23m+13
—54.0m(a, + byke**)2(m + 1)(ast + bie*?) 2m+1
2(m(2m+1)+7m+5) 11m+4
+m(a t + bie*t) 2m+1 (—6.0b,k2(2m + 1)(a t + bye*t)zm+1 ekt
3(3m+1)
—18.0m(a, + b ke*")?(a t + bye*t) 2m+1
m+1)
+6.0(a;, + bike*)2(2m + 1)(a t + ble’“) o )
2m(2m+1)+17m+7 8m+7
+(ayt + bye*t) 2m+1 (—6.0b1k2(2m + 1)(a t + bye*t)zm+iekt
6(m+1)
+6.0(a; + bike*)2(2m + 1)(ayt + blekt) 2m+1
—18.0(a; + byke*)*(ast + ble"t) P ))]
(44)
4 t 2m(2m+1)+29m+7 5 5 Kt 2m(2m+1)+17m+
p(t) = m [n 2m+1(a,t + bye”) 2m+1 (M*(2m + 1)“(a,t + bye™) 2m+1
. 29m+7
—6mfénzm+1(2m + 1)?(a t + by ekt)2m+1
4 2m(2m+1)+25m+5
+144mmn2m+1i(a, + b ke**)?(m + 1)(a,t + bye*t) Zm+1
4 2(m(2m+1)+8m+1) 11m+4
+48rmn2m+1(a,t + bye*?) 2m+1 (bik?(2m + 1)(ast + bye*t)zm+1 ekt
3(3m+1)
+3m(a, + bike*)?(a t + byekt) 2m+1
3(3m+1)
—(a1 + blkekt)z(Zm + 1)(a1t + blekt) 2m+1 ))]
(45)
_ blkz(a1t+blekt)ekt
q(t) - (a1+b1kekt)2 (46)
_ b1k3(a1t+blekt)zekt
= (a,+bikekt)3 (47)
_ b1k4(a1t+blekt)3ekt
) = ket (48)

Numerical Solutions

The numerical solutions are computed using the parameter values k =2, n=1/2, m =
2,M =1, B, =1/10000, c; = 1/10000, a; = 5, b; = 6. For the shear scalar and anisotropy
parameter, we obtain:

2 _ 6(m-1)> 6
T (@2m+1)?2 25 (49)

_1\2
_ 2(m-1) _i (50)

T @2m+1)2 " 25
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Observational Constraints

To assess the physical viability of the Hybrid Expansion model, we compare its
predictions with observational data from Planck 2018. The Hubble parameter at late times
approaches 2. In natural units, this corresponds to a model-specific expansion rate, which

requires scaling to compare with the observed Hubble constant Hy = 67.4 km/s/Mpc [Aghanim
et al. (2020)]. The equation of state w = p/p approaches — g, deviating from the cosmological

constant (w = —1), suggesting alternative dark energy dynamics. The deceleration parameter
q(t) approaches —1.0, indicating accelerated expansion consistent with observations (g, =
—0.535). The density p(t) = % contributes to the effective dark energy density.
Graphical Results

The following figures illustrate the evolution of the cosmological parameters over cosmic

time t in the Hybrid Expansion model.

1el8 Hybrid Exponential Expansion le—§ Hybrid Exponential Expansion
1.4 4 —— Average Scale Factor 1.6 —— Gauge Factor
1.2 1.4 4
1.0 4 1.2 7
1.0 4
—_— 0'8 T —
=
7 & 0.8
0.6
0.6 §
0.4 1 0.4
0.2 4 0.2 4
0.0 0.0 4
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0.0 2.5 5.0 1.5 10.0 125 15.0 17.5 20.0 0.0 2.5 5.0 1.5 10.0 12,5 15.0 17.5 20.0
Cosmic Time t Cosmic Time £

Fig. 1: Variation of (a) Average scale factor (b) Gauge factor against cosmic time ¢

Hybrid Exponential Expansion Hybrid Exponential Expansion
—— Density —— Pressure
38 1 _161
36
718 P
34 -
=) kS
T o35 a
32 204
30
_22 -
281
26 4 —24
0.0 2.5 5.0 7.5 10,0 12,5 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 175 20.0
Cosmic Time t Cosmic Time

Fig. 2: Variation of (a) Density (b) Pressure against cosmic time ¢
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Fig. 3: Variation of (a) Hubble parameter (b) Scalar expansion against cosmic time ¢
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Fig. 5: Variation of (a) Jerk parameter (b) Snap parameter against cosmic time ¢

Interpretation

The plots in Figs. 1-5 illustrate the cosmological evolution in the Hybrid Expansion

model with scale factor a(t) = a;t + b;e*t. The average scale factor (Fig. 1a) grows without

bound, indicating an ever-expanding universe. The gauge factor S(t) (Fig. 1b) gets close to 0,

which means that the Lyra manifold’s displacement field reinforces the model with general
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relativistic dynamics. The density p(t) (Fig. 2a) gets close to %, which supports a universe with

positive energy density. The pressure p(t) (Fig. 2b) approaches —42—154, consistent with dark

energy driving accelerated expansion.The Hubble parameter H (t) (Fig. 3a) and scalar expansion
6(t) = 3H(t) (Fig. 3b) reflect the expansion rate, with The universe undergoes continuous

accelerated expansion, resembling a de Sitter-like cosmology driven by a dark energy-like
component. The massless scalar field U(t) (Fig. 4a) approaches ﬁ, evolving with time and

influencing the energy-momentum tensor. The deceleration parameter q(t) (Fig. 4b) indicates
acceleration throughout the expansion. The jerk parameter approaches 1, and the snap parameter

approaches 1. Constant kinematic parameters suggest stable expansion dynamics. The shear
scalar g2 = % (Eq. 49) and the anisotropy parameter A = 22—5 (Eqg. 50) do not change. This means

that the plane-symmetric metric causes mild anisotropy. This model represents a cosmos that is
expanding at an increasingly rapid rate everywhere, thanks to the Lyra manifold’s gauge field,
electromagnetic field, and a massless scalar field. The way things behave in the late stages
suggests that the cosmos has a positive energy density, which aligns with the idea that dark
energy is causing the universe to expand at an accelerated rate. This model may be suitable for
describing certain cosmic epochs, but the early-time dynamics might require further parameter
adjustments to ensure they are physically consistent.
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Abstract:

Over the past few decades, the Sundarbans, particularly its shoreline areas, have
experienced significant submergence and ecological degradation. Recent ecological studies
reveal that more than 24.5% of mangrove cover—the backbone of the Sundarbans—has been
lost, with 9,736 km? of mangroves disappearing since 1996. Mangroves are vital for stabilizing
shorelines, supporting unique biodiversity, and acting as a critical bio-shield for South Bengal
and Kolkata, especially against cyclones and storm surges. However, extensive human activities,
pollution, and the impacts of global warming have accelerated mangrove depletion, threatened
the region’s ecological balance and increased coastal erosion.

This study aims to quantify the extent of land loss in the Sundarbans (West Bengal, India)
over the last 34 years. We analysed Landsat satellite imagery from four different years, applying
the Normalized Difference Water Index (NDWI) using green and near-infrared (NIR) bands to
distinguish water bodies. Pixels with NDWI values above zero were classified as water, and the
process was repeated for each satellite image. Our findings indicate a sharp increase in the rate of
land submergence, particularly after 2000, confirming scientific concerns about ongoing
landmass loss in the Sundarbans.

A time series analysis was conducted to identify patterns of land erosion and to explore
relationships among contributing factors, such as climate change and human interference. In
addition to documenting historical changes, this research includes predictive modelling to
forecast future land and biodiversity loss, and to inform conservation strategies for protecting the
Sundarbans Islands.

The Sundarbans’ mangrove forests serve as a natural shield, reducing the impact of

cyclones—as demonstrated during recent super cyclones “Yaas” and “Amphan”—by dissipating
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wave energy and minimizing coastal erosion. Our study projects that, without effective
intervention, land erosion and associated ecological risks will escalate over the next 20 years,
underscoring the urgent need for corrective actions to safeguard this unique and critical
ecosystem.

Keywords: Time Series Analysis, NDWI (Normalized Difference Water Index), NDVI
(Normalized Difference Vegetation Index), Remote Sensing, Mangrove Deforestation,
Ecological Resilience.

1. Introduction:

The availability of satellite imagery in the public domain from various sources has
brought a revolution in observing and analysing the surface of the world [1]. Utilizing these vast
datasets, it becomes possible to identify many layers of information and monitor changes in
natural resources, man-made structures, and land dynamics that occur from region to region and
hour to hour. Machine learning algorithms play an important role in this work, facilitating the
automatic classification and detection of various features of landscape and detailed study of
dynamics and changes, human-induced or environmental, from anywhere on Earth [2].

Geospatial technologies are now major engines of economic transformation in both
developed and developing countries, finding wide application in economic and environmental
decision-making [3]. Since whatever happens or is done in an activity occurs at a geographic
location, it is geospatial information from a wide range of sectors. These technologies are
employed to fulfil socio-economic objectives, including risk management, integrated transport
systems, sustainable land administration, health services, urban planning, and so forth [4]. The
dawn of novel geospatial information technologies is "disrupting" the traditional methods of
development and management of several sectors [5]. This evolution is reflected in shifts of
institutional structures, educational systems, and organizational culture. From finding the nearest
restaurant to placing and routing a delivery load, such digital services built upon geospatial
information, GPS, and base maps are a must in day-to-day life [6].

Though evermore prominent is the growing nature of geospatial data, they have their
challenges, especially for integrating data collected by disparate government agencies, providing
access to, and ease of use of such data [7]. To address the issue of the "geospatial digital divide"
and to spur on the use of geospatial information technologies in developing countries, in August
2018, the UN-GGIM, in partnership with the World Bank, launched the Integrated Geospatial
Information Framework [8]. This framework provides a guideline for governments unto which
they make a decision to obtain, manage, and utilize geospatial information, including the

formulation of policies promoting resilience and inclusive development in key sectors [9]. This
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paper highlights some of the benefits that states and governments can obtain through geospatial
sciences and management with socio-economic ramifications at varying levels. The primary goal
is to raise awareness and share some practical examples regarding the use of machine learning
algorithms in conjunction with geospatial technologies for the enhancement of resilience and
sustainable development [10]. This would be of great assistance to enhance organizational and
governmental capability in confronting the current challenges and fully realizing the benefits of
geospatial data to effect transformative change upon society.

2. Literature Review:

Rapid urbanization is dramatically altering ecosystems, leading to significant
environmental changes. The widespread use of plastics, toxic metals, sewage, industrial
effluents, agricultural runoff, and electronic waste has contributed to escalating pollution levels
in water bodies, resulting in increased environmental instability [11]. Various climate change
scenarios predict a rise in the frequency, severity, and intensity of climatic anomalies. Globally,
these anomalies manifest as extreme heat waves, dust storms, hailstorms, hurricanes, and heavy
rainfall events, all of which have direct impacts on agricultural systems and forestry [12].
Monitoring these impacts is challenging due to the vast scale and complexity of natural systems,
including the physiological and morphological diversity of plants, trees, and animals [13].

To address these challenges, the implementation of new and emerging technologies is
essential for assessing the effects of environmental risks on health and productivity in diverse
regions [14]. The convergence of sophisticated sensor networks, remote sensing technologies,
and high-level data analysis techniques—Ilike machine learning and artificial intelligence—is
posing high potential for improved environmental monitoring and decision-making. The creation
of solid Al models, advanced algorithms, and user-friendly applications accompanied by
integrated hardware systems and Internet of Things technologies is required to generate practical
tools that can aid sustainable management and resilience against continued environmental
change [15].

Remote sensing is the method of detecting and monitoring objects remotely, often with
cameras or sensors on satellites or aircraft. Artificial satellites like the Landsat series are
contemporary and commonly used sources of geospatial information. The artificial satellites,
unlike the natural satellites like the Moon, have sensors that capture images of the Earth's surface
by sensing electromagnetic radiation in different wavelengths.

These sensors take in various parts of the electromagnetic spectrum—mainly the blue,
green, and red parts visible to the human eye, plus others outside the range of visible light.

Imaging spectrometers on these satellites break up the spectrum into groups of wavelengths or
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bands so that surface features can be analyzed in fine detail. The resulting photographs are made
up of a grid of tiny cells, more familiar as pixels, with each pixel representing a particular patch
of ground and corresponding to the recorded intensity in some specific wavelength band. [16]

Temporal resolution is the rate at which a satellite returns and photographs the same
location. This is an important parameter for landscape characteristics and change detection over
long durations. By examining imagery gathered over 20, 30, or 40 years, it can be possible to
evaluate trends like urban growth or modification of green cover. Temporal data like this is gold
for efficient change detection and environmental monitoring over the long term. To illustrate,
Landsat 7 and Landsat 8 satellites offer a temporal resolution of 16 days, i.e., they revisit and
capture the same area every 16 days. [17]

The geographical coordinate system is a three-dimensional spherical reference system
employed to describe positions on the Earth's surface. Every position is described by a pair of
values: the latitude and longitude. These coordinates are angular measurements, given in
degrees, from the center of the Earth to the point of interest.

Latitude lines, or parallels, extend east to west and are employed to measure distances
north or south of the Equator and thereby bisect the Earth into the Northern and Southern
Hemispheres. Longitude lines, or meridians, extend from north to south and measure distances
east or west of the Prime Meridian. Together, longitude and latitude uniquely locate any point on
the Earth.

In the Universal Transverse Mercator (UTM) coordinate system, locations are specified
using two values: Easting (x-axis) and Northing (y-axis), both measured in meters. Each UTM
zone has its own coordinate grid. The central meridian of each zone is assigned an Easting value
of 500,000 meters to ensure all coordinates within the zone are positive. At the Equator, the
Northing value is set at 0 meters in the Northern Hemisphere, and at 10,000,000 meters in the
Southern Hemisphere to avoid negative values. Due to the Earth's curvature, the actual ground
distance represented by a given Easting value varies slightly from the Equator to the poles.

In a UTM (Universal Transverse Mercator) projected coordinate system, a location is
specified using Easting and Northing values, both measured in meters. The Easting value
represents the distance from the central meridian of the designated UTM zone, while the
Northing value indicates the distance from the Equator. The world is divided into 60 UTM
zones, each spanning 6 degrees of longitude. To uniquely identify a location, the Easting and
Northing values are always accompanied by the corresponding zone number [18].

Electromagnetic radiation is continuously generated by the Sun and encompasses a broad

spectrum of energy types, from gamma rays to radio waves. For most practical purposes, only a
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narrow segment of this spectrum—the visible region—is perceived by the human eye. Within
this visible region, three primary bands—tred, green, and blue—are commonly used for analysis;
however, satellite sensors can capture a much wider range of wavelengths.

For example, the Landsat 8 satellite is equipped with sensors that capture data across nine
spectral bands. Among these, Band 5 (near-infrared) is particularly useful for analysing
vegetation, as chlorophyll strongly reflects near-infrared light, making vegetation pixels highly
distinguishable. Band 3 corresponds to the green portion of the spectrum.

Analysing individual bands may not always provide a complete understanding of terrain
features. To address this, various band combinations are used. A true color composite (TCC) is
created by assigning red to Band 4, green to Band 3, and blue to Band 2, producing an image that
closely resembles natural colors as seen by the human eye [19].

Alternatively, a false color composite (FCC) utilizes bands outside the visible range, such
as the shortwave infrared (SWIR) band, to highlight specific features. FCCs are especially
effective in distinguishing between urban areas, farmland, different types of vegetation, and
land-water boundaries. In these composites, vegetation often appears in vibrant shades of green,
enhancing the ability to monitor shoreline changes and other landscape dynamics over time [20].

Healthy green vegetation reflects a high amount of near-infrared light and a low amount

of visible light, whereas unhealthy plants reflect less near-infrared light and more visible light.

Fig. 1: NDVI (Normalized Difference Vegetation Index) formula and interpretation

(Source: Internet)
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The Normalized Difference Vegetation Index (NDVI) is calculated using the formula:
NDVI = (NIR - Red) / (NIR + Red)

where NIR is the reflectance in the near-infrared band and Red is the reflectance in the
red band.

NDVI values range from -1 to 1. Higher NDVI values (closer to 1) indicate dense,
healthy vegetation, as healthy plants strongly reflect near-infrared light and absorb visible red
light. Conversely, lower NDVI values correspond to areas with little or no vegetation.

Typical NDVI Interpretation:
e NDVI from -1 to 0: Represents water bodies, barren land, snow, or clouds.
e NDVI from 0 to 0.2: Indicates barren areas of rock, sand, or urban surfaces.
e NDVI from 0.2 to 0.5: Indicates shrubland, grassland, or sparse vegetation.
e NDVI from 0.5 to 1.0: Represents dense, healthy green vegetation.

A higher NDVI value signifies higher near-infrared reflectance and therefore denser
greenery.

Methodology with Result Analysis

Time series analysis is a robust statistical technique used to examine data points collected
at successive, evenly spaced intervals over time. Unlike sporadic or random data collection, time
series analysis allows for the detection of trends, patterns, and temporal dynamics within the
data. In the context of environmental studies, datasets such as shoreline changes, deforestation
rates, or other environmental hazards are gathered sequentially over extended periods. This
systematic approach enables researchers to extract meaningful temporal features, facilitating a
deeper understanding of progressive environmental changes rather than isolated events.

By applying time series analysis, continuous processes—such as gradual vegetation loss,
evolving weather patterns, or the sustained rise of warm air over ocean surfaces—can be
effectively modelled and predicted. Integrating these sequential datasets with satellite imagery
and other geospatial information enhances the accuracy and reliability of environmental models.
This approach provides valuable insights into the underlying mechanisms driving environmental
change and supports informed decision-making for conservation and management strategies.
Study Area

Coordinate of analytical area - Latitude - 21.8, Longitude - 88.5
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Fig. 2: Coordinate of analytical area — Latitude 21.8, Longitude 88.5

3. Image Classification Methodology

The methodology for image analysis involved processing individual spectral bands from
satellite images to identify key land cover types such as vegetation, water bodies, and snow. For
water body delineation, an unsupervised classification model was applied to each pixel, enabling
the automatic identification of water features without the need for extensive ground truth data.

After categorizing the images, the Normalized Difference Water Index (NDWI) was
employed to quantify areas under water. This index utilizes the green and near-infrared (NIR)
bands, taking advantage of their distinct reflectance properties to effectively map water pixels.
The NDWI is particularly useful because water surfaces reflect more strongly in the green band
and absorb more in the near-infrared band, resulting in positive NDWI values for water pixels.

Satellite imagery from 1988 to 2020 was used for this study. Data were sourced from
Landsat 5, 7, and 8, which provide multiple spectral bands: Landsat 5 Thematic Mapper has 7
bands, while Landsat 7 and 8 Operational Land Imager sensors have 11 bands each. All images
were acquired from the same spatial extent (path 38, row 45) and referenced to the WGS 1984

UTM Zone 45N coordinate system to ensure spatial alignment.
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To facilitate temporal analysis, images from different years were merged into a single
feature class, enabling visualization and comparison of underwater area changes over time. The
2020 near-infrared band was designated as the base image for clipping and aligning the extent of
water pixels from other years, ensuring consistent spatial coverage across all datasets. Each

raster image was analysed for its dimensions (number of rows and columns) and cell size (30 x

30 meters), confirming that all bands were properly aligned and comparable.

By calculating the NDWI for each pixel, areas where the NDWI value exceeded zero
were classified as water. This approach enabled the precise mapping and quantification of water

bodies across the study period, providing valuable insights into temporal changes in the region’s

hydrology.

Sundarbans combined shoreline from 1988 to 2020.
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Fig. 3: Sundarbans combined shoreline from 1988 to 2020
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4. Prediction & Model proposition

To predict future shoreline area based on the observed time series data, I have
implemented a polynomial regression model of degree 3. The data collected from 1988 to 2020
exhibits a nonlinear trend, making linear regression unsuitable, as a straight line would not
adequately fit the data points or capture the observed patterns of change over time.

Polynomial regression is an effective technique when the relationship between the
predictor variable (in this case, time) and the response variable (shoreline area) is nonlinear. By
fitting a polynomial curve, the model can better represent the complex dynamics and fluctuations
observed in the shoreline data.

The general form of the polynomial regression equation is:

Y = Bo+ BiX + X2+ .. + Bu X" + &
where:
e Yis the predicted shoreline area,
e Xis the predictor variable (year),
e fo, fi, ..., Pu are the model coefficients,
e his the degree of the polynomial (here, h = 3), and
e ¢ s the error term.
By selecting a cubic (degree 3) polynomial, the model can accommodate the observed

nonlinearities and provide more accurate forecasts for future shoreline changes.
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Fig. 6: Polynomial regression prediction of shoreline area expansion

Using the third-degree polynomial regression model, predictions indicate that the
shoreline area will continue to expand in 2024 and in subsequent years. This increase in water-
covered area signifies ongoing soil erosion along the coast, a trend that has been clearly
identified through the analysis. The results highlight the persistent loss of landmass in the region,
emphasizing the need for immediate measures to address coastal erosion.

5. Experimental Result

NDWI calculation for under water area
> ndwi
class  : RasterLayer
dimensions: 7721, 7561, 58378481 (nrow, ncol, ncell)
resolution: 30, 30 (x, y)
extent : 544785, 771615, 2280885, 2512515 (xmin, Xmax, ymin, ymax)
crs : +proj=utm +zone=45 +datum=WGS84 +units=m +no_defs
source : memory
names : layer
values :-0.4883367, 0.2283444 (min, max)

Mangrove coverage in the Sundarban delta is steadily declining due to both natural and
human-induced factors. Rapid population growth, coupled with large-scale industrial
development, has undermined the environmental stability of the region. The destruction of
mangrove forests has contributed to a seasonal increase in atmospheric carbon dioxide levels
over the Indian Sundarbans. This, in turn, has led to a synchronized rise in atmospheric CO:
within the estuaries and a corresponding decrease in aquatic pH, indicating increased

acidification.
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Fig. 7: NDWI raster layer parameters and interpretation

The western part of the Sundarbans is particularly vulnerable, facing high levels of
aquatic pollution from a chain of factories and industries located along the banks of the Hooghly
River. These facilities frequently discharge untreated or partially treated wastewater into the
surrounding environment. Additionally, the western Sundarbans have fewer Sundari trees
compared to the eastern regions, primarily due to higher salinity levels. The formation of
multiple saline depressions—bowl-shaped areas with high salt concentrations—further inhibits
mangrove regeneration.

Historically, the natural flow of freshwater from rivers such as the “Piyal” supported
healthy mangrove growth. However, the construction of dams and other water management
structures has reduced the availability of freshwater, exacerbating the challenges faced by native
mangrove species. As a result, other species such as Avicennia alba—an iconic mangrove—have
become more prevalent. While the overall area covered by mangroves might appear unchanged,
the actual composition of the forest is shifting, masking the underlying decline in true mangrove
diversity and health.

Conclusion:

This study investigated shoreline changes in the Indian Sundarbans over a 34-year period
(1986-2020) using remote sensing data, machine learning techniques, and the DSAS software.
The analysis highlights the dynamic and complex patterns of coastal erosion and accretion,
shaped by both natural processes and human activities. Notably, soil erosion has intensified as
underwater area continues to expand, raising concerns about the potential inundation of parts of
the Sundarbans from 2024 onwards due to rising sea levels, ongoing erosion, and pollution.

Spectral indices such as NDWI and NDVI played a critical role in accurately demarcating
shorelines and assessing coastal land cover changes. These indices enhanced feature extraction
and provided valuable insights into the extent and depth of the issues. While erosion rates have

stabilized in certain eastern regions of the Sundarbans—coinciding with the implementation of
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coastal protection measures and increased mangrove regeneration in areas with reduced

salinity—other areas remain highly vulnerable.

The study reveals that coastal changes are driven by a combination of natural factors
(tidal forces, seasonal monsoons, sea-level rise, extreme weather events, sediment dynamics) and
anthropogenic influences (land use conversion, mangrove deforestation, aquaculture expansion,
water diversion, and urban development). These factors have collectively weakened the region’s
natural coastal defenses.

Given the strong correlation between global sea-level rise, increasing temperatures, and
shoreline erosion, it is essential to implement proactive measures to enhance the resilience of
vulnerable coastal areas in the Sundarbans. Future research will focus on integrating higher-
resolution satellite imagery, tidal calendar data, and advanced deep learning models for improved
shoreline extraction and change detection. Incorporating hydrodynamic, sediment, and
contaminant transport models (such as HSCTM2D), as well as considering low and high tide
data, will offer a more comprehensive understanding of short-term and long-term coastal
evolution.

As the Sundarbans is a micro-tidal region, regional studies incorporating tidal
information, cyclone data (e.g., Amphan, Yaas), and other climate-related parameters will further
refine predictive shoreline change models. These advancements will support more effective
coastal management strategies by local authorities and NGOs, ultimately strengthening the
region’s resilience in the face of climate change.
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Abstract:

Machine learning models have revolutionized the field of predictive analytics, enabling
organizations to extract insights from complex data and make informed decisions. By leveraging
historical data and statistical patterns, machine learning algorithms can predict future outcomes,
identify trends, and uncover hidden relationships. In this chapter, we will explore the key
machine learning models used in predictive analytics, including supervised and unsupervised
learning techniques, and discuss their applications in real-world scenarios. From predicting
customer behaviour to forecasting financial markets, machine learning models are transforming
the way businesses operate and make decisions.

Keywords: Forecasting, Classification, Regression, Decision, Mean Squared Error
Machine Learning Techniques:

Machine learning techniques can be broadly categorized into supervised and
unsupervised learning.

1. Supervised techniques involve training models on labelled data to predict outcomes,
where the model learns from examples to make predictions on new, unseen data.

2. Unsupervised techniques focus on identifying patterns and relationships in unlabeled
data, aiming to discover hidden structures or groupings.

While supervised learning is useful for tasks like regression and -classification,
unsupervised learning excels in applications such as clustering, dimensionality reduction, and
anomaly detection, enabling organizations to extract valuable insights from complex data.

1.1 Supervised Techniques

Supervised techniques for intelligent decision-making involve training machine learning
models on labelled data to make predictions or decisions. Some key techniques include:
» Regression: Predicting continuous outcomes, like forecasting sales or stock prices.

» Classification: Categorizing data into distinct classes, such as spam vs. non-spam emails.
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» Decision Trees: Creating tree-like models to classify data or make predictions based on
feature values.

» Random Forest: Combining multiple decision trees to improve accuracy and robustness.

» Support Vector Machines (SVMs): Finding optimal hyper planes to separate classes.

1.1.1 Regression

Regression analysis is a statistical method used to establish a relationship between two or
more variables. It helps predict the value of a continuous outcome variable based on one or more
predictor variables.

In regression analysis:
i.  Dependent variable (outcome variable): The variable being predicted or explained.
ii.  Independent variable(s) (predictor variable(s)): The variable(s) used to predict the
outcome variable.
The goal of regression analysis is to create a model that best predicts the outcome
variable by minimizing the error between predicted and actual values. This is achieved by
estimating the coefficients of the independent variables that result in the best-fitting model.
Types of Regression
» Simple Linear Regression: Models the relationship between one independent variable and a
continuous outcome variable.

» Multiple Linear Regression: Extends simple linear regression to multiple independent
variables.

» Non-Linear Regression: Models non-linear relationships between independent variables and
the outcome variable.

Example: Sales forecasting:

Predicting future sales based on historical data, seasonality, and other factors.

A retail company wants to predict future sales based on historical data. They have
collected data on monthly sales (in thousands of Rupees) and advertising expenditure (in
thousands of Rupees) for the past 2 years.

Data:

Month 1 2 3 4 5 6 7 8 9 10 | 11 | 12
Sales(Y) | 10 | 12 | 15 | 18 | 20 | 22 | 25 | 28 | 30 | 32 | 35 | 38
Ad Spend | 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13
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Goal:

Predict sales for the next month (Month 13) if the advertising expenditure is Rs.14, 000.
Linear Regression Model:

Let's assume a simple linear regression model: Y =0+ B1X + ¢
Where Y = Sales, X = Advertising Expenditure, O = Intercept, 1 = Slope, and € = Error term.
Estimating Model Parameters:

Using the data, we estimate the model parameters:
BO=6.2
pr=24
Regression Equation:
Y=62+24X
Prediction:

To predict sales for Month 13 with an advertising expenditure of Rs.14, 000 (X = 14), we
plug in the value of X into the regression equation:
Y =6.2+24(14)
Y=62+33.6
Y =39.8
Predicted Sales:
The predicted sales for Month 13 are approximately Rs.39,800.

This is a simple example, and in real-world scenarios, you might need to consider
additional factors like seasonality, trends, and other variables that can impact sales.
1.1.2 Classification: Categorizing data into distinct classes, such as spam vs. non-spam emails.
Example: Classifying emails as spam or non-spam using a supervised learning approach.
Suppose we have a dataset of labelled emails with two features: "Contains Keyword 'Free" and

"Sender is known".

Dataset:
Email ID 1 2 3 4 5 6
Contains Keyword 'Free' Yes Yes No Yes No Yes
Sender is Known Yes No Yes Yes No No
Label Non- Spam Non- Non- Spam Spam
Spam Spam Spam
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Goal
Classify a new email as spam or non-spam based on its features.
New Email
Email ID Contains Keyword 'Free' Sender is Known
7 Yes No
Classification Model

Let's use a simple decision tree classifier.
1. If the sender is known, classify as Non-Spam.
2. If the sender is unknown and the email contains the keyword "Free", classify as Spam.
Prediction
Based on the decision tree classifier, the new email (Email ID 7) would be classified
as Spam because the sender is unknown and the email contains the keyword "Free".
1.1.3 Decision Trees
1.  Tree-like model: Splits data into subsets based on feature values.
i1.  Classification and regression: Can be used for both classification and regression tasks.
iii.  Easy to interpret: Decision trees are simple to understand and visualize.
1.1.4 Random Forest
1.  Ensemble method: Combines multiple decision trees to improve accuracy and
robustness.
ii.  Reduces overfitting: By averaging predictions from multiple trees, random forests
reduce overfitting.
iii.  Handles high-dimensional data: Random forests can handle large numbers of features.
1.1.5 Support Vector Machines (SVMs)
i.  Hyperplane separation: Finds the optimal hyperplane to separate classes.
ii.  Maximal margin: SVMs aim to maximize the margin between classes.
iii.  Effective in high-dimensional spaces: SVMs can handle high-dimensional data and
non-linear relationships.
2. Unsupervised Techniques
Unsupervised learning involves training models on unlabeled data to discover patterns,
relationships, or structure within the data. Some common unsupervised techniques include:
1. Clustering: Grouping similar data points into clusters.
2. Dimensionality Reduction: Reducing the number of features in a dataset while

preserving information.
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3. Anomaly Detection: Identifying data points that deviate significantly from the norm.
2.1 Discovering Hidden Patterns
i.  Identifying customer segments: Clustering customers based on behaviour or
demographics.
ii.  Detecting anomalies: Identifying unusual patterns or outliers in data.

Discovering hidden patterns in data can be a game-changer for businesses. By identifying
customer segments through clustering, companies can tailor their marketing strategies to specific
groups, increasing the likelihood of successful engagement. For instance, a business might
discover that a particular segment of customers frequently purchases products online, but prefers
to interact with customer service via phone. Armed with this knowledge, the company can
optimize its online shopping experience and ensure its customer service team is equipped to
handle phone inquiries effectively. Similarly, detecting anomalies in data can help companies’
flag potential issues, such as fraudulent transactions or equipment failures, allowing them to take
proactive measures to mitigate risks and minimize losses. By uncovering these hidden patterns,
businesses can make more informed decisions, drive growth, and stay ahead of the competition.
2.2 Reducing Complexity

Reducing complexity in data analysis is crucial for extracting meaningful insights. Two
key techniques for achieving this are:

2.2.1 Dimensionality Reduction

Dimensionality reduction involves decreasing the number of features or variables in a
dataset while preserving the most important information. This helps to:

» Simplify analysis: By reducing the number of features, analysis becomes more manageable
and less prone to over fitting.

» Improve model performance: Fewer features can lead to better model performance and
reduced risk of overfitting.

> Enhance interpretability: With fewer features, it's easier to understand the relationships
between variables.

Common dimensionality reduction techniques include:

» Principal Component Analysis (PCA): Identifies the most informative features and projects
data onto a lower-dimensional space.
» t-Distributed Stochastic Neighbour Embedding (t-SNE): Maps high-dimensional data to a

lower-dimensional space while preserving local structures.
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2.2.2 Data Visualization

Data visualization is the process of representing complex data in a graphical format to

facilitate understanding and insight generation. Effective data visualization:

>

>

vV V¥V

Reveals patterns and trends: Visualizations can help identify relationships, patterns, and
trends in data that might be difficult to discern through numerical analysis alone.
Communicates insights: Visualizations can effectively convey complex information to both
technical and non-technical audiences.
Supports decision-making: By providing a clear and intuitive representation of data,
visualizations can inform business decisions and drive strategy.

Common data visualization techniques include:
Scatter plots: Show relationships between two variables.
Bar charts: Compare categorical data across different groups.
Heat maps: Represent complex relationships between variables using color.

By applying dimensionality reduction and data visualization techniques, businesses can

uncover hidden insights, simplify complex data, and drive informed decision-making.
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Abstract:

Green synthesis in chemistry focuses on the development of environmentally responsible
and sustainable chemical processes aimed at reducing or eliminating the use of hazardous
substances. It aligns with the principles of green chemistry, which emphasize minimizing
environmental and health risks while maintaining efficiency and product quality. Unlike
traditional methods that rely on toxic reagents and energy-intensive conditions, green synthesis
utilizes renewable raw materials, non-toxic solvents, biodegradable reagents, and energy-saving
techniques such as microwave irradiation, ultrasound, and solar energy. Notable applications
include the eco-friendly synthesis of metal nanoparticles using plant extracts and the use of safer
solvents like supercritical carbon dioxide and ethanol. The twelve principles of green chemistry,
including waste prevention, atom economy, energy efficiency, and safer synthetic methods,
provide a framework for creating safer and more sustainable chemical products. As industries in
pharmaceuticals, nanotechnology, and materials science seek to reduce their environmental
impact, green synthesis plays a vital role in advancing eco-conscious innovation, promoting
sustainability, and ensuring safer chemical practices.

Keywords: Green Synthesis, Green Chemistry Principles, Eco-Friendly Synthesis, Waste
Prevention, Chemical Products, Pharmaceuticals, Nanotechnology, Materials Science
Introduction:

Green synthesis in chemistry involves the development of environmentally responsible
and sustainable chemical processes. Its primary goal is to reduce or eliminate the use and
generation of hazardous substances by implementing safer, more sustainable methodologies.
This concept lies at the heart of green chemistry, which seeks to minimize the environmental and
health impacts of chemical reactions without sacrificing efficiency or product quality.

Traditional synthetic methods often rely on toxic reagents, hazardous solvents, and

energy-intensive conditions, leading to environmental pollution and safety concerns. In contrast,
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green synthesis utilizes safer alternatives such as renewable raw materials, non-toxic solvents
(like water or ethanol), biodegradable reagents, and energy-saving techniques, including
microwave irradiation, ultrasound, and solar energy.

A notable example is the use of plant extracts in the synthesis of metal nanoparticles
(e.g., silver or gold), which replaces harmful chemical reducing agents. Likewise, solvents like
supercritical carbon dioxide and ethanol are increasingly used in place of conventional, harmful
organic solvents in various organic reactions.

Embracing green synthesis methods supports sustainable development, aligns with
global environmental regulations, and enhances safety in both laboratory and industrial settings.
As eco-conscious innovation becomes more important across scientific disciplines, green
synthesis is gaining growing relevance in areas such as pharmaceuticals, nanotechnology,
materials science, and industrial chemistry.

In summary, green synthesis refers to creating chemical compounds using eco-friendly
solvents, renewable inputs, and energy-efficient techniques, aiming to reduce the environmental
and health risks typically associated with chemical manufacturing.

The twelve principles of green chemistry (Part — A) are useful for the green synthesis of
chemical compound (Part — B). They are as follows.

Part- A: Principles of Green Chemistry
1. Waste Prevention:

The foundational concept of green chemistry is to avoid generating waste altogether,
rather than managing it after it has been produced. Traditional chemical processes often
produce unwanted by-products that can be hazardous or difficult to dispose of. This
principle promotes designing chemical reactions and systems that produce minimal or no
waste from the beginning. Strategies include improving reaction pathways, using cleaner
reagents, and applying catalytic processes to avoid excess by-products.
Example: Using a one-pot synthesis instead of multiple sequential steps reduces
unnecessary waste and improves overall efficiency.
Benefits:

e Less environmental contamination

e Lower raw material usage and energy demand

e More cost-effective chemical production

2. Maximizing Atom Economy:
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This principle encourages chemists to design reactions where most, if not all, atoms from
the reactants are incorporated into the final product. Low atom economy leads to excess
waste and inefficient resource usage. Favourable reactions are those that add components
together with minimal by-products.

Examples: 1) Addition reactions (A + B — AB) tend to be atom-efficient. 2)
Substitution or elimination reactions often discard atoms as waste.

Formula:

Molecular weight of desired product

100

Atom Economy (%) =

Total molecular weight of all reactants
Benefits:
e Minimizes chemical waste
e Enhances efficiency
e Reduces material and production costs
3. Safer Synthetic Methods:
This principle promotes the design of chemical processes that avoid or limit the use of
hazardous substances. Instead of using toxic chemicals or producing harmful by-
products, the focus is on choosing safer reagents and conditions that pose fewer risks to
humans and the environment.
Examples: 1) Substituting chromium (VI) compounds with hydrogen peroxide for
oxidation 2) Using fewer toxic alternatives to carcinogenic solvents like benzene
Benefits:
e Improved safety for workers and users
e Lower environmental toxicity
e Reduced need for extensive safety controls
4. Designing Safer Chemicals:
The goal is to create products that are not only effective in their intended role but also
pose minimal risk to health and the environment. Chemists are encouraged to avoid
molecular features known to cause toxicity and instead aim for structures that degrade
safely after use.
Examples: 1) Designing pesticides that break down into non-toxic substances 2)
Replacing hazardous flame retardants with safer, biodegradable compounds
Benefits:

e Safer for consumers and industries
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e Reduced environmental persistence
e Easier compliance with regulations
5. Safer Solvents and Auxiliary Substances:
Many solvents and auxiliary materials (used for purification, separation, etc.) are
harmful or volatile. This principle emphasizes reducing or eliminating their use, or
replacing them with safer, greener alternatives.
Examples: 1) Using water, ethanol, or supercritical CO: instead of chlorinated solvents
2) Employing solvent-free reactions via microwave or mechanochemical methods
Benefits:
e Reduced chemical exposure
e Safer working conditions
e Lower environmental impact
6. Energy Efficiency:
This principle urges the use of processes that require less energy, ideally functioning at
room temperature and atmospheric pressure. Conventional reactions often consume large
amounts of energy, increasing cost and emissions.
Examples: 1) Reactions at ambient conditions 2) Using microwave technology to
accelerate chemical synthesis
Benefits:
e Lower carbon emissions
e Cost-effective operations
e More sustainable production methods
7. Use of Renewable Feedstocks:
Where possible, raw materials should come from renewable sources like plants or
biomass rather than finite fossil fuels. Renewable feedstocks can often be replenished
naturally and have a smaller environmental footprint.
Examples: 1) Using plant-derived ethanol over petrochemical-based solvents 2)
Creating biodegradable plastics from starch or sugarcane
Benefits:
e Decreased reliance on fossil fuels
e Promotes sustainability

e Often leads to eco-friendly products
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8.

10.

11.

Reducing Derivatives:
Unnecessary steps such as protection and deprotection in chemical synthesis should be
avoided. These steps often require extra reagents and generate additional waste.
Examples: 1) Skipping protective group steps using selective reactions
2) Applying direct functionalization strategies

Benefits:

e Simplifies synthesis

e Saves time and materials

e Reduces waste generation
Use of Catalysts:
Catalysts are substances that speed up reactions without being consumed. Their use
makes reactions more efficient and selective while minimizing waste and energy
consumption.
Examples: 1) Using enzymes in pharmaceutical synthesis 2) Metal catalysts like
palladium in cross-coupling reactions
Benefits:

e Higher yields and selectivity

e Reduced by-products

e Energy-efficient processes
Design for Degradation:
Chemical products should be designed to degrade into harmless substances once their
purpose is fulfilled. This prevents accumulation in the environment and reduces long-
term toxicity.
Examples: 1) Biodegradable polymers from plant sources 2) Drugs that decompose after
their therapeutic effect is achieved
Benefits:

e Less environmental persistence

e Reduces risk to wildlife and ecosystems

e Encourages sustainable chemical lifecycles
Real-Time Monitoring for Pollution Prevention:
This principle promotes using technologies that provide immediate feedback during
reactions. Real-time analysis helps prevent the formation of hazardous by-products and

ensures the process remains within safe limits.
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Examples: 1) Inline monitoring of pH, temperature, or concentration 2) Use of
spectroscopic tools like NMR or FTIR to track reactions
Benefits:
e Better process control
e Reduced waste generation
e Improved safety and efficiency
12. Inherently Safer Chemistry:
The final principle focuses on eliminating hazards at the source rather than controlling
them later. It involves selecting safer reagents, designing benign processes, and
minimizing the risk of accidents like fires or toxic leaks.
Examples: 1) Using water as a reaction medium instead of volatile solvents 2)
Replacing dangerous oxidizers with milder alternatives like hydrogen peroxide
Benefits:
e Lower accident risk
e Safer work environments
e Reduced safety and compliance costs
e QGreater public and environmental safety
Part — B: Green Synthesis of Chemical Compound (Green Methods)
1. Nanoparticle Synthesis:
Green nanoparticle synthesis leverages plant-based materials as natural reducing and
stabilizing agents to form metal nanoparticles such as silver (AgNPs) and gold (AuNPs).
This approach is sustainable, low-cost, and avoids harmful chemicals.
Procedure:
Plant Extract Preparation: Leaves from plants like tea, neem, or tulsi are cleaned,
dried, and boiled in water to extract phytochemicals.
Reaction with Metal Salts: The extract is combined with metal salts (e.g., silver nitrate
or chloroauric acid).
Reduction of Metal Ions: Natural compounds such as flavonoids, alkaloids, and
phenolics in the extract convert metal ions (Ag" or Au*") into neutral metal nanoparticles
(Ag° or Au°).
Nanoparticle Formation: A color change (e.g., yellow to brown for silver) confirms the

synthesis of nanoparticles.
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Examples:

e Gold nanoparticles synthesized using tea leaf extract.

o Silver nanoparticles produced using neem leaf extract due to its antioxidant properties.
Benefits:

o Uses non-toxic, biodegradable materials and reduces environmental pollution.

o Low-cost raw materials and energy-efficient processes.

2. Eco-friendly Organic Reactions:
Using alternative solvents such as water or ionic liquids in place of traditional organic
solvents enhances safety and environmental sustainability.
A) Reactions in Water:

o Water is a safe, abundant, and eco-friendly solvent.

e Several reactions like the Diels—Alder, Suzuki coupling, and hydrolysis can proceed
effectively in aqueous media.

e The “hydrophobic effect” in water may increase the efficiency of organic
transformations.
Examples: Aldol condensation and Michael addition reactions conducted in water
without a catalyst.
B) Reactions in Ionic Liquids:

e Jonic liquids are liquid salts composed of large organic cations and various anions,
remaining liquid at relatively low temperatures.

o They are stable, reusable, and non-volatile, offering an excellent alternative to volatile
organic compounds.

e Ionic liquids can dissolve diverse compounds and are used in reactions like Suzuki and
Heck couplings.
Example: Using [BMIM][PFs] as a solvent for palladium-catalysed coupling reactions.
Benefits:

e Reduced environmental hazards

o Fire safety and lower toxicity

e Recyclable solvents

e Enhanced reaction efficiency

3. Biocatalysis:
Biocatalysis utilizes natural catalysts like enzymes or microbial cells to facilitate

chemical reactions, adhering closely to green chemistry principles.
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Key Features:

Operate under mild conditions (ambient pH, pressure, and temperature)
Exhibit high specificity (chemo-, regio-, and stercoselectivity)

Originated from renewable biological sources

Generally, function in water-based systems

Examples:

Lipase used in esterification/transesterification

Amylase applied in converting starch to sugar for biofuel

Microorganisms used to ferment biomass into ethanol

Benefits:

Lower energy input

Minimal waste production

Non-toxic and biodegradable catalysts

Cleaner and more efficient reactions

Microwave and Ultrasound-Assisted Synthesis:

Modern physical techniques like microwave and ultrasound enhance reaction efficiency,
lower energy demand, and often eliminate hazardous reagents.

A) Microwave-Assisted Synthesis:

Applies microwave radiation to uniformly heat reactants

Rapidly boosts reaction rates by increasing molecular movement

Supports solvent-free or aqueous conditions

Example: Quick synthesis of pyrazoles or quinolines using microwave heating.
B) Ultrasound-Assisted Synthesis:

Employs high-frequency sound waves to create collapsing cavitation bubbles
These events generate localized high energy to accelerate reactions

Suitable for both organic and inorganic transformations

Example: Ultrasound-facilitated synthesis of metal nanoparticles or esterification
processes.

Benefits:

Shorter reaction times

Higher product yields

Reduced use of hazardous solvents

Lower energy consumption
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5.

Photocatalytic Synthesis:

Photocatalysis uses light energy often solar or UV to activate a catalyst that drives
chemical transformations without toxic reagents.

Key Characteristics:

Relies on renewable energy sources

Operates under mild, ambient conditions

Effective in pollutant degradation or organic synthesis

Common Catalysts:

Titanium dioxide (Ti0:), zinc oxide (ZnO), or doped semiconductor materials.
Examples:

Sunlight-induced TiO: degradation of waterborne dyes

Photocatalytic oxidation using visible-light catalysts like Ru(bpy)s** or organic dyes
Benefits:

Environmentally sustainable

Avoids harsh chemical usage

Energy-efficient and safe

Enables pollution remediation and green synthesis

Use of Supercritical Fluids:

Supercritical fluids exist at conditions above their critical temperature and pressure,
combining gas-like and liquid-like behavior, which enhances solubility and reaction
kinetics.

Supercritical CO: (scCO2):

A prominent green solvent due to its non-toxic, non-flammable, and recyclable properties
Replaces hazardous organic solvents in reactions and extraction processes

Examples:

Decaffeination of coffee using scCO: instead of methylene chloride

Applications in organic reactions, polymer processing, and pharmaceutical manufacturing
Benefits:

Environmentally friendly and safe

Easy removal post-reaction via depressurization

Minimal solvent waste

Energy-efficient method
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Conclusion:

Green chemistry provides an environmentally responsible approach to chemical research

and production by emphasizing the development of safer, cleaner, and more resource-efficient

methods. It aims to reduce ecological harm by limiting the use of toxic substances, encouraging

renewable materials, and adopting energy-saving practices. Innovative techniques such as

biocatalysis, microwave-assisted synthesis, the use of supercritical fluids, and photocatalytic

processes exemplify how scientific advancements can lead to safer and more sustainable

outcomes. Adopting green chemistry is crucial for safeguarding human health, conserving

natural resources, and promoting long-term sustainability in the chemical industry.
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Abstract:

Medicinal plants are potent to fight against diseases. Various medicinal plants have been
used to treat different kinds of diseases since ancient times, such as Amalaki (Emblica
officinalis), Ashwagandha (Withania somnifera), Arjuna (Terminalia arjuna), Brahmi (Bacopa
monnieri), Tulsi (Ocimum sanctum), Neem (Azadirachta indica), Shankhpushpi (Convolvulus
pluricaulis), Haritaki (Terminalia chebula), Bibhitaki (Terminalia bellirica), Giloy (Tinospora
cordifolia), Shatavari (Asparagus racemosus), Bhringraj (Eclipta alba), Vidanga (Embelia
ribes), Kutki (Picrorhiza kurroa), Chirata (Swertia chirayita), and Manjistha (Rubia cordifolia).
They have many phytochemical compounds, including alkaloids, flavonoids, terpenoids,
saponins, tannins, glycosides, phenolic compounds, coumarins, steroids, carotenoids, lectins, and
essential oils, which possess various biological properties, including analgesic, anti-
inflammatory, antibacterial, antifungal, antiviral, antioxidant, anti-ageing, anti-diabetic, anti-
hyperlipidaemic, antivenom, anticoagulant, anti-diarrhoeal, anti-malarial, anti-arthritic,
anticancer, antitumor, antilipidemic, antiparasitic, and antiseptic properties.

Keywords: Medicinal Plant, Phytochemical Compound, Therapeutic Property, Traditional
Medicine, Illness
Introduction:

Humans have been dependent on the plants for their primary necessities, including
medicines, foods, cloths, fertilisers, perfumes, essences, housings, and utensils, since ancient
times. According to World Health Organisation, approximately 80% of the population of
developing countries rely on herbal medicines as a primary treatment in the healthcare system
[1]. India is a leading country in traditional medicine practices from long ago, such as the ancient
Ayurveda system of medicine. Various medicinal plants have been used to treat different kinds
of diseases, such as Amalaki (Emblica officinalis), Ashwagandha (Withania somnifera), Arjuna
(Terminalia arjuna), Brahmi (Bacopa monnieri), Tulsi (Ocimum sanctum), Neem (Azadirachta
indica), Shankhpushpi (Convolvulus pluricaulis), Haritaki (Terminalia chebula), Bibhitaki
(Terminalia bellirica), Giloy (Tinospora cordifolia), Shatavari (Asparagus racemosus),

Bhringraj (Eclipta alba), Vidanga (Embelia ribes), Kutki (Picrorhiza kurroa), Chirata (Swertia
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chirayita), and Manjistha (Rubia cordifolia). The different parts of medicinal plants, including
leaves, barks, roots, seeds, flowers, stems, rhizomes, bulbs, pods, tubers, nuts, pericarps, and
resin, are used for therapeutic properties. These plant parts readily exist in our surroundings.
Therefore, the plant-derived drugs are conventionally available, accessible, cost-effective,
reliable, and competent [2]. They have various phytochemical compounds, including alkaloids,
flavonoids, terpenoids, saponins, tannins, glycosides, phenolic compounds, coumarins, steroids,
carotenoids, lectins, and essential oils. They possess diverse therapeutic properties due to the
presence of various phytochemical compounds associated with medicinal plants, such as
analgesic, anti-inflammatory, antibacterial, antifungal, antiviral, antioxidant, anti-ageing,
digestive, gastrointestinal health, and immunomodulatory properties [3]. The review highlights
the therapeutic potential of some medicinal plants as key sources in the search for effective
treatments against multidrug-resistant pathogens and other human diseases, underscoring the
importance of continued research and discovery in this field.
Turmeric (Haldi): Curcuma longa
Kingdom: Plantae
Division: Magnoliophyta
Class: Liliopsida
Order: Zingiberales
Family: Zingiberaceae
Genus: Curcuma
Species: Curcuma longa

Turmeric belongs to the Zingiberaceae family. The plant is perennial and herbaceous and
is found in South Africa, India, Bangladesh, Sri Lanka, Pakistan, Thailand, Indonesia, Nepal,
Nigeria, Ethiopia, Brazil, and Colombia. India is the largest producer and exporter of turmeric. It
contains funnel-like yellow flowers and large green leaves, having approximately 1 meter in
height. The rhizome is dried and ground into a fine yellow-coloured powder form to make
further use.

Turmeric is very useful in the treatment of gallbladder complications, hepatitis, toxicities,
scabies, Alzheimer’s, asthma, ulcers, bursitis, breast carcinoma, colorectal carcinoma, cataracts,
colic, skin eruptions, diarrhoea, eczema, fibrosis, cholelithiasis, arteriosclerosis, cardiovascular
disorders, hypercholesterolemia, hypertriglyceridemia, swelling, intestinal pain, gastrointestinal
disorders, jaundice, amenorrhea, lymph gland problems, dysmenorrhea, morning sickness, pain,
psoriasis, sprains, boils, injuries, fungal infection [4], liver disease, diabetic wounds, rheumatoid

arthritis, inflammation, sinus, lack of appetite, nasal congestion, sore throat, tussis [5], kidney
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disorders, oxidative stress, hyperlipidaemia, toxicity, liver damage, blood clotting, diabetes,
anaemia, food intoxications, gall stones, gastritis, and indigestion [6].
Ginger (Adrak): Zingiber officinale
Kingdom: Plantae
Division: Magnoliophyta
Class: Liliopsida
Order: Zingiberales
Family: Zingiberaceae
Genus: Zingiber
Species: Zingiber officinale

Ginger belongs to the Zingiberaceae family. The plant is perennial and herbaceous and is
found in South Africa, India, Bangladesh, Sri Lanka, Pakistan, China, Indonesia, Nepal, Nigeria,
Ethiopia, Philippines, Vietnam, Thailand, Ghana, Tanzania, Brazil, Colombia, Jamaica, and
Mexico. The rhizome is a useful part of the plant that is collected for fresh and dry use. It grows
to 1-1.5 metres in height and has narrow green leaves with yellow-green flowers. It contains
specific phytochemical compounds, including gingerols, shogaols, zingerone, and paradols. It is
widely used at a large scale in the formulation of herbal medicines and food.

Ginger is very effective in the treatment of various illnesses including indigestion, loss of
the sense of taste, anorexia, flatulence, indigestion, nausea, vomiting, hypersensitivity, cough,
cold, fever, sneezing, nasal congestion, runny nose, sinuses, bronchitis, sore throat, cephalalgia,
muscle spasm, odontalgia, swelled gum [7], swelling, joint pain, carminative, dizziness,
indigestion, constipation [8,9], rheumatoid arthritis, heart muscles, cardiovascular disorders,
hypoglycaemia, hyperglycaemia, cancer, larva, immunodeficiency, bacterial infection, fungal
infection [10], high blood pressure, swelling, bronchitis, heartburn, peptic ulcer, and intoxication
[11].
Cinnamon (Dalchini): Cinnamomum verum
Kingdom: Plantae

Division: Magnoliophyta
Class: Magnoliopsida
Order: Laurales
Family: Lauraceae
Genus: Cinnamomum
Species: Cinnamomum verum
Cinnamon belongs to the Lauraceae family; the plant is a small, evergreen tropical that is

found in Sri Lanka, India, China, Indonesia, Vietnam, Tanzania, Mauritius, Brazil, and Jamaica.
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The inner bark of the plant was dried and ground to make fine powder. It grows 10-15 metres in
height and has oblong to lanceolate-shaped leaves with greenish to yellowish-white flowers. It
contains specific phytochemical compounds, including cinnamaldehyde, cinnamic acid, linalool,
and methyl cinnamate. It is used at a large scale in the formulation of herbal remedies.

Cinnamon is very useful in the treatment of various diseases including nausea, flatulent
dyspepsia, coughs, diarrhoea, malaria, rheumatic arthritis, gastrointestinal disorders, colorectal
cancer, painful menstruation, oxidative stress, inflammation, cancer risk [12], cardiovascular
disorders, bacterial infection, fungal infection, diabetes [13], tumour, cardiovascular disorders,
hyperlipidaemia, immunodeficiency insulin imbalance [14], respiratory tract infection,
gastrointestinal disorders, Parkinson’s, Alzheimer’s disease [15], hypercholesterolemia,
hyperglycaemia, cancer risk, halitosis, sore throat, neurodegenerative disorders, fungal infection,
bacterial infection, viral infection, parasitic infection, reduces urinary tract infection, blood
clotting, headaches, migraine, pimples, blood circulation, and joint pain [16].

Indian Gooseberry (Amla): Phyllanthus emblica
Kingdom: Plantae
Division: Magnoliophyta
Class: Magnoliopsida
Order: Malpighiales
Family: Phyllanthaceae
Genus: Phyllanthus
Species: Phyllanthus emblica

Amla belongs to the Phyllanthaceae family; the plant is a deciduous fruit-bearing tree that
is found in Sri Lanka, India, China, Indonesia, Malaysia, Nepal, South Africa, Uganda, Kenya,
United Arab Emirates, Brazil, and Jamaica. The inner bark of the plant was dried and ground to
make fine powder. It grows 8-18 metres in height and has simple, light green, small, pinnate-like
leaves with small greenish-yellow flowers. Fruit resembles smooth, circular, and light greenish.
It contains specific and rich phytochemical compounds, including phyllembelic acid, ellagic
acid, emblicanin A & B, and ascorbic acid. It is used at a large scale in the formulation of herbal
medicines, jam, jelly, and pickles.

Amla is very useful in the treatment of various diseases, including neurological disorders,
immunodeficiency, tumour growth, oxidative stress, mutagenic alteration, indigestion,
cardiovascular disorders, anaemia, haematuria, neurodegenerative disorders, jaundice, greying
hair, gastrointestinal tract infection, leucorrhoea, prostate cancer, central nervous system
disorder, kidney dysfunction, piles, menorrhagia, liver dysfunction, hyperlipidaemia, Parkinson’s

disorder, viral infection, inflammation, diabetes, fever [17], skin eruptions, pancreatitis,

109



Bhumi Publishing, India
July 2025

oxidative stress, obesity, ophthalmic disease, gastrointestinal tract infection, constipation,
gastritis metabolic dysfunction, cardiovascular disorders [18], bronchitis, asthma, cough, and
headache [19].
Chebulic Myrobalan (Harad):
Kingdom: Plantae
Division: Magnoliophyta
Class: Magnoliopsida
Order: Myrtales
Family: Combretaceae
Genus: Terminalia
Species: Terminalia chebula

Harad belongs to the Combretaceae family; the plant is a large deciduous tree that is
found in Sri Lanka, India, Bhutan, Malaysia, Nepal, Bangladesh, Pakistan, Thailand, Indonesia,
Malaysia, Cambodia, China, Ethiopia, and Tanzania. It grows 20-30 metres in height and has
smooth, dark green, elliptical to ovate-shaped leaves with small dull white to yellow flowers.
Fruits resemble drupes, are oval, 2-4.5 cm long and slightly bitter. It contains specific and rich
phytochemical compounds, including chebulagic acid, chebulinic acid, ellagic acid, and
corilagin. It is used at a large scale in the formulation of herbal medicines.

Harad is very useful for the treatment of various diseases, including stomach ulcers,
cancer cell development, mutagenic alteration, liver damage, hyperlipidaemia cardiovascular
disorders, joint pain, inflammation, swelling, wound healing, parasitic infection, hypersensitivity
reaction, hypercholesterolemia immunosuppression, neurodegenerative disorders,
gastrointestinal tract problems, asthmas [20], oxidative stress, diabetes, bacterial, antifungal
infection, viral infection, parasitic infection [21], epilepsy, joint pain, strain [22].

Garlic (Lahsun): Allium sativum
Kingdom: Plantae

Division: Magnoliophyta
Class: Liliopsida
Order: Asparagales
Family: Amaryllidaceae
Genus: Allium
Species: Allium sativum

Garlic belongs to the Amaryllidaceae family; the plant is a bulbous, herbaceous perennial
plant that is found in Sri Lanka, India, Bhutan, Malaysia, Nepal, Japan, Egypt, Morocco,
Bangladesh, Pakistan, Thailand, Indonesia, Malaysia, China, Australia, and New Zealand. It
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grows 30-90 cm in height and has long, flat, narrow, grass-like, green-coloured leaves with small
pink to whitish flowers. It contains specific and rich phytochemical compounds, including allicin
and diallyl disulfide. It is used at a large scale in the formulation of herbal medicines and food.

Garlic is very useful for the treatment of various diseases, including inflammation,
hypertension, hyperlipidaemia, atherosclerosis, viral infection, bacterial infection, fungal
infection, blood clotting, oxidative stress [23], whooping cough, lung dysfunction, indigestion,
constipation, gastritis, cold, ophthalmic disorders, cardiovascular disease [24], blood clotting,
tumour growth, diabetes, liver dysfunction, intermittent fever, flatulence, catarrh, dropsy,
epilepsy, nervous system disorder, urine problem, amoebic dysentery, cholera, hysteria, and
asthma [25].

Onion (Pyaz): Allium cepa
Kingdom: Plantae

Division: Magnoliophyta
Class: Liliopsida
Order: Asparagales
Family: Amaryllidaceae
Genus: Allium
Species: Allium cepa

Onion belongs to the Amaryllidaceae family; it is a bulbous, herbaceous, and biennial
plant that is found in India, Bhutan, Sri Lanka, Turkey, Nepal, Egypt, Bangladesh, Pakistan,
Thailand, Indonesia, Malaysia, China, Russia, Mexico, Spain, Brazil, and United States. It grows
30-90 cm in height and has hollow, cylindrical, bluish-green-coloured leaves with small white to
greenish flowers. It contains specific and rich phytochemical compounds, including allyl propyl
disulfide, quercetin, and S-methylcysteine sulfoxide. It is used at a large scale in the formulation
of herbal medicines and food.

Onion is very useful for the treatment of various diseases, including cough, cold, flue,
sneezing, inflammation, pain, diabetes, asthma, sore throat, oxidative stress, parasitic infection,
acne, blackheads, pimples, bacterial infection, fungal infection, hypertension, tumour growth,
hypoglycaemia, hyperlipidaemia, arthritis, immunosuppression, earache, running ears, stomach
pain, gas formation, intestinal problem, nausea, constipation, jaundice, sexual debility, oral
cavity problem, toothache, piles, cancer, blood clotting, spleen dysfunction, liver infection, hair
fall, greying hair, and kidney dysfunction [26].

Conclusion:
These indigenous medicinal plants, abundant in bioactive phytochemicals, provide cost-

effective, accessible, and reliable therapeutic resources for a range of health conditions. Their
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roles in both preventing and treating diseases highlight the value of traditional plants in both

primary healthcare and modern drug discovery. Continued scientific research and integration into

healthcare strategies can greatly enhance public health outcomes
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