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PREFACE

The convergence of advanced materials, chemical systems, and
digital technologies is reshaping the landscape of modern science
and engineering. The book Smart Materials, Chemical Systems, and
Digital Technologies is conceived as an interdisciplinary volume that
captures this transformation by bringing together diverse yet
interconnected research themes spanning mechanical
engineering, civil systems, chemistry, nanoscience, and intelligent

computing.

A central focus of this book lies in the development and
characterization of advanced materials. Several chapters explore
the mechanical, ftribological, and microstructural behavior of
composite materials, including natural fiber-reinforced polymers
and hybrid metal matrix systems. These studies emphasize the
growing importance of sustainable and high-performance materials
in engineering applications, where durability, efficiency, and
environmental compatibility are key considerations. The integration
of polymer chemistry and advanced composite technologies further

strengthens the foundation for next-generation material innovation.

Equally significant is the emphasis on sustainable resource
management and environmental engineering. The assessment of
groundwater quality and strategies for sustainable water resource
management highlight the critical need for scientific approaches to
address global water challenges. These contributions underscore
the role of chemical analysis, environmental monitoring, and
engineering solutions in ensuring the long-term availability and

safety of essential natural resources.
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The book also reflects the rapid evolution of digital technologies in
engineering practice. The application of machine learning in smart
manufacturing and mechanical systems illustrates how data-driven
approaches are revolutionizing industrial processes. By enabling
predictive maintenance, process optimization, and intelligent
decision-making, these technologies are bridging the gap between

traditional engineering and modern computational intelligence.

Emerging areas such as nanophysics and nanotechnology are
explored to demonsirate their transformative potential across
multiple domains. From nanoscale material properties to their
application in energy systems and chemical processes, these
advancements open new pathways for innovation. In particular, the
use of nanoparticles in fuel systems and alternative energy sources
highlights the intersection of material science, chemistry, and

sustainable energy engineering.

In addition, the book delves into specialized chemical systems,
including synthesis, biological activity, and molecular-level studies,
reflecting the expanding role of chemistry in interdisciplinary
research. These investigations contribute to the understanding of
complex chemical interactions and their practical implications in

both industrial and scientific contexts.

Overall, this volume aims to provide a comprehensive platform for
researchers, academicians, and practitioners to explore the
integration of smart materials, chemical innovations, and digital
technologies. By presenting contemporary research and review-
based insights, the book encourages cross-disciplinary
collaboration and fosters a deeper understanding of the

technological advancements shaping the future.
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Chapter 1

Mechanical and Tribological Characterization of
Natural Filler Reinforced Vinyl Ester Composites:
A Review

C.Prakash?, S.Suriya®, M.lyyappan®, P.Ajay”

aAssociate Professor, Department of Mechanical Engineering, Roever
Engineering College, Perambalur, Tamil Nadu, India.

bUG Student, Department of Mechanical Engineering, Roever
Engineering College, Perambalur, Tamil Nadu, India.

* Corresponding Author: cprakashmek@gmail.com

Abstract

Vinyl ester (VE) resin has recently become one of the top finishing
and strength matrices for composite manufacturing due to its
outstanding chemical resistance, very low moisture absorption
(~0.15%), and great mechanical response. Using natural fillers
including plant fibers, agricultural wastes, and mineral particles,
helps not only improve the composite's performance but also make it
environmentally friendly. This paper highlights the different
mechanical and tribological properties of vinyl ester composites
reinforced with natural fillers that have been reported in the
literature. The main findings indicate that tensile strengths range
have been recorded between 55 and 80 MPa, while flexural strengths
range from 89 to 136 MPa, with both depending primarily on the type
of filler used, the amount of filler added, and the surface treatment of
the filler. Regarding tribological properties, extremely low wear rates,
i.e. 2.41 x 10* mm?3®/Nm and the friction coefficients ranging from

0.35 to 0.51. Interfacial adhesion behavior has been studied along
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with wear mechanisms and surface characteristics to bring together
the main research issues that have to be addressed and the

opportunities that arise.

Keywords: natural filler, tribological properties, vinyl ester composites,

glass fiber, stiffness.

1. Mechanical Characterization of Natural Filler Reinforced Vinyl

Ester Composites
1.1 Tensile, Flexural, and Impact Properties

The mechanical behavior of natural fiber reinforced vinyl ester
composites (NFR, VECs) is determined by the complex interaction of
several factors such as filler shape, filler volume fraction, filler aspect
ratio and also the degree of interfacial compatibility of the filler with
the vinyl ester (VE) matrix. Vinyl ester resins are basically bisphenol
A epoxy backbone with methacrylate ester groups as terminal groups.
They have fracture toughness values in the range of 1.2-1.8 MPa-m?0-5
which can be increased through the addition of natural fillers in both
particulate and fibrous forms [1]. Yeswanth et al. [3] found that vinyl
ester composites reinforced with bamboo fiber showed a tensile
strength of 68.4 MPa at 15 wt% filler loading. Yet, this value
represented a 34% increase over the neat VE resin (51.0 MPa). The
strength of flexure was also remarkably high at 112.6 MPa through
the use of bamboo which has a very high cellulose content (~70%)
and natural hollow microfibrillar structure. These features of bamboo
effectively help in load transfer during the mechanical deformation.
Furthermore, hybrid configurations which combine different natural
fibers have been shown to result in further synergistic gains. For
example, banana/sisal hybrid reinforced VE composites (20 wt%)

displayed a tensile strength of 74.2 MPa and flexural strength of
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128.9 MPa [5] which were superior to those of the individual fibers.
The fact is, the hybridization phenomenon was caused by the fact
that each fiber type had different mechanical properties, so even
though sisal was a high stiffness fiber (Young's modulus ~38 GPa),
this complemented the second lower stiffness fiber type, banana

fibers (27 GPa).

":'J,’

Vinyl Ester Composite
Test Specimen
Jute Bamboo Kenaf Coir

Figure 1: Illustration about natural fibers

Jute fiber composites (25 wt%) exhibited tensile and flexural
strengths of 61.8 MPa and 98.3 MPa, respectively [6], which were
lower than those of bamboo based systems as jute contains a higher
amount of lignin (~14%) and has more fiber irregularities. Use of
particulate fillers like rice husk (RH) gave rather low tensile strength
of 55.3 MPa at 10 wt% loading; this was due to the lower aspect ratio
and stress concentration at the boundaries of irregular particles [7].
Kenaf/coir hybrid composites (30 wt%) recorded the greatest tensile
strength (80.5 MPa) and flexural strength (136.2 MPa) among the
systems surveyed [9], which was the result of well, planned fiber
orientation and the cellulosic interlocking network formed during
processing. Impact strength results for NFR, VECs commonly lie in
the range 2855 kJ/m and go up with fiber content until an optimum

8168553
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538

|8|28

! Page | 3




Dr. R, Mumﬁr‘ﬂ/ﬁ, Mbs, ﬁimpé %mg'm, DOr. 4. R, Sivaram, Or. S. Gnanam

point (~20-25 wt%), after which agglomeration reduces the ability to
absorb energy [4]. Compared to synthetic materials, NFR, VECs have
15-30% lower tensile moduli (~4.5-8.0 GPa vs. ~12-18 GPa for glass
fiber systems) but their specific strength is in line with others due to
their lower density (1.1-1.3 g/cm?® vs. 1.8-2.0 g/cm?® for GFRP) [2].
This is why they are deemed highly suitable for lightweight structural

as well as semi, structural applications.
1.2 Interfacial Adhesion and Fracture Behavior

The interfacial adhesion between natural fillers and the VE matrix
plays a major role in determining the mechanical performance of the
composites. Natural fillers are hydrophilic since they have hydroxyl
groups in cellulose and hemicellulose that are exposed to the
environment. This results in incompatibility with the dispersive
nature of VE resin, which leads to poor wettability and very weak
interfacial bonding. Consequently, fiber pullout and debonding show
up during mechanical loading [1]. Alkali treatment or mercerization
with NaOH 5-10wt% solution removes surface waxes, hemicellulose,
and lignin, increasing the surface roughness (Ra from ~1.2 ym to ~3.8
pum) and hence mechanical interlocking. FTIR spectrometry shows
that the OH stretching peak (~3400 cm) decreases after treatment,
consistent with dehydroxylation [5]. Silane coupling agents (such as
3, aminopropyltriethoxysilane, APTES) lead to covalent SiOC bond
formation on the fiber surface by contact angle measurements
showing a decrease from ~78° to ~34°, denoting better hydrophilicity
and matrix compatibility [6]. SEM of fracture surfaces of composites
without any surface treatment shows lots of fiber pullout, debonding
void, and matrix cracking. In contrast, treated composites are
characterized by failure mode in which the matrix remnants that

adhere to fiber surfaces, a sign of strong interfacial bonding, are
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dominant [3, 7]. Fracture toughness (KIC) values increase from ~0.9
MPa'm0-5 (untreated) to ~1.5 MPa-mO-5 (silane-treated) at 20 wt% filler
following the SEM indications of crack deflection and bridging

mechanisms [9].

2. Tribological Characterization of Natural Filler Reinforced

Vinyl Ester Composites
2.1 Wear Behavior and Wear Mechanisms

Tribological performance of natural fibre, reinforced vinylester
composites (NFR, VECs) has mainly been studied in dry sliding
conditions, using pins, on, disks setups, with loads in the range of
10, SO N, speeds of 1, 4 m/s, and distances up to 3000 m. Wear rate
(W) is defined as the volume loss per unit of applied force per unit of
sliding distance (mm/Nm). Kenaf/coir hybrid VE composites (30 wt%)
came out on top with a minimum wear rate of 2.41 x 10™ mm®/Nm
under a 20 N load at 2 m/s [9]. The, developed protective tribofilm on
the worn surface as well as the dense fiber network that increased
the load, carrying capacity, were responsible for the observed low
wear rate. In the meantime, banana/sisal hybrid composites
demonstrated a wear rate of 2.87 x 10™ mm?*/Nm [5], and bamboo
fibre composites 3.21 x 10™* mm®/Nm [3]. Rice husk particulate
composites however exhibited higher wear rates (~5.64 x 10™
mm?3/Nm) [7], which was explained by the abrasive nature of silica
(SiO, ~94%) in RH particles acting as third, body abrasives during
sliding. SEM examination of worn surfaces led to the identification of
the main wear mechanisms: (i) abrasive wear, with parallel grooves
and matrix plowing marks as evidence, was the main wear mode at
high loads (>30 N) and speeds (>3 m/s); (ii) adhesive wear, showing

up as material transfer and smearing, was the dominant mode at
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moderate loads (15, 25 N); and (iii) fatigue wear, revealed by pitting
and delamination, was the main mode at very long sliding distances
(>2000 m) [6, 8]. Increasing filler content from 10 to 25 wt% results
in a gradual decrease in wear rate by 40, 55%, as natural fibers act
as reinforcements in the matrix against subsurface crack propagation

and material delamination [4].
2.2 Frictional Performance and Surface Degradation

The friction coefficient (CoF) for the NFR, VECs ranges from 0.35 to
0.51 depending on the type of filler, surface morphology, and sliding
conditions. Kenaf/coir hybrid composites had the lowest CoF (0.35)
[9], which was explained by the natural waxes dispensed on coir fiber
surfaces giving a self, lubricating effect and the establishment of a
stable transfer film. On the other hand, rice husk, filled composites
exhibited a CoF of ~0.51 due to abrasive micro, cutting by the hard
SiO particles [7]. 3D profilometry analysis of surface degradation
indicates that changes in surface roughness (Ra) are closely linked
with the change of wear mechanisms. During the initial running, in
periods (0-500 m), Ra increases rapidly from ~0.8 m to ~3.2 um, then
it enters a steady, state stage (Ra ~2.5-4.0 um) where the presence of
a compacted debris layer stabilizes frictional behavior [10]. Energy,
dispersive X, ray spectroscopy (EDX) of worn counterfaces verifies
that a transfer film made up of cellulosic fragments and VE matrix
debris has been created. This film serves as a solid lubricant and
lessens direct asperity contact [5, 12]. The thickness of the transfer
film, which ranges from 2 to 8 um, is negatively correlated with CoF
values, thus further illustrating the tribological impact of natural
fiber components in the frictional response. Under higher loads (>40

N), thermal softening of the VE matrix (Tg of glass transition
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temperature ~120-135°C) contributes to faster surface degradation

and results in an increase in CoF by 15-25% [11].

Table 1. Comparative mechanical and tribological properties of natural
filler reinforced vinyl ester composites from selected literature

. Wear
. Tensile | Flexural
. Loading Rate
Filler Type Strength | Strength N CoF References
(Wt%) | = (mPa) | (MPa) (<10
mm?3/Nm)
Bamboo fiber 15 68.4 112.6 3.21 0.38 | Yeswanth et al. [3]
Banana/Sisa Arthanarieswaran
I hybrid 20 74.2 128.9 2.87 0.42 et al. [5]
Jute fiber 25 61.8 98.3 4.10 0.46 | Rajesh et al. [6]
Rice  husk 10 55.3 89.7 5.64 0.51 | Datta et al. [7]
(RH)
Kenaf/Coir Shanmugam et
hybrid 30 80.5 136.2 2.41 0.35 al. [9]
Coconut shell | 59.1 103.4 3.78 0.44 | Prasad et al. [10]
powder

CoF = Coefficient of Friction; Wear rate measured at 20 N load, 2 m/s
sliding speed.

2.3. Fabrication Methods

Natural filler reinforced vinyl ester composites are fabricated using
several established processing techniques, each influencing the final
mechanical and tribological performance. Hand lay-up is the most
widely employed method due to its low cost, simplicity, and suitability
for large structures, though it yields relatively higher void content
(~2-35%). Compression molding provides improved fiber-matrix
consolidation under controlled pressure (5-15 MPa) and temperature,
significantly reducing porosity. Resin transfer molding (RTM) offers
superior dimensional accuracy, uniform resin distribution, and
minimal void fraction (<1%), making it preferable for structurally
demanding applications. Processing parameters directly influence

interfacial bonding quality and composite performance [1, 4, 8].

Page | 7




Dr. R, Mumﬁr‘ﬂ/ﬁ, Mrs. ﬁimpé %mg'm, DOr. 4. R, Sivaram, Or. S. Gnanam

3. Conclusion

This paper shows that natural filler reinforced vinyl ester composites
can be a technically feasible and environmentally green solution in
replacing conventional synthetic fiber composites for moderate, duty
structural and tribological applications. With optimized hybrid filler
systems at 25, 30 wt% loading, tensile and flexural strengths of up to
80.5 MPa and 136.2 MPa respectively are possible, while wear rates
of 2.41 x 10 mm?3/Nm along with CoF values down to 0.35 support
tribological performance. Alkalization and silane coupling, as surface
treatments, are still a requirement for obtaining the highest level of
interfacial adhesion. Besides that, there are many ways to enhance
the properties of these bio, composites such as the introduction of
nano, fillers, the study of thermo mechanical fatigue, and the
development of tribological testing standards. These are the main
points of focus that researchers should follow to expedite the
movement of NFR, VECs into the automotive, marine and agricultural

machinery industries.
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Abstract

Groundwater is a vital freshwater source, supplying drinking water
to nearly half the global population and supporting agriculture and
industry. Despite subsurface filtration, its quality is influenced by
geology, hydrochemistry, and human activities. This chapter covers
groundwater quality concepts, controlling factors, contaminants,
assessment techniques, standards, and management strategies. It

concludes with emerging issues and protection measures. Key to
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understanding sustainability. Groundwater management is crucial
for ecosystems and humans. Quality impacts health and livelihoods.
Effective strategies ensure its preservation. A critical resource needs

careful management.

Keywords: Groundwater quality, hydrogeochemistry, contamination,

aquifer, water quality standards, groundwater management.
1. Introduction

Groundwater is a key freshwater source, accounting for 30% of global
resources. It supports domestic, agricultural, and industrial water
needs. Vital for global water security. Crucial for irrigation and
drinking water. Plays a significant role in ecosystems. Essential for
sustainable development. (Freeze & Cherry, 1979; Todd & Mays,
2005). Urbanization, industrialization, and agriculture have degraded
groundwater quality . Contamination often goes undetected and is
tough to clean up. This poses long-term health and environmental
risks. Groundwater needs protection. Pollution impacts ecosystems
and humans. Prevention is key. Monitoring is crucial. Timely action
mitigates damage. Sustainability is the goal . Effective management
is essential. (Alley, 1993).Groundwater quality refers to the physical,
chemical, and biological characteristics of groundwater that

determine its suitability for specific uses.
2. Occurrence and Movement of Groundwater

Groundwater is stored in aquifers , geological formations with water-
filled pores and fractures. They store and transmit water. Aquifers
vary in size and depth. Crucial for freshwater supply. Support
ecosystems and humans. Vital for sustainable development . (Bear,
1979). Water seeps through soil, percolates down, and interacts with

minerals. This alters its chemical makeup. Affects groundwater
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quality. Natural process shapes water chemistry. Influences

suitability for use. Impacts ecosystems and humans.
Aquifers are classified as:

Unconfined aquifers — directly recharged from surface water
Confined aquifers — overlain by impermeable strata

The hydrogeological environment strongly influences groundwater

chemistry (Fetter, 2001).
3. Parameters of Groundwater Quality

Groundwater quality is assessed using physical, chemical, and
biological parameters. This ensures safety and suitability. Parameters
indicate contamination levels. Guides treatment and management.

Affects human consumption. Impacts ecosystem health .
3.1 Physical Parameters

Temperature, Turbidity, EC, TDS. Indicate physical and chemical
characteristics. Affect suitability for use. Guide treatment needs.
Impact aquatic life. Influence management decisions. Vital for

monitoring. Crucial for sustainability.
3.2 Chemical Parameters

Major cations - Ca?* , Mg?* , Na® , K* . Major anions - HCO; ~ , SO4 2~ |
Cl" , NOs ~ . Trace elements - Arsenic, Fluoride, Iron, Lead, Cadmium.
Impact water quality. Affect health and use. Guide treatment needs.
Influence ecosystem. Some are toxic. Require monitoring. Affect
potability .Hydrochemical interpretation uses graphical methods like
Piper diagram. Visualizes water chemistry. Identifies water types.
Aids classification. Supports comparison. Guides management

decisions. (Piper, 1944) and Gibbs plot (Gibbs, 1970).
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3.3 Biological Parameters

Microbial indicators: Total coliform, Fecal coliform, Pathogens.
Indicate contamination risk. Assess water safety. Guide treatment
needs. Impact human health. Influence management. Require

monitoring. Crucial for potability .
4. Natural Controls on Groundwater Quality
4.1 Geological Influence:

Groundwater chemistry shaped by water-rock interaction. Primary
natural process. Influences ion composition. Affects water quality.
Impacts suitability. Guides management strategies. (Appelo &
Postma, 2005). For example: Natural processes shape groundwater :
Limestone dissolution adds Ca?* and HCOs - . Evaporite dissolution
adds SO+ > and Cl . Mineral weathering releases Fluoride and
Arsenic. Impacts water quality. Affects potability. Guides treatment.
Influences management. Affects ecosystem health . (Smedley &

Kinniburgh, 2002).
4.2 Hydrogeochemical Processes

Dissolution-precipitation, Ion exchange, Oxidation-reduction,
Evaporation-concentration. Shape groundwater chemistry. Impact
water quality. Affect suitability. Influence management. Alter ion
composition. Guide treatment needs. Impact ecosystem health. Affect

human consumption.
5. Anthropogenic Impacts
5.1 Agricultural Activities

Excessive use of fertilizers introduces large amounts of nitrates into
the soil.These nitrates easily dissolve in water and leach into

groundwater and surface water bodies.As a result, drinking water
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sources can become contaminated with high nitrate levels.Elevated
nitrate concentrations pose serious risks to human health.Infants are
particularly vulnerable to nitrate exposure.High nitrate intake can
interfere with the blood’s ability to carry oxygen.This condition is
known as methemoglobinemia, or “blue baby syndrome.”Therefore,
proper fertilizer management is essential to protect water quality and

public health.
5.2 Industrial Activities

Industrial effluents often contain a variety of harmful
substances.These discharges commonly introduce heavy metals into
water bodies.Metals such as lead, mercury, cadmium, and chromium
are particularly toxic.In addition, industrial wastewater may carry
hazardous organic pollutants.These organic compounds can include
solvents, oils, dyes, and pesticides.Many of these contaminants are
persistent and resist natural degradation.Their accumulation in
water and sediments threatens aquatic ecosystems and human
health.Proper treatment of industrial effluents is therefore essential

to prevent environmental pollution.
5.3 Urbanization

Improper disposal of waste can significantly impact groundwater
quality.Septic systems that are poorly maintained may leak harmful
contaminants.Landfills can produce leachate, a liquid that carries
pollutants into the soil.This leachate often contains chemicals,
nutrients, and pathogens.Over time, these substances can percolate
down to the groundwater.Contaminated groundwater poses risks to
drinking water and human health.Aquifers near waste sites are

particularly vulnerable to pollution.Proper waste management and
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landfill containment are essential to protect water resources.

(Custodio & Llamas, 2007).
5.4 Over exploitation

Excessive groundwater pumping can lower the water table in coastal
areas.As freshwater levels drop, seawater may move inland into
aquifers.This process, known as saline intrusion, increases the salt
content of groundwater.Salinization makes water unsuitable for
drinking and irrigation purposes.Coastal communities relying on
groundwater are particularly at risk.Over-pumping can also reduce
the natural flow of freshwater to rivers and wetlands.Once saline
intrusion occurs, restoring water quality is difficult and
costly.Sustainable groundwater management is crucial to prevent

saltwater contamination.

6. Groundwater Contaminants and Health Effects

S.NO | Contaminant Source Health Impact
1 Nitrate Fertilizers | sewage Blue baby syndrome
2 Arsenic Geogenic Cancer, skin lesions
3 Fluoride Natural minerals Fluorosis
4 Lead Industrial waste Neurological damage
S Pathogens Sewage Waterborne diseases

7. Groundwater Quality Assessment
7.1 Sampling and Laboratory Analysis

Standard procedures outlined by APHA (2017) provide guidelines for
precise and reliable analysis.These procedures help maintain
consistency and accuracy in laboratory measurements.Titration
methods are used to determine the concentration of specific chemical
substances.Spectrophotometry measures the absorbance of light to

quantify various compounds in a solution.Atomic Absorption
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Spectroscopy (AAS) allows detection of trace metal ions with high
accuracy.Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
provides  sensitive  multi-element  analysis.Following these
standardized techniques ensures reproducible and trustworthy
results.Such methods are essential for monitoring water quality and

protecting public health.
7.2 Water Quality Index (WQI)

The Water Quality Index (WQI) condenses complex water quality data
into a single numerical value (Horton, 1965).This simplification
makes it easier to interpret overall water conditions.By using WQI,
multiple physical, chemical, and biological parameters are
integrated.The index provides a clear assessment of water quality for
decision-makers.Water can be classified into categories such as
excellent, good, poor, or unsuitable.This classification helps identify
areas requiring immediate attention or remediation.WQI is widely
used in environmental monitoring and water resource management.It
offers a practical tool for communicating water quality status to the

public and authorities.

Water
S.No R‘Zr?gle Quality Description
Status
1 90-100 | Excellent Water is very clean and safe for all
uses.
2 70-89 | Good Water is generally acceptable for
drinking and other uses.
3 50-69 | Poor Water is of low quality and may
require treatment before use.
4 25-49 | Very Poor Water is unsafe for most uses;
significant treatment needed.
S 0-24 Unsuitable | Water is highly polluted and not fit
for use.
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8. Groundwater Quality Standards

S.NO

Standard/Organization

Year

Purpose/Scope Details

WHO Drinking Water
Guidelines

2017

International guidance
for safe drinking water
Provides permissible
limits for chemical,
physical, and microbial
parameters

USEPA Drinking Water
Regulations

2018

Regulatory framework
for safe drinking water
in the U.S. Specifies
maximum contaminant
levels (MCLs) for
chemicals and microbes

Indian Standards (BIS
10500)

Current

National legally
enforceable drinking
water standards Sets
permissible limits for
chemical, physical, and
microbial parameters to
protect public health

9. Irrigation Water Quality

Irrigation suitability of water is commonly evaluated using specific
chemical indices.These indices help determine the potential impact
of water on soil properties and crop productivity.One of the important
parameters is the Sodium Adsorption Ratio (SAR) proposed by
Richards (1954).SAR indicates the relative concentration of sodium
with respect to calcium and magnesium ions.High SAR values may
lead to soil dispersion and reduced permeability.Another important
parameter used for evaluation is Residual Sodium Carbonate
(RSC).RSC helps assess the excess carbonate and bicarbonate over
calcium and magnesium in water.Higher RSC values may cause

sodium accumulation in soil, affecting soil structure.Percent Sodium
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(%Na) is also widely used to evaluate the sodium hazard in irrigation
water.These parameters collectively help determine the suitability of

water for irrigation purposes.
10. Protection and Management
10.1 Preventive Measures

Controlled fertilizer application helps reduce excessive nutrient input
into soil and groundwater. It ensures that crops receive the required
nutrients without causing environmental contamination.Proper
management of fertilizer use can minimize nitrate leaching and
maintain soil health. Proper industrial waste treatment is essential to
prevent harmful chemicals from entering water resources. Industries
must treat their effluents before discharge to reduce pollution risks.
Wellhead protection zones should be established around groundwater
wells to prevent contamination.These protected areas restrict
activities that may introduce pollutants near water sources.Together,
these measures help safeguard groundwater quality and promote

sustainable water management.
10.2 Monitoring Programs

Regular groundwater monitoring plays an important role in
sustainable water resource management.It helps track changes in
groundwater levels and water quality over time.Continuous
monitoring allows early detection of contamination or
overexploitation.The collected data support effective planning and
decision-making for water use.It also helps identify potential risks to
drinking water and irrigation sources.Monitoring programs
contribute to the protection of aquifers and surrounding

ecosystems.Such practices promote the long-term availability of
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groundwater resources.Therefore, regular groundwater monitoring

supports sustainable management (Alley et al., 1999).
10.3 Sustainable Use

Integrated groundwater management policies are essential for the
long-term protection of groundwater resources.These policies
promote coordinated planning and sustainable utilization of water
resources.They help balance groundwater extraction with natural
recharge processes.Effective management strategies also reduce the
risk of groundwater depletion and contamination.Integrated
approaches involve cooperation among government agencies,
stakeholders, and local communities.They support the
implementation of regulations and monitoring programs.Such
policies encourage responsible water use and conservation
practices.Therefore, integrated groundwater management policies are

vital for sustainable water resource protection (UNESCO, 2015).
11. Emerging Issues

Recent concerns regarding water quality include the presence of
emerging contaminants in groundwater and surface water.One major
issue is the occurrence of pharmaceutical residues released from
domestic and medical sources.Another growing concern is
contamination from per- and polyfluoroalkyl substances (PFAS),
which are persistent in the environment.Microplastics have also been
detected in water bodies, posing potential ecological and health
risks.These pollutants can accumulate over time and affect aquatic
ecosystems.In addition, climate change impacts are altering rainfall
patterns and groundwater recharge rates.Such changes may
influence water availability and the movement of contaminants.These

emerging challenges require improved scientific understanding and
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monitoring techniques.Therefore, advanced monitoring systems and
updated regulatory frameworks are necessary to address these

issues.
12. Conclusion

Groundwater quality is influenced by complex interactions among
geological, hydrological, and environmental factors.The composition
of aquifer materials plays a key role in determining the natural
chemical characteristics of groundwater.Hydrological processes such
as recharge, flow, and discharge also affect groundwater
quality.Natural processes generally establish the baseline chemistry
of groundwater systems.However, human activities often accelerate
contamination and alter natural water quality.Agricultural practices,
industrial discharge, and urban development can introduce various
pollutants.These pressures increase the vulnerability of groundwater
resources.Therefore, effective monitoring, scientific assessment, and
strong regulatory measures are necessary.Public awareness and
responsible water management are essential to safeguard

groundwater for future generations.
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Abstract

Machine learning (ML) has emerged as a transformative technology in
smart manufacturing and mechanical engineering, enabling data-
driven decision-making across production, quality control, and
predictive maintenance. Algorithms including convolutional neural
networks (CNN), support vector machines (SVM), random forests (RF),
and reinforcement learning (RL) are increasingly deployed to optimize
complex manufacturing processes, detect anomalies, and predict
component failures with high accuracy. Studies report fault detection
accuracies of 92-99.4%, while ML-driven process optimization
reduces energy consumption by up to 23% and machining errors by
18-35%. This review systematically examines ML applications across
tool condition monitoring, surface quality prediction, structural
health monitoring, and additive manufacturing process control,
highlighting key algorithms, datasets, and performance benchmarks

drawn from recent peer-reviewed literature.
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1. Machine Learning in Tool Condition Monitoring and Process

Optimization

Tool condition monitoring (TCM) is among the most mature ML
application domains in manufacturing. Cutting tool wear directly
influences dimensional accuracy, surface integrity, and machining
economics; undetected tool failure can increase scrap rates by 15—
40% [1]. ML models trained on multi-sensor data streams—vibration
(accelerometers, 10-20 kHz sampling), acoustic emission (AE, 100-

1000 kHz), spindle current, and cutting force signals—have

demonstrated superior classification performance over conventional

threshold-based methods.
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Zhao et al. [2] applied a CNN to raw vibration signals from CNC milling
operations, achieving tool wear classification accuracy of 97.8%
across three wear states (healthy, moderate, severe) using a dataset
of 1,200 cutting cycles. Feature extraction was automated through
deep convolutional layers, eliminating manual signal processing.
Comparatively, SVM-based classifiers trained on handcrafted time-
frequency features (RMS, kurtosis, wavelet energy -coefficients)
achieved 93.2% accuracy [3], demonstrating the trade-off between
model interpretability and classification depth. Long Short-Term
Memory (LSTM) networks, exploiting temporal dependencies in
sequential sensor data, reached 96.1% accuracy in flank wear
prediction with mean absolute error (MAE) of 8.3 um [4], suitable for

real-time adaptive control.

Process parameter optimization has equally benefited from ML.
Gaussian process regression (GPR) models trained on experimental
turning datasets predicted surface roughness (Ra) with R? = 0.97 and
RMSE = 0.12 uym [5], enabling closed-loop parameter adjustment.
Reinforcement learning frameworks have been applied to optimize
cutting speed, feed rate, and depth of cut simultaneously, reducing
machining time by 18% while maintaining Ra < 1.6 ym [6]. Energy
consumption models built using gradient boosting (XGBoost)
predicted spindle power within +4.2% error, supporting

sustainability-driven process planning [7].
2. Predictive Maintenance and Structural Health Monitoring

Predictive maintenance (PdM) enabled by ML represents a paradigm
shift from reactive and scheduled maintenance strategies toward
condition-based intervention, with documented cost savings of 10-

25% in industrial settings [8]. Bearing fault diagnosis—responsible
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for approximately 40-50% of rotating machinery failures—has been

extensively studied using ML.

Variational autoencoder (VAE) models trained on Case Western
Reserve University (CWRU) bearing datasets achieved fault
classification accuracy of 99.1% under variable load conditions (0-3
HP) across four fault categories: inner race, outer race, ball, and
normal [2]. Transfer learning approaches, where models pre-trained
on simulated data are fine-tuned with limited real operational data
(as few as 50 labelled samples), achieved 94.3% accuracy—
addressing the critical data scarcity challenge in industrial PdM

deployment [9].

Structural health monitoring (SHM) of mechanical components using
ML has demonstrated particular effectiveness in fatigue crack
detection. Graph neural networks (GNN) applied to strain gauge
arrays on aluminum aerospace panels detected cracks of 2-5 mm
length with 96.7% sensitivity and 98.2% specificity [10]. Physics-
informed neural networks (PINNs), which embed governing equations
of structural mechanics into loss functions, reduced training data
requirements by 60% compared to purely data-driven models while
predicting stress concentration factors within 3.1% of finite element

analysis (FEA) results [11].
3. ML in Additive Manufacturing and Quality Control

Additive manufacturing (AM) processes, particularly selective laser
melting (SLM) and fused deposition modeling (FDM), exhibit complex
process—structure—property relationships that are difficult to model
analytically. ML has been applied to in-situ monitoring and defect
prediction using thermal imaging, photodiode arrays, and layer-wise

optical scans.
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Table 1. Summary of ML applications, algorithms, and performance
metrics from selected literature

Study | Application | Algorithm | Input Data | Performance
Zgl:{) Tool wear CNN Vibration Accuracy:
2] " | classification signals 97.8%

Li et | Surface defect Optical Precision:
al. [3] detection CNN + SVM scan images 98.6%
Wang Multi- MAE: 8.3

Flank wear

et al. rediction LSTM sensor um, Acc:

[4] P fusion 96.1%
Chen . Transfer CWRU

Bearing fault . . . Accuracy:

et al. diaonosis Learning vibration 94.3%

9] g VAE data 270
Kuma Surface Gaussian Cuttin R?: 0.97,
r et al. roughness Process Ararme tgrs RMSE: 0.12

[5] prediction Regression P um
Rig et SLM porosity Random l\fgétrr%c:ﬁl Accuracy:

X detection Forest 95.3%

[12] features

Random forest classifiers trained on melt pool thermal features (peak
temperature, area, elongation ratio) predicted porosity defects in
SLM-fabricated Ti-6Al-4V parts with 95.3% accuracy, reducing
destructive testing requirements by 70% [12]. CNN-based surface
defect detection systems operating on high-resolution optical scans
achieved defect classification precision of 98.6% at throughput rates
of 120 parts/minute, outperforming human inspectors (accuracy

~87%) while reducing inspection cycle time by 65% [3].

Despite remarkable progress, the deployment of ML in smart
manufacturing and mechanical engineering faces several critical
challenges. Data quality and quantity remain primary bottlenecks;
industrial datasets are frequently imbalanced, noisy, and domain-
specific, limiting model generalizability across different machine

types and operating conditions. Studies indicate that poorly curated
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training datasets can degrade classification accuracy by 15-30%
compared to benchmark performance [8]. Black-box nature of deep
learning models—particularly CNNs and LSTMs—raises
interpretability concerns in safety-critical applications such as
aerospace component inspection and structural health monitoring,

where decision transparency is regulatory mandatory [11].

Computational latency poses another practical constraint; real-time
inference requirements in high-speed machining (spindle speeds
>10,000 RPM, sampling rates >50 kHz) demand edge-deployed
models with inference times below 5 ms, challenging conventional
cloud-based ML architectures [4]. Furthermore, model drift under
non-stationary operating conditions—varying loads, tool geometries,
and material batches—necessitates continuous online retraining,

increasing operational complexity [9].

Future directions should prioritize explainable Al (XAI) frameworks
such as SHAP (SHapley Additive exPlanations) and LIME to improve
model transparency, federated learning for privacy-preserving cross-
facility model training, and digital twin integration enabling physics-
constrained ML predictions. Hybrid models combining data-driven
ML with finite element analysis (FEA) and physics-informed neural
networks (PINNs) are projected to reduce experimental validation

costs by up to 45% while maintaining prediction fidelity [11, 12].
4. Conclusion

Machine learning has demonstrably advanced smart manufacturing
and mechanical engineering by enabling accurate, real-time, data-
driven solutions across tool monitoring, predictive maintenance,
structural health assessment, and additive manufacturing quality

control. Classification accuracies of 94-99.4%, surface roughness
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prediction with R? > 0.97, and defect detection precision exceeding
98% confirm ML's technical maturity for industrial deployment.
Despite these advances, challenges persist in model interpretability,
domain adaptation across machines, and integration with legacy
manufacturing systems. Future research should prioritize
explainable Al (XAI) frameworks, digital twin integration, and
federated learning architectures to enable scalable, secure, and
transparent ML deployment across distributed manufacturing

environments.
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Abstract

Hybrid aluminum metal matrix composites (HAMMCs) have gained
popularity as advanced structural materials that bring together the
best of both worlds, i.e. strength hardness, and wear resistance,
thanks to the dual-reinforcement strategies. This paper is a summary
of experimental research on the mechanical properties of HAMMCs,
namely tensile strength hardness impact resistance, fatigue life, etc.
Besides, composites reinforced with ceramic particles such as SiC,
Al: Os , B:s C, and TiB: are also included in the review. The effect of
different parameters, such as reinforcement weight fraction, particle
distribution, and interfacial bonding, is thoroughly examined.
Together with SEM/EDS and optical microscopy, microstructural
features such as grain refinement, phase evolution, and uniform
dispersion of particles are identified as the main factors influencing
the mechanical behavior of composites. The review not only points

out the challenges faced in producing HAMMCs but also suggests
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various directions for their optimization, especially for the aerospace,

automotive, and structural industries.

Keywords: Aluminium matrix composites, hybrid reinforcement,
mechanical properties, microstructural characterization, interfacial

bonding.
1. Mechanical Behaviour of Hybrid Aluminium Metal Matrix
Composites

1.1 Tensile, Hardness, and Impact Properties

Hybrid aluminium metal matrix composites (MMCs) reinforced with
dual ceramic particulates show a massive improvement in
mechanical properties over mono-reinforced systems as per the

evidences.

The tensile response is dominated by the transfer of load from the soft
aluminium matrix to the harder reinforcement phases. Literature

documents 20-45% enhancements in ultimate tensile strength (UTS)

82-8
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when SiC and Al: Os are co-reinforced in Al6061 matrix. The main
reasons for this behavior are the dislocation density increase at
matrix reinforcement interfaces and Orowan strengthening
mechanisms [1]. Hardness values estimated by Brinell and Vickers
scales tend to increase with the total reinforcement weight fraction
practically and theoretically as well. AI7075 with 6 wt.% SiC + 4 wt.%
B: C exhibited a hardness of 112 HV versus 78 HV for the
unreinforced alloy (a 43.5% improvement) due to the very high
hardness of B: C (around 2900 HV) and its grain-pinning effect [2].
Nevertheless, ductility (% elongation) drops usually from about 12%
to 46% with the increase of reinforcement fraction beyond 10 wt.%,

indicating limited dislocation motion and higher brittleness [3].

Impact resistance, evaluated through Charpy and Izod experiments,
follows a non-linear pattern. At small reinforcement fractions (6
wt.%), the impact energy slightly increases as a result of the
particlematrix interface crack deflection. When the content reaches
10 wt.% and above, the fracture is dominated by brittle behavior and
the impact energy might drop by up to 30% [4]. The negative effect
can be lessened by uniform particle distribution and finer particle
sizes (25 m) as the latter two improve the material's ability to consume

energy by way of multiple crack deflections.
1.2 Fatigue and Fracture Characteristics

In HAMMCs, fatigue failure originates from crack formation at
particle clusters, porosity regions, and interfacial zones with low
strength. When subjected to cyclic loading with a constant amplitude
of stress (R = 0.1), Al-SiC-Al. Os composites are able to show a
fatigue capacity 35-40% above that of the bare matrix at 107 cycles,
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which is related to the crack deflection and bridging mechanisms in

the vicinity of reinforcement particles [5].

The crack growth rate (da/dN) experiences a drop at the mid-range K
values due to the closure effects induced by the particles. Scanning
electron microscopy fracture surface studies show that there are
three major failure modes: (i) particle cracking at high reinforcement
level (>8 wt.%), (ii) interfacial debonding at poorly wetted
matrixreinforcement interfaces, and (iii) matrix cracking under high
cyclic amplitudes. The type of reinforcement has a major role in
shaping the fracture pattern angular SiC particles lead to a rise in
stress concentration and early particle cracking, while more rounded
AlO particles are inclined to interfacial debonding at comparatively

low cyclic amplitudes [6].
2. Microstructural Characterization
2.1 Reinforcement Distribution and Interfacial Bonding

Uniform particle dispersion remains the paramount microstructural
factor for achieving isotropic mechanical properties. Unfortunately,
stir casting is prone to generating particle agglomerates, most
noticeably at grain boundaries and interdendritic regions, which also
produce stress concentrations. However, ultrasonic-assisted stir
casting and powder metallurgy techniques accomplish partial or
complete separation of particle agglomerates, even reaching inter-

particle spacing as small as 10 um [3].

The presence of intermediate reaction layers (predominantly
MgAL O. spinel and Al: C; ) interfaces is supported by SEM/EDS
investigations, wherein the layer thickness (1050 nm) is mainly the
effect of processing temperature and holding time. A normally thin

reaction layer (20 nm) improves chemical bonding and load transfer.
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On the other hand, too much reaction product formation (>50 nm)
causes interfacial strength deterioration by the introduction of brittle
phases [7]. Furthermore, wetting angle tests by the sessile drop
method show that additions of Mg (0.5-1.5 wt.%) into the matrix
significantly reduce the contact angle from ~125 to ~65, thus

improving interfacial adhesion.

Table 1. Mechanical Properties of Selected HAMMCs from Literature

] ] UTS % . a.
Matri | Reinforceme (MP Hardne Eloneati Fabricatio | Referen
b4 nt System ss (HV) g n Route ce
a) on
Al606 | 6% SiC + 4% Stir
1 Al: Os 248 o8 5.8 Casting [
Al707 | 6% SiC + 4% Stir
1 11 4.
S B. C 312 2 2 Casting 2l
AA202 | 5% TiB: + 5% Powder
7 1 1
4 Al Os 276 05 S Metallurgy ol
Al608 | 8% SiC + 2% Squeeze
1 89 6.4 10
2 Graphite 22 Casting [10]
4% Ba C + 6% Ultrasonic
A 107 4.
356 SiC 265 0 2 Stir Cast 3l

2.2 Grain Structure and Phase Evolution

Hybrid reinforcement hastens grain refinement by promoting
heterogeneous nucleation of -Al grains on the surfaces of ceramic
particles during solidification. Diminution in average grain size from
~835 m in pure Al to 20-35 m in 10 wt. % hybrid-reinforced composites
is a feat that leads to Hall Petch strengthening [8]. Presence of other
intermetallic phases such as Mg, Si, AL Ti, and AlB. in TiB

constituents have been confirmed by XRD technique. These phases
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also contribute to precipitation hardening and result in dislocation

movement retardation [9].
2.3 Fabrication Methods

Hybrid aluminium metal matrix composites (HAMMCs) are prepared
using different methods that influence reinforcement distribution,
porosity, and interfacial quality. Stir casting is by far the main way to
produce ceramics in molten aluminium (700-800°C) wunder
mechanical stirring (300-600 rpm). It entails the addition of ceramic
particles and results in reasonable particle distribution with porosity
levels of 1.5-3.2% [8]. Powder metallurgy is a solid-state method that
can produce near-net-shape components with finer microstructures
and porosity of less than 0.8%, which is more suitable for TiB. and
B: C reinforced systems [7]. Squeeze casting is a liquid process that
involves using pressure (70-100 MPa) to remove shrinkage porosity
and further improve interfacial bonding through wettability
enhancement, with density increases of 3-5% over gravity casting [6].
Ultrasonic-assisted stir casting uses the application of a high-
frequency sound (20 kHz, 1-2 kW) to disperse the particle
agglomerates and the realization of inter-particle spacings of less
than 8m. One of the critical issues with processing is the control of
temperature. A temperature above 850°C leads to the formation of
Als C; at the SiC interfaces which is detrimental to mechanical

properties by up to 18% [8].
3. Conclusion

Through multi-reinforcement strategies, HAMMCs show excellent
mechanical and microstructural properties. When the reinforcement
is given at the right level (8-12 wt.% total) strength-to-weight ratio is

maximized especially if the particle size is fine (25 m) and evenly
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distributed. The quality of the bonding at the interface which is

mainly controlled by Mg additions and processing temperature, is

crucial for fatigue and fracture performance. Grain refinement

induced by heterogeneous nucleation and intermetallic phases

formation contribute to the hardness improvement as well. Further

studies should be directed towards nanoparticle-reinforced hybrid

systems and fabrication in-situ to minimize agglomeration and

achieve better interfacial integrity which is very important for

lightweight structural applications of the future.
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Abstract

Sustainable water resource management is a critical challenge in civil
engineering due to rapid urbanization, climate variability, population
growth, and industrial expansion. Global freshwater demand has
increased by nearly 600% over the last 100 years, while
approximately 2.2 billion people lack access to safely managed
drinking water. Civil engineering plays a pivotal role in planning,
designing, and operating water infrastructure that ensures efficiency,
equity, and environmental protection. This chapter presents an
integrated framework for sustainable water resource management,
emphasizing water conservation, smart infrastructure, reuse
technologies, and climate-resilient systems. Quantitative indicators
such as water-use efficiency, leakage reduction (20-40%), and energy
savings (15-30%) are discussed. Case-based evidence demonstrates
how sustainable practices can reduce water stress and enhance
resilience. The chapter aligns with global sustainability goals and

provides practical insights for engineers, policymakers, and planners.
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Keywords: Sustainable water management, civil engineering, water

conservation, climate resilience, integrated water systems.
1. Introduction

Water is a fundamental resource for human survival, economic
development, and environmental sustainability. Civil engineering has
traditionally focused on large-scale water infrastructure such as
dams, reservoirs, pipelines, and treatment plants. However,
increasing water scarcity, climate change impacts, and ecological
degradation have necessitated a shift toward sustainable water

resource management (Biswas & Tortajada, 2010).

According to global estimates, agriculture consumes nearly 70% of
total freshwater withdrawals, while domestic and industrial sectors
account for 20% and 10%, respectively (UNESCO, 2021). Urban water
systems lose 25-35% of supplied water due to leakage, inefficiencies,
and poor maintenance (Vairavamoorthy et al., 2015). These statistics
highlight the urgent need for sustainable planning, efficient design,

and smart management strategies in civil engineering.

Sustainable water resource management integrates technical,
environmental, social, and economic considerations to ensure long-
term water security. Civil engineers play a central role in adopting
innovative technologies, optimizing water distribution networks, and
designing resilient systems capable of withstanding climate-induced

uncertainties.
2. Principles of Sustainable Water Resource Management

Sustainable water management is guided by several core principles

that influence civil engineering decision-making:
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2.1 Water Efficiency and Conservation

Improving water-use efficiency reduces demand and minimizes stress
on freshwater sources. Engineering interventions such as pressure
management, leak detection, and efficient irrigation systems can

reduce water losses by 20-40% (Gleick, 2018).
2.2 Integrated Water Resources Management (IWRM)

IWRM promotes coordinated development and management of water,
land, and related resources. This approach ensures optimal resource

use while preserving ecosystems (Biswas, 2004).
2.3 Environmental Sustainability

Civil engineering projects must maintain environmental flows, protect
wetlands, and prevent groundwater overexploitation. Maintaining at
least 30-40% of natural river flow is essential for ecosystem health

(Richter et al., 2012).
2.4 Social Equity and Accessibility

Equitable access to clean water is a key sustainability goal.
Infrastructure planning must address the needs of marginalized and

low-income communities, particularly in rapidly urbanizing regions.
3. Methodology for Sustainable Water Management

This chapter adopts a multidisciplinary methodology combining
engineering analysis, sustainability assessment, and data-driven

decision-making.
3.1 System Assessment and Data Collection
e Hydrological data (rainfall, runoff, groundwater levels)
e Water demand patterns (domestic, industrial, agricultural)
e Infrastructure performance indicators (leakage rate, energy use)
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3.2 Sustainability Indicators
Key performance indicators include:
e Water-use efficiency (%)
e Non-revenue water (%)
e Energy consumption (kWh/m?3)
e Carbon footprint (kg CO: /m?3)
3.3 Modeling and Simulation

Hydraulic and hydrological models are used to optimize distribution
networks, forecast demand, and evaluate climate change impacts.
Simulation-based optimization can reduce operational costs by 15—

25% (Loucks & van Beek, 2017).
3.4 Decision Support Systems

Multi-criteria decision analysis (MCDA) integrates technical,
economic, and environmental factors to support sustainable

infrastructure planning.
4. Sustainable Technologies in Civil Engineering Water Systems
4.1 Rainwater Harvesting Systems

Rainwater harvesting can meet 20-50% of domestic water demand in
urban buildings. Civil engineers design storage tanks, filtration units,
and recharge structures to maximize efficiency (Campisano et al.,

2017).
4.2 Wastewater Treatment and Reuse

Treated wastewater reuse for irrigation, industrial cooling, and toilet
flushing can reduce freshwater demand by 30-40%. Advanced
treatment technologies such as membrane bioreactors ensure high-
quality effluent (Asano et al., 2007).
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4.3 Smart Water Distribution Networks

Smart sensors, Internet of Things (IoT), and real-time monitoring
enable rapid leak detection and pressure optimization. Smart
networks can reduce non-revenue water by up to 25%

(Vairavamoorthy et al., 2015).
5. Climate Change and Water Infrastructure Resilience

Climate change has increased the frequency of floods, droughts, and
extreme rainfall events. Civil engineers must design adaptive

infrastructure capable of handling variability and uncertainty.
5.1 Flood Management

Green infrastructure such as permeable pavements, detention
basins, and urban wetlands can reduce peak runoff by 30-60%

(Fletcher et al., 2015).
5.2 Drought-Resilient Systems

Water reuse, aquifer recharge, and demand management strategies

help cities withstand prolonged droughts.
5.3 Risk-Based Design

Probabilistic risk assessment improves infrastructure resilience and

reduces long-term maintenance costs.
6. Discussion

Sustainable water resource management requires a paradigm shift
from supply-driven approaches to demand-responsive and
ecosystem-based strategies. While advanced technologies offer
measurable benefits, institutional coordination, public awareness,

and policy support remain critical challenges. Studies show that
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cities implementing integrated water strategies achieve 15-30% cost

savings over conventional systems (Gleick, 2018).

Civil engineers must collaborate with planners, environmental
scientists, and policymakers to ensure holistic solutions. Capacity
building and education are equally important to promote sustainable

practices at all levels.
7. Conclusion

Sustainable water resource management is no longer optional but
essential for civil engineering practice. By integrating efficiency,
innovation, and resilience, engineers can ensure long-term water
security while minimizing environmental impacts. The adoption of
smart technologies, water reuse, and climate-resilient designs can
significantly reduce water losses, energy consumption, and
greenhouse gas emissions. This chapter emphasizes that sustainable
water management is a multidisciplinary effort requiring technical
excellence, policy alignment, and societal engagement to meet present

and future water challenges.
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Abstract

Nanophysics explores the quantum mechanical, electromagnetic, and
thermodynamic behavior of matter at length scales of 1-100 nm,
where classical physics frameworks become insufficient and size-
dependent phenomena dominate material response. At the
nanoscale, quantum confinement, surface plasmon resonance,
ballistic electron transport, and enhanced surface-to-volume ratios
(>10° m™) fundamentally alter optical, electrical, magnetic, and
mechanical properties relative to bulk counterparts. Quantum dots
exhibit tunable bandgaps of 1.2-3.5 eV, carbon nanotubes
demonstrate electron mobilities exceeding 10° cm?/V's, and
plasmonic nanostructures concentrate electromagnetic fields with
enhancement factors of 103-108. This review systematically examines
the core physical principles governing nanoscale phenomena and
surveys emerging technological applications spanning quantum

computing, nanoelectronics, nanomedicine, and energy harvesting,
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drawing on quantitative performance data from peer-reviewed
literature to identify both current capabilities and critical research

frontiers.

Keywords:Nanophysics, Quantum confinement, Nanomaterials,

Nanoscale fabrication, Emerging nanotechnologies.

1. Quantum Confinement and Size-Dependent Physical

Properties

The most defining characteristic of nanoscale systems is the
emergence of quantum confinement effects when material
dimensions approach or fall below the de Broglie wavelength of charge
carriers (A_dB ~10-50 nm in most semiconductors) or the exciton
Bohr radius. Under these conditions, continuous energy bands
characteristic of bulk materials split into discrete quantized energy
levels, fundamentally altering optical absorption, electrical

conductivity, and photoluminescence behavior [1].

Semiconductor quantum dots (QDs)—zero-dimensional nanocrystals
of 2-10 nm diameter—exhibit strongly size-dependent bandgap
energies described by the Brocker-Efros—Rosen model. CdSe QDs of
2.3 nm diameter emit at 510 nm (green), while 5.5 nm diameter QDs
emit at 620 nm (red), spanning the entire visible spectrum through
dimensional engineering alone [2]. Photoluminescence quantum
yields (PLQY) of 85-99% have been achieved in core—shell CdSe/ZnS
architectures through shell passivation of surface trap states, with
emission linewidths of 20-30 nm full-width at half-maximum
(FWHM)—substantially narrower than organic fluorophores (~50-100
nm). These properties underpin applications in quantum dot light-
emitting diodes (QLEDs) achieving external quantum efficiencies

(EQE) of 18.8% and color gamuts of 140% NTSC standard [2].
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Two-dimensional (2D) materials exhibit even more pronounced

quantum confinement in the out-of-plane direction. Monolayer MoS:
transitions from an indirect bandgap semiconductor (1.2 eV, bulk) to
a direct bandgap material (1.8 €V, monolayer), enabling
photoluminescence quantum yields increasing by three orders of
magnitude upon thinning to a single atomic layer (0.65 nm thickness)
[3]. Graphene—a zero-bandgap 2D semimetal—exhibits Dirac
fermion behavior with linear energy—-momentum dispersion,
producing room-temperature carrier mobilities of 15,000-200,000
cm?/V's on hexagonal boron nitride (h-BN) substrates, compared to

1,400 cm?/V's in silicon [4].

Quantum confinement in one-dimensional nanowires produces
quantized conductance in units of Go = 2e?*/h = 77.5 uS,
experimentally confirmed in gold nanowire break junctions. Silicon

nanowires of 5-20 nm diameter exhibit thermoelectric figure-of-merit
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(ZT) values of 0.6-1.0 at 300 K—approximately 100x enhancement
over bulk silicon (ZT ~0.01)—due to dramatically reduced phonon
thermal conductivity from boundary scattering while electron

transport remains relatively unimpaired [5].
2. Nanoscale Electron Transport and Quantum Devices

Electron transport in nanostructures is governed by quantum
mechanical tunneling, Coulomb blockade, ballistic conduction, and
phase coherence phenomena inaccessible in macroscopic
conductors. When device dimensions fall below the electron mean free
path (~40 nm in copper at 300 K) and phase coherence length (~1 um
at low temperatures), transport transitions from diffusive to ballistic

regimes, eliminating resistive scattering losses [4].

Single-electron transistors (SETs) exploit Coulomb blockade—the
suppression of electron tunneling onto a nanoscale island when
electrostatic charging energy EC = e?/2C exceeds thermal energy
kBT—to achieve switching with single-electron precision. Gold
nanoparticle SETs of 5 nm diameter (capacitance C ~0.5 aF) operate
with Coulomb blockade energies of ~160 meV, enabling room-
temperature single-electron switching demonstrated at ~50 K and
below [6]. Carbon nanotube field-effect transistors (CNT-FETs) with 1
nm channel lengths—approaching the fundamental physical scaling
limit—exhibit subthreshold slopes of 65 mV/decade and on/off
current ratios of 10°, outperforming silicon MOSFETs (subthreshold

slope limit 60 mV /decade) at equivalent geometry [4].

Superconducting quantum interference devices (SQUIDs) at
nanoscale dimensions achieve magnetic flux sensitivity of 1076 &,/VHz
(o = 2.07 x 107** Wb), enabling detection of biomagnetic signals as

weak as 10 T generated by neural activity—approximately 10°x
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smaller than Earth's magnetic field [6]. Quantum point contacts
formed in two-dimensional electron gases (2DEGs) at GaAs/AlGaAs
heterojunctions exhibit conductance quantization in integer
multiples of Go, providing direct experimental verification of quantum
transport theory and forming the basis for quantum resistance

standards (von Klitzing constant RK = 25,812.807 Q) [1].

Josephson junctions—nanoscale superconductor-insulator—
superconductor (SIS) structures with 1-3 nm insulating barriers—
form the foundational elements of superconducting qubits. Transmon
qubits based on aluminum Josephson junctions achieve coherence
times (T2) of 100-500 us at millikelvin temperatures, with gate
fidelities of 99.5-99.9% for single-qubit operations, representing the
current state-of-the-art in solid-state quantum computing platforms

[7].
3. Plasmonics and Nanophotonics

Surface plasmon resonance (SPR) arises from the collective oscillation
of conduction electrons in metallic nanostructures driven by incident
electromagnetic radiation, producing  extraordinary  local
electromagnetic field enhancements and sub-diffraction light
confinement far below the classical Abbe limit (A/2 ~200 nm for

visible light) [8].

Gold nanospheres of 50 nm diameter exhibit localized SPR (LSPR)
peaks at ~530 nm with extinction cross-sections of ~8,000 nm?*—
approximately 6% their geometric cross-section—arising from
resonant coupling between the plasmon mode and incident photons.
Electromagnetic field enhancement factors (|E/Eo|?) of 10%-10* are
achieved in nanosphere gaps of 1-2 nm (nanogap antennas), rising to

10-10® in optimized bowtie antenna geometries [8]. These extreme
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field enhancements enable surface-enhanced Raman scattering
(SERS) with enhancement factors of 10%-10*, sufficient for single-
molecule detection—a sensitivity surpassing conventional Raman

spectroscopy by 10-14 orders of magnitude [9].

Plasmonic waveguides confine optical modes to cross-sections of
~100 x 100 nm?*—well below the diffraction limit—enabling photonic
integration at chip scales comparable to electronic circuits. Metal-
insulator-metal (MIM) plasmonic waveguides propagate surface
plasmon polaritons (SPPs) with effective mode indices of 5-20 and
propagation lengths of 2-50 um at visible wavelengths, suitable for
on-chip optical interconnects operating at terahertz data rates [8].
Metasurfaces—two-dimensional arrays of subwavelength plasmonic
or dielectric resonators—manipulate amplitude, phase, and
polarization of transmitted /reflected waves with near-unity efficiency,
enabling flat metalenses with numerical aperture (NA) of 0.8 and
focusing efficiency of 67% at visible wavelengths, replacing bulk

refractive optics [9].
4. Nanophysics in Energy Harvesting and Storage

Nanoscale physics principles have enabled transformative advances
in renewable energy conversion and electrochemical storage, where
quantum mechanical and surface phenomena provide performance

advantages inaccessible to bulk material architectures [10].

Perovskite solar cells incorporating quantum-confined CHs:NH:PbIs
nanocrystals of 8-15 nm diameter achieve power conversion
efficiencies (PCE) of 25.7%—approaching the Shockley-Queisser limit
of 33.7%—attributed to the exceptional charge carrier diffusion
lengths (>1 um), low exciton binding energies (~10 meV), and tunable

bandgaps (1.2-2.3 €V) achievable through compositional and
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dimensional engineering [5]. Tandem perovskite/silicon architectures
have demonstrated PCE of 33.2%, the highest certified efficiency for

two-junction solar cells [10].

Table 1. Comparative nanophysical properties and device
performance from selected literature

M
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t P t
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Monolayer MoS: 1.8 eV ors,
al. [3] bandgap :
transistors
200,00
Pop et Carrier 0] Nanoelectro
Graph h-BN
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Hochb 0.6-
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& Al Josephson Coherence up to Quantum
Devoret | junction qubit time T 500 pus | computing
(6]

Nie & Ad bowtie SERS Single-

Emory enhancement | ~10' molecule
nanoantennas .
[9] factor sensing

Nanowire-based thermoelectric generators exploit the phonon
engineering principles described in Section 1, with bismuth telluride
(Bi:Tes) nanowire arrays achieving ZT = 1.4 at 320 K through
simultaneous reduction of lattice thermal conductivity (x_L from 1.5
to 0.35 W/mK) via nanowire boundary scattering and Seebeck

coefficient enhancement (S from 210 to 285 uV/K) through quantum

Page | 51




Dr. R, Mumﬁr‘ﬂ/ﬁ, Mbs, ﬁimpé %mg'm, DOr. 4. R, Sivaram, Or. S. Gnanam

confinement [5]. Lithium-ion battery anodes incorporating silicon
nanowires (diameter ~150 nm) accommodate the 300% volumetric
expansion during lithiation through elastic deformation rather than
fracture, delivering specific capacities of 3,500 mAh/g—
approximately 9.4x graphite anodes (372 mAh/g)—with 90% capacity

retention over 200 cycles [11].

Supercapacitors utilizing graphene aerogel electrodes (surface area
~3,200 m?/g, density ~0.16 mg/cm?) achieve specific capacitance of
310 F/g in aqueous electrolyte at 1 A/g discharge, energy density of
98 Wh/kg—bridging the performance gap between conventional
capacitors and batteries—attributed to the combination of electrical
double-layer capacitance and pseudocapacitive contributions from

oxygen functional groups [4, 12].
5. Conclusion

Nanophysics has matured into a richly productive field yielding both
profound scientific insight and transformative technological
capability. Quantum confinement effects enable bandgap engineering
across 1.2-3.5 eV in semiconductor nanocrystals, ballistic electron
transport in CNT-FETs approaches fundamental switching limits
with 65 mV/decade subthreshold slopes, and plasmonic field
enhancements of 10® enable single-molecule detection sensitivity.
Energy applications benefit through thermoelectric ZT values of 1.4
in nanowire arrays, silicon nanowire battery anodes delivering 3,500
mAh/g, and perovskite solar cells achieving 25.7% PCE.
Superconducting qubits with S00 us coherence times are advancing
practical quantum computation. Future progress depends critically
on bridging nanoscale performance to scalable fabrication,

addressing quantum decoherence in ambient operating conditions,
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and developing reliable characterization metrology at sub-nanometer
resolution to fully exploit the extraordinary physical phenomena that

emerge at the frontier of the very small.
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Abstract

Polymer chemistry forms the fundamental scientific backbone of
advanced composite material development, enabling the design of
high-performance material systems with tailored mechanical,
thermal, and functional properties. The integration of thermosetting
and thermoplastic polymer matrices with reinforcing phases—
including carbon fibers, glass fibers, nanofillers, and natural fiber
systems—has produced composites exhibiting tensile strengths
exceeding 600 MPa, fracture toughness values up to 8.5 MPa-m® -° |

and thermal stability beyond 350°C. Recent advances in polymer
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synthesis, including ring-opening metathesis polymerization (ROMP),
atom transfer radical polymerization (ATRP), and bio-based resin
development, have expanded composite design space considerably.
This review systematically examines the chemistry-structure-
property relationships governing advanced composite performance,
covering matrix chemistry, fiber-matrix interfacial interactions,
nanofiller reinforcement mechanisms, and emerging multifunctional
composite systems, with emphasis on quantitative performance data

from peer-reviewed literature published between 2015 and 2024.

Keywords: Polymer synthesis, Composite materials, Nanocomposites,

Mechanical properties, Advanced manufacturing.

1. Polymer Matrix Chemistry and Structure-Property

Relationships

The mechanical and thermal performance of composite materials is
fundamentally governed by the chemical architecture of the polymer
matrix. Thermosetting resins—including epoxy, vinyl ester, polyester,
and bismaleimide—dominate structural composite applications due
to their high crosslink density, dimensional stability, and resistance
to creep deformation. Epoxy resins based on diglycidyl ether of
bisphenol-A (DGEBA) cured with aromatic amines (e.g., 4,4'-
diaminodiphenylsulfone, DDS) achieve glass transition temperatures
(Tg) of 180-220°C and crosslink densities of 3.5-6.2 x 10® mol/m?,
directly correlating with storage modulus values of 3.5-4.8 GPa in the

glassy state [1].
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Vinyl ester resins, characterized by terminal methacrylate groups on
bisphenol-A epoxy backbones, offer superior chemical resistance and
toughness (fracture energy GIC ~150-250 J/m? compared to
conventional polyester systems (GIC ~50-100 J/m?), attributed to the
flexible ester linkages flanking the crosslink sites [2]. Bismaleimide
(BMI) resins, processed at 175-230°C and post-cured at 230°C, retain
mechanical properties up to 250°C continuous service temperature
with flexural strength of 420-480 MPa, making them preferred

matrices for aerospace hot-structure applications [3].

Thermoplastic matrices—polyetheretherketone (PEEK), polyamide
(PA), and polyphenylene sulfide (PPS)—offer recyclability and damage
tolerance advantages. PEEK composites reinforced with continuous
carbon fiber achieve interlaminar shear strength (ILSS) of 68-82 MPa
and fracture toughness (GIC) of 1,200-1,800 J/m?, approximately 5—

8x higher than equivalent epoxy systems, due to inherent ductility
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and semicrystalline morphology [4]. Recent advances in ATRP and
ROMP have enabled precision synthesis of block copolymer
toughening agents incorporated at 5-15 phr into epoxy matrices,
improving GIC by 85-120% without sacrificing Tg by more than 8°C
[1].

Bio-based polymer matrices derived from epoxidized soybean oil
(ESBO), furan resins, and polylactic acid (PLA) have demonstrated Tg
values of 80-145°C and tensile moduli of 2.1-4.3 GPa, offering
sustainable alternatives with 40-65% bio-content while maintaining

adequate structural performance for semi-structural applications [5].

2. Fiber-Matrix Interfacial Chemistry and Load Transfer

Mechanisms

The fiber—-matrix interface governs composite load transfer efficiency,
and its chemical and morphological characteristics critically
determine macroscale mechanical performance. In carbon fiber
reinforced polymers (CFRP), the interfacial shear strength (IFSS)
between surface-treated carbon fiber and epoxy matrix typically
ranges from 50-95 MPa, compared to 20-35 MPa for untreated fibers,
representing a 60-170% improvement attributable to surface
oxidation treatments that introduce carboxyl (-COOH), hydroxyl (-
OH), and carbonyl (C=0) functional groups at fiber surfaces [3].

Electrochemical oxidation at anodic current densities of 0.1-1.0 A/m?
increases carbon fiber surface oxygen content from ~3 at.% to ~12
at.%, as confirmed by X-ray photoelectron spectroscopy (XPS),
enhancing covalent bonding with amine-cured epoxy hardeners [6].
Silane coupling agents applied to glass fibers form siloxane (Si—O-Si)
networks at the fiber surface with bond energies of ~445 kJ/mol,

producing IFSS values of 45-72 MPa versus 18-28 MPa for untreated
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glass/epoxy systems [2]. Microbond and single-fiber fragmentation
tests reveal that optimally treated interfaces exhibit cohesive failure
modes within the matrix, whereas undertreated interfaces show
adhesive interfacial debonding, characterized by smooth fiber pullout

surfaces in SEM analysis.

Sizing chemistry plays an equally critical role; epoxy-compatible
sizings containing film formers (polyurethane, polyvinyl alcohol) and
adhesion promoters applied at 0.1-1.5 wt% coverage improve
transverse tensile strength of unidirectional CFRP laminates by 25—
40% and fatigue life under tension-tension loading (R = 0.1) by up to
3x [4]. Multiscale interface engineering using carbon nanotube (CNT)
grafting on carbon fiber surfaces—achieved via chemical vapor
deposition (CVD) at 700-750°C—creates hierarchical "fuzzy fiber"
architectures that improve Mode I fracture toughness (GIC) by 76%
and ILSS by 28% relative to baseline CFRP [6].

3. Nanofiller Reinforcement: Mechanisms and Performance

Enhancement

Nanofillers—including carbon nanotubes (CNTs), graphene
nanoplatelets (GNPs), nanoclay (montmorillonite, MMT), and silicon
carbide nanoparticles (nano-SiC)—offer extraordinary reinforcement
potential at low volume fractions (<5 vol%) due to their exceptional
intrinsic properties and high surface area-to-volume ratios (>500
m?/g for CNTs). The reinforcement efficiency of nanofillers is governed
by dispersion quality, aspect ratio, and interfacial compatibility with

the polymer matrix [7].

CNT-reinforced epoxy composites at 0.5 wt% loading achieve tensile
strength improvements of 30-45% (from ~65 MPa to ~90-95 MPa) and

fracture toughness enhancements of 50-85% compared to neat resin,
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provided adequate dispersion is achieved through ultrasonication
(2040 kHz, 30-60 min) combined with calendering [8].
Agglomeration at CNT loadings exceeding 1.0 wt% reverses these
gains, reducing tensile strength by 10-18% relative to 0.5 wt%
systems due to stress concentration at nanotube bundles. GNP
reinforcement at 1.0 wt% improves in-plane thermal conductivity
from 0.19 W/mK (neat epoxy) to 0.87 W/mK—a 358% increase—
while simultaneously enhancing electrical conductivity from ~10- 2
S/m to ~10° * S/m, enabling electromagnetic interference (EMI)

shielding effectiveness of 18-24 dB [9].

Nanoclay (MMT) intercalated within vinyl ester matrices at 3-5 wt%
loading produces exfoliated nanocomposites with interlayer spacing
increasing from 1.24 nm (pristine clay) to 3.8-4.6 nm (exfoliated),
confirmed by wide-angle X-ray scattering (WAXS). These systems
exhibit tensile modulus improvements of 40-55% and water
absorption reductions of 35-50% compared to unfilled VE resin,
attributed to the tortuous diffusion path created by platelet-shaped
clay nanoparticles [2]. Hybrid nanofiller systems combining CNT (0.3
wt%) and GNP (0.5 wt%) demonstrate synergistic mechanical
improvements of 52% in tensile strength and 68% in fracture
toughness versus neat epoxy, exceeding predictions from simple rule-

of-mixtures models [7].
4. Multifunctional and Smart Composite Systems

Advanced composite materials are increasingly engineered beyond
structural load-bearing functions to incorporate sensing, actuation,
energy harvesting, and self-healing capabilities—defining a new class

of multifunctional smart composites. The integration of these
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functionalities is enabled by precise polymer chemistry and

nanomaterial science [10].

Self-healing polymer composites incorporating microencapsulated
dicyclopentadiene (DCPD) healing agent with Grubbs' catalyst
achieve crack healing efficiencies of 75-93% upon damage, restoring
fracture toughness from near-zero (damaged) to 0.87-1.12 MPa-m°® -°
through ROMP-activated in-situ polymerization within crack planes
[1]. Vascular network-based healing systems—fabricated via
sacrificial templating with 200-500 um diameter channels—enable
multiple healing cycles (up to 7 cycles documented) with >70%
toughness recovery per cycle, compared to single-use microcapsule

systems [5].

Piezoelectric polymer composites based on polyvinylidene fluoride
(PVDF) embedded within carbon fiber laminates generate open-circuit
voltages of 8-45 V under cyclic bending loads (1-10 Hz, strain
amplitude 0.1-0.5%), enabling structural health monitoring and
concurrent energy harvesting at power densities of 0.5-3.2 mW /cm?
[11]. Shape memory polymer (SMP) composites incorporating
thermally responsive polyurethane networks exhibit shape fixity
ratios of 95-99% and shape recovery ratios of 92-98% over 50
thermomechanical cycles (activation temperature 55-80°C), with
recovery stress of 1.8-4.5 MPa suitable for morphing aerospace

structures [10].

Electrically conductive polymer composites incorporating silver
nanowires (AgNW) at 0.8 vol% achieve electrical percolation threshold
with sheet resistance of 12-35 Q/sq, enabling resistive strain sensing

with gauge factors (GF) of 8-22—substantially higher than metallic
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foil gauges (GF ~2)—while maintaining composite structural integrity

[12].

Table 1. Comparative performance of advanced polymer composite
systems from selected literature

Study Matrix/Filler Key Value Improvem.ent
System Property vs. Baseline
Hsissou Epoxy/DCPD Healing 93 o
et al. [1] | microcapsules | efficiency °
Vinyl
Deka et ester/MMT Tensile +52% vs. neat
4.1 GPa
al. [2] nanoclay (4 modulus VE
wt%)

Hsiao et BMI/carbon Flexural 465 Tg retained at

al. [3] fiber strength MPa 250°C

K - F

atget PEEK/CF racture | 65 +6X vs.
Kocsis et thermoplastic toughness J/m? epoxy/CF

al. [4] P GIC poxy
Thakur Epoxy/CNT- Tensile 98.4 +52% vs. neat
et al. [7] GNP hybrid strength MPa epoxy

2.8

Shao et PVDF/CFRP Power mw /c Structural +

al. [11] piezoelectric density m? sensing

5. Conclusion

This review has demonstrated that advances in polymer chemistry
are directly enabling next-generation composite material systems
with exceptional and multifunctional performance profiles. Matrix
chemistry innovations—from high-Tg bismaleimides to bio-based
resins—provide a broad design space spanning service temperatures

of 80-250°C and tensile moduli of 2.1-4.8 GPa. Interfacial
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engineering through electrochemical oxidation, silane coupling, and
hierarchical CNT grafting elevates IFSS by up to 170%, fundamentally
improving load transfer efficiency. Nanofiller incorporation at sub-2
wt% loadings delivers simultaneous mechanical, thermal, and
functional enhancements unachievable through macro-scale
reinforcement alone. Multifunctional smart composites integrating
self-healing, piezoelectric, and shape memory functionalities are
redefining structural material paradigms. Future research priorities
include scalable nanofiller dispersion technologies, recyclable
thermoplastic composite processing, and bio-inspired hierarchical
architectures to further close the performance gap with theoretical

composite limits.
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Abstract

Aromatic diphenylglycolic acid and various selected derivatives were
synthesized with success and systematically examined to determine
their structural characteristics, molecular interactions, and biological
potential. The synthesis involved a standard benzil-benzilic acid
rearrangement strategy, followed by appropriate functional
modifications to achieve the target derivative with good yield and
purity. The synthesized compounds were recrystallized for
purification and verified via extensive spectral characterization.
Characteristic absorption bands corresponding to hydroxyl (-OH),
carboxylic acid (-COOH), and aromatic functional groups were
revealed by Fourier Transform Infrared (FT-IR) spectroscopy. 1H and
13C NMR spectra offered detailed insights into proton and carbon
environments, confirming the diphenyl substitution pattern and the
presence of a glycolic acid moiety. Molecular interaction studies were

performed to understand intramolecular and intermolecular
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interactions, including hydrogen bonding and r-1mt stacking, which
play a crucial role in the stability and reactivity of these aromatic
systems. The biological activity of the synthesized compounds was
evaluated through in-vitro antimicrobial assays, demonstrating
moderate to significant activity against selected bacterial and fungal
strains, with the derivative showing enhanced efficacy due to
substituent effects. To rationalize the observed biological behavior,
molecular docking studies were carried out against relevant biological
target proteins. Docking results indicated favorable binding affinities,
stabilizing hydrogen bonds, and hydrophobic interactions within the
active site, suggesting a plausible mechanism of action at the
molecular level. Overall, the combined experimental and
computational studies highlight aromatic diphenylglycolic acid
derivatives as promising scaffolds for further development in

medicinal chemistry.

Keywords:  2,2°-Diphenylglycolic ~ acid; Synthesis: Spectral
characterization; Molecular interactions; Antimicrobial activity;

Molecular docking.
1. Introduction

Diphenyl glycolic acid and its derivatives are of wide interest because
of their diverse biological activity and clinical applications, and are
remarkably effective compounds both with respect to their inhibitory
activity and their favorable selectivity ratio. Antimicrobial drugs have
caused a dramatic change not only of the treatment of infectious
diseases but of a fate of mankind. The resistance of bacteria against
antimicrobial agents has become a wide spread medical problem
[1]. There are various problems arising with the use of antimicrobials

such as local tissue irritation, interference with wound healing
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process, hypersensitivity reaction, and narrow antimicrobial
spectrum. Moreover, the toxic effects produced by many antibiotics
must not be forgotten. Resistance to number of antimicrobial agents
among a variety of clinically significant bacteria is becoming
increasingly important [2]. So, the increasing clinical importance of
drug resistant microbial pathogens has additional urgency in
microbiological research. The extraordinary progress represented by
the arrival of antibiotics has changed the medical prognosis of minor
and major infections. Bacterial resistance continues to develop and
pose a significant threat both in hospitals and more recently in the
community. A relevant report on resistant antibacterial agents for
human medicine is provided by World Health Organization.
Diphenyl glycolic acid are compounds belonging to aromatic a-
hydroxy carboxylic acid. It consists of a carbon substituted
with carboxylic acid and hydroxyl group. Benadryl and trasentin
structurally related to diphenyl glycolic acid derivatives were found to
possess general spasmolytic, antihistamine and local anaesthetic
properties [3-6]. It is used in manufacture of the incapacitating
agent 3-quinuclidinyl benzilate (BZ) and is regulated by the Chemical
Weapons Convention. It is also monitored by law enforcement
agencies of many countries, because of its use in the manufacture

in hallucinogenic drugs [7].

The panel agreed that the list of critically important antibacterial
agents should be updated regularly as new information becomes
available, including data on resistance patterns, new and emerging
diseases and the development of new drugs [8-10]. The current
interest in the development of new antimicrobial agents can be
partially ascribed both to the increasing emergence of bacterial

resistance to antibiotic therapy and to newly emerging pathogens.
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From the literature survey, it had been found that derivative of
diphenyl glycolic acid has anti acetylcholine activity and
antihistamine activity. Accordingly, resistance problem has become
the subject of an ongoing research. Much research has been carried
out with the aim to discover the therapeutic values of diphenyl
glycolic acid derivatives. The variation in the substituent of the
diphenyl glycolic acid reveals that it has been proposed to analyze the
anti-proliferative activity with different vitro models. The
antimicrobial activity of chemical compound is influenced by physical
and biological characteristics. It has been well established that
physiological activity is a function of the chemical structure of

compound.
1.1 Preparation of 2, 2’difluoro- diphenyl glycolic acid

2,2’-difluoro hydroxy benzyl phenyl ketone was prepared from 2.0 g
of 2-fluoro benzaldehyde in 40 mL of ethanol in the presence of 0.25
g KCN catalyst. To 1.0 g of 2,2’-difluoro hydroxy benzyl phenyl ketone
25 mL of concentrated nitric acid was added slowly and allowed to
reflux for 30 minutes until no more NO2 gas was apparent. To the
reaction mixture 30 mL of water was added, cooled to room
temperature and repeatedly washed with water to get the yellow
coloured substance with yield of about 50%. About 2.0 g of 2,2’-
difluoro-diphenyl glyoxal, 5 mL of 95% ethanol was added and the
mixture was heated with constant stirring until the 2,2’-difluoro-
diphenyl glyoxal, was completely dissolved. This was followed by the
dropwise addition of 3.5 mL of aqueous (1N) potassium hydroxide.
The reaction mixture was stirred and allowed to reflux well for 30
minutes. After completion of reaction, the mixture was cooled in an
ice-water bath, potassium diphenyl glycolate was formed. This

solution was cooled and poured into crushed ice containing 10mL of
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1M HCI. The precipitate was filtered, washed with water and dried to
afford 2,2’-diflouro diphenyl glycolic acid with yield of about 65%. The

pH of the reaction mixture was maintained at 2 (Scheme 2.4).

ZQCHO N <_\ z:_ﬁ \—>

F

2-fluoro benzaldehyde 2.,2'-difluoro-hydroxybenzyl phenyl
ketone

Conc.HNOj
COOH

' KOH l (I?
T ¢—c¢C
OH reflux/H3O+ @)
F F F F

2,2'-difluoro diphenyl glyoxal

2,2'-difluoro-diphenylglycolic acid

Scheme 1: Schematic representation of 2, 2’-DIFLUORO- DIPHENYL
GLYCOLIC ACID

1.2 FTIR Spectral Analysis

The FTIR spectrum of the compound 2, 2’difluoro- diphenyl glycolic
acid was recorded in the frequency region 4000 cm-! - 450 cm-!. 2,
2’difluoro- diphenyl glycolic acid molecules in the crystal lattice is
greatly evident by the broadened envelope due to —OH stretch around
3437 cmL.

Table 1. Vibrational assignments of the 2,2’-diflouro diphenyl
glycolic acid

FTIR (wave number) cm-1) Band assignments
3437 cm! -O-H stretching
1724 cm-! -C=0 stretching
3066 cm-! Aliphatic C-H stretching
Aromatic sym C=C
1567 cm™!
stretching
1157cm™1, 1065 cm™! C-O stretching
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The FTIR spectrum of the title compound shows the presence a strong
intensity absorption at 1724cm-! attributed to the C=0 stretching of
the carboxylic acid group. The bands around 3066cm-1! in FTIR are
assigned to the C-H stretching. The C=C symmetric stretching
vibrations of the aromatic ring observed by the band at 1567 cm-~!.
The C-O stretching of the alcohol and carboxylic acid group are
observed by the bands at 1157 and 1065 cm™1.

1.3 Uv-Visible Spectral Analysis

The UV-visible spectrum was recorded between 200 and 900 nm,
which gives the information about the aromatic portion of the
molecule, because the absorption of UV and visible light involves
promotion of the electron in the & and 1t orbital from the ground state
to higher states. The recorded UV-visible absorption spectrum for the
synthesised compound is shown in Fig. 1. From the spectrum it is
noted that the UV transparency cut-off around 266 nm and there is
no significant absorption in the entire visible region of spectra. The
transmission extends from 300 to 900 nm that makes it valuable for
NLO applications involves blue/green light. Below 245 nm there is
sudden increase in absorbance, due to the electronic transition in the
aromatic ring and CO groups. Very good optical absorbance with the
lower cut-off wavelength of 228 nm may be attributed to n—=r* and
the broad absorption in the range of 245-289 nm corresponds to

n—n* transitions.
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Figure 1: UV spectra of 2, 2’difluoro- 2, 2’difluoro- diphenyl glycolic

acid in ethanol
2. Biological activity

2.1.Disc Diffusion Method

Antibacterial activity of the syntheised compound Diphenyl glycolic
acid and 2, 2’-difluoro- diphenyl glycolic acid were carried by using
disc diffusion method [98]. Petri plates were prepared with 20 ml of
sterile MHA (Hi-media, Mumbai). The test culture (100ul of
suspension containing 108 CFU/ml bacteria) were swabbed on the
top of the solidified media and allowed to dry for 10 minutes. Three
different concentrations of the compounds (25, 50 and 100 ug/disc)
were loaded on a sterile disc and placed on the surface of the medium
and left for 30 minutes at room temperature for compound diffusion
[99]. Streptomycin (10 pg/disc) was used as a positive control [100].
These plates were incubated for 24 hrs at 37°C. Zone of inhibition

was recorded in millimetres (mm).
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Micro Organisms Used

In vitro antimicrobial studies were carried out against different
human pathogens. The three Gram-positive bacteria studied were
Bacillus subtilis (ATCC 441), Staphylococcus aureus (ATCC 25923),
Staphylococcus epidermidis (MTCC 3615) and the two Gram-negative
bacteria studied were E.coli (ATCC 25922), Klebsiella pneumonia.

2.2 Results and Discussion of Experimental Study Antimicrobial

Activity

The results revealed that the activity was considerably affected by
various substitutions on the aromatic ring of Diphenyl glycolic acid.
For antibacterial activity it was observed that introduction of electron
withdrawing group on benzene ring of Diphenyl glycolic acid shows
considerable increase in antibacterial potency of the compound.

Table 2. Anti-bacterial activity for different substituted Diphenyl
glycolic acid using disc diffusion method

Antibacterial activity —
Disc diffusion method (ug)
Zone of Inhibition (mm) Streptomyc
Name of the ) } 2,2-"difluoro- in (S10)
Pathogens D1ﬂuoro—' d1p1'}eny1 diphenyl glycolic
glycolic acid .
acid
25 | 50 100 25 50 100
Bacillus subtilis - - - - - - 9
Staphylococcus . 5 . B ) 11 20
aeureus
Stap_hylocqcpus . ) . ] ) 8 24
epidermitis
E.coli - - 8 - - 10 20
Klebsmll.apneumo ) _ ) _ 9 10 21
niae

It was showed significant potency against Gram-—positive
Staphylococcus  aeureusbacteria  (MIC=11Mm). The  same
substitution showed maximum inhibition against Gram-negative

bacteria like Klebsiellapneumoniae and E.coli. This is further
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enhanced by increasing the concentration of the compound dosage
for all pathogens (Table 2). The susceptibility of the microbes to the

compound was compared with standard antibiotic streptomycin.
3. Docking Study

Docking studies for the synthesised compounds were performed
using Glide module of Schrodinger, LLC, 2015. Primarily, by using
Glide module (Grid based ligand docking with energetics), the
important interactions based on the reference ligand and the protein
of interest in the flexible mode docking were examined. The Glide
module with three modes of docking, high-throughput virtual
screening (HTVS), standard precision (SP), and extra precision (XP)
mode were employed sequentially. The XP mode was used for
exhaustive sampling and advanced scoring, resulting in even higher
enrichment. Finally the shortlisted hit molecules were selected based
on the visual inspection of amino acid interaction, docking score and

the active site cavity.

Table. 3 Docking score and ligand interaction results for the

synthesised compound

Docking Ligand
S.No
Compound Name score Interactio
(kcal/mol) n
1. | Diphenyl glycolic acid -5.069 Trp64
2. |2, 2’-difluoro- diphenyl glycolic -6.121 Tyr157
acid
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Figure 2: Binding analysis and ligand interaction diagram of

diphenyl glycolic acid

The compound 2, 2’-difluoro- diphenyl glycolic acid was found to
inhibit the bacteria at a distance of 6mm. This is quite lesser than
the other molecules. This makes this molecule more effective binding
and the docking score was found to be -6.121 kcal mol-l. The binding
analysis of this compound reveals that the compound well fitted into
the active site pocket and the fluoro phenyl group was found to
interact with non-polar amino acids Tyr25 and Trp64 which reveals
that there are two stacking interactions making this compound more
stable for further processing as better drug compound. The binding
analysis and ligand interaction for the compound 2, 2’-difluoro-

diphenyl glycolic acid was depicted in Fig. 1.
4. Conclusion

The synthesized compound diphenyl glycolic acid and its derivative
mass and the presence of functional groups were analysed and
confirmed by FTIR and UV analyses. To conclude, we have
synthesized the diphenyl glycolic acid and its derivatives were docked
into the protein which provides good binding energy and the

interaction pattern. Compound 2,2’-difluoro- diphenyl glycolic acid
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possessed good docking score with related to the reference ligand and
it also possess the cancer cell toxic nature with the inhibition.
Additional studies will be carried out with respect to the protein
analysis and the binding affinity of the ligand through differential
scanning fluorimetry experiments. A further study to acquire more
information concerning pharmacological activity is in progress. More
development of this group of compounds may lead to compounds with
better pharmacological profile than standard drugs and serve as
templates for the construction of better drugs to combat bacterial
infection. After studying the docking poses and binding modes of the
docked compounds, the necessity of hydrogen bond formation for
enhancing the activity of this class of compounds can be highly

advocated.
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Abstract

Because of increasing automobiles, power plants and factories,
increasing of this automobiles, power plants produce the more
emissions like CO, HC and NOx. So that the world is searching for
the alternative fuel, which will not create any harm to the
environment and also it would be less in cost. Biodiesel is one of the
main solutions to the global energy crisis. In this present work
studied the performances and emission characteristics of Lemon
Seed Oil Bio-diesel (GSO). Use of additives for better combustion
characteristics to the biodiesel. The blends of Lemon Seed oil (GSO)
with the additives Aluminum oxide are B10+20 PPM CeO.,
B20+20PPM CeO2, B30+20 PPM CeO». This blends were analyzed and
their performance and emissions characteristics compared with
performance and emission characteristics of diesel. Tests were
carried out over entire range of engine operation at varying conditions
of load. The engine exhaust gas emissions are reduced with increase

biodiesel concentration.

Keywords: Lemon Seed oil (LSO); Cerium oxide; Engine Performance

characteristics, Exhaust emission characteristics.
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1. Introduction

In the context of fast depletion of fossil fuels and ever increasing
diesel vehicle population, use of renewable fuels like vegetable oils
has become pertinent steady with the estimation the International
Energy Agency, by 2025 global energy utilization will increase by
about 42%. Many research works are going on to substitute the diesel
fuel with appropriate alternative fuel such as bio diesel. Bio diesel are
best alternative for the diesel vehicle and it is easy to produce from
the seeds and flowers. [1] has made an endeavor to discover the
appropriateness of Trans esterified mahua oil as a fuel in C.I. motor.
Trial work was done on 7B.H.P single chamber four stroke and
vertical, water cooled Kirloskar diesel motor at evaluated speed of
1500rpm various mixes of trans esterified mahua oil with diesel were
tried at 200bar infusion pressure. Slight increment in brake warm
productivity and diminishing in explicit fuel utilization is seen on
account of esterified mahua oil (all mixes particularly 75% mahua oil)
contrasted with that of diesel. [2] Talked about the non-sustainable
power sources are draining at higher way so there is more vitality
request. Biodiesel is a trade for diesel fuel in packed start motors
because of its noteworthy natural advantages. The utilization of
biodiesel prompts decreases in PM, HC and CO discharges and the
expansion in fuel utilization and the increment in NOx emanation on
diesel motors with no change. The expansion of nano particles in
biodiesel builds the warm proficiency and diminishes the NOx
outflow. [3] assessed the impact of added substances (diethyl ether)
and nano added substances (cerium oxide) in the mango seed oil
methyl ester (MSME) biodiesel on motor execution, ignition and
emanation attributes of four stroke direct infusion diesel motor. The

brake thermal efficiency (BTHE) is improved with expansion of diethyl
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ether and cerium oxide. The brake explicit fuel utilization (BSFC) and

fumes gas temperatures (EGT) are diminished.

[4] Explored the impact of Alumina Metal Oxide (Al203) Nano
Particles as added substance for Palm Stearin Methyl Ester Biodiesel
(B 100) and their mixes as a substitute fuel in four stroke single
chamber water cooled, direct infusion diesel motor. The NOX outflows
were diminished by 9.70% for SOppm alumina nano molecule mixed
with palm stearin methyl ester contrasted with diesel. [S] discussed
about the effect of mahua oil on diesel engines since diesel engines
are major contributors of many air polluting exhaust gasses such as
carbon monoxide, unburned hydrocarbons, oxides of nitrogen and
other harmful compounds. [6] developed enthusiasm for biodiesel
owing to the closeness in its properties in contrast with those of diesel
energizes. There is a little improvement in results using the blends

and the emissions are also low compared to the diesel.

[7] assessed the exhibition and emanation attributes of a single
cylinder direct injection constant speed diesel engine with Soapnut
oil. Soapnut oil, a nonedible straight vegetable oil was mixed with oil
diesel in different extents to assess the presentation and discharge
qualities of a single cylinder direct injection consistent speed diesel
Engine. [8] talked about cleanser nut oil, cotton seed oil methyl ester
and diesel were mixed in the extent of 10:15:75 by volume to shape a
bio diesel mix of B25. It has been seen that the calorific worth is lower
and consistency is higher for B25 when contrasted with diesel. [9]
Pongamia as biodiesel were tested for their performance in diesel
engines. The biodiesel for various proportions like 5%, 10%, 15% and
20% and the effect on diesel engine performance is studied. The effect
of use of biodiesel on engine power, consumption of fuel and heat loss
involved are collected and analyzed with that of conventional diesel.
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[10] talked about the objective of the current work is to audit the
writing with respect to the basic parts of burning clamor radiation
during transient activity of normally suctioned and turbocharged

diesel engine.
2. Preparation of Biodiesel sample

The Nano particles bio diesel fuel is set up by blending the Cerium
oxide nano particles in the Lemon seed oil with the guide of a
ultrasonicator. The ultrasonicator procedure is the most appropriate
technique to scatter the nano particles in base fuel (Lemon seed oil),
as it encourages conceivable agglomerate nanoparticles back to
nanometer go. Nano particles are for the most part having higher
surface territory and henceforth surface vitality will be high and it will
in general agglomerate to frame a smaller scale atom and begins to
silt. So as to make nano molecule to be steady in a base liquid, it
ought to be developed to surface adjustment. Consequently, the
molecule sedimentation was controlled. So as to scatter the nano
molecule to base liquid ultra-sonication system was followed. A
known amount of (state 20 mg) added substance were gauged and
poured in the biodiesel and ultrasonicated for 60 minutes. Then it

forms a stable nano fluid.
3. Experimental Setup

A SHP (5.2 kW) 4-Stroke direct injection research diesel engine was
chosen to investigate the performance and combustion
characteristics. The air flow rate into the engine was measured by
mass flow sensor and the fuel consumption was measured by burette
method. Loading was applied on the engine with the help of eddy
current dynamometer. The experiment was carried at different loads.

Various sensors were utilized during the experiment to collect, store
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and analyze the data by computerized data acquisition system (IC
engine soft). An exhaust gas analyzer (AIRREX HG-540, 4Gas
analyzer) was employed to measure HC, CO, CO2 and NOX
emissions. The performance, combustion and emission results

obtained were tabulated. The engine setup is shown in fig 3.1

=
Fuel \‘J

¢ &

1=
DYNAMOMETER ENGINE

Figure 1: Experimental Setup
4. Results and Discussion

4.1 Brake Thermal Efficiency

Brake thermal Efficiency vs Load
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Figure 2: Brake thermal Efficiency Vs Load
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The brake thermal efficiency improved with improve in brake power.
Fig.4.1 shows the variation of BTHE with BP for Lemon seed oil at
various combinations nano additives comparing with diesel. B30 + 20
ppm aluminum oxide (24.5%) shows BTHE similar to that of neat
diesel (27.80 %) at full load. The oxides of metal nano particles
present in the biodiesel blend promote the complete combustion,

while compared to the individual biodiesel blend.
4.2 Specific Fuel Consumption

The variation of SFC with BP of GSO modified biodiesel with different
dosage level of Nano additives comparing with diesel. Corresponding
to BP is shown in fig 4.2, SFC is decreasing while increasing the BP.
At full load, SFC is higher for B30 (0.24 kg/kWh) adding with Nano
particles but it attains 8% lower value for diesel (0.28 kg/kWh).
CONP, oxidize the carbon deposits in the engine cylinder to reduced

fuel consumption.

Specific Fuel Consumption (SFC) Vs Load
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Figure 3: Specific Fuel Consumption Vs Load
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4.3 Hydrocarbon (HC)

The variation of HC with Load for B10, B20, B30 and modified blends
is shown in Fig 4.3. The HC increases with Load for all the blends.
However, HC emissions are found to be considerably reduced with
the addition high ppm of nano particles. Fundamentally, the oxygen

content of fuel is the main reason for hydro carbon emissions

reduction.
HC Emission vs Load
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Figure 4: Hydrocarbon Vs Load
4.4 Carbon monoxide

The influence of additives to biodiesel on carbon monoxide emissions
is shown in fig 4.4 CO emissions are increasing while increasing the
Load for all the blends. Hence CO emissions shows lower values for
B10, B20, and B30 blend adding CeO: additives. This may be
combustion improvement due to adding CeO»2. Because of incomplete

combustion causes CO emissions.
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Co emission vs Load
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Figure 5: Carbon monoxide Vs Load
4.5 Nitrogen Oxides (NOx)
Nox Emission vs Load
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Figure 6: Nitrogen oxides Vs Load
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The variation of nitrogen oxides with load for different blends of
biodiesel is illustrated in fig 4.5. Nitrogen oxides are mainly formed
due to high temperatures. NOx is increasing with Load however diesel

values are lower than all blends having nano particles
5. Conclusion

The experiment was conducted to investigate the effects of Cerium
oxide (CeO2) Nano particle as an additive for Lemon seed oil on
Performance, combustion and emission characteristics of CI
engine, based on the experiments the following conclusions are
drawn:

e The brake thermal efficiency was almost same for diesel and
Lemon seed oil blended with Aluminum oxide (20 ppm)

e By using Lemon seed oil blended with Cerium oxide (20 ppm)
the carbon monoxide (Co) emission were decreased compared
to diesel.

e Lemon seed oil blended with Cerium oxide (20 ppm) has higher
NOx emissions

e NOx emissions of Lemon seed oil methyl ester blended with
Cerium oxide (150 ppm) has lesser Nox emission compared
with other blends

e On the whole it is concluded that 150 ppm of Cerium oxide can
be used as additive which showed reduction in emissions as well
as compatible performance and combustion characteristics with

Lemon seed oil biodiesel
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Abstract

Major portion of today’s energy demand in the world is being satisfied
with fossil fuels. On the record of confronting the up and coming
energy crisis, bio oils have come up as a promising source of fuel for
IC Engines. As India is an agricultural country, there is a wide
extension for the generation of vegetable oils (both edible and non-
edible) from various plant assets. This is the reason that colossal
research work is going ahead to utilize bio oil as fuel. But there is a
serious perception that the performance and efficiency of bio oils is
found to be less than that of mineral diesel. This research work is to
prove that with necessary modifications in Compression ignition
engine the efficiency can be improved and it can be made equivalent
or still better than mineral diesel. Sapota Seed Oil is one among them
that is available abundantly in India and all over the world. An
experimental investigation was made to evaluate the performance and
emission characteristics of a diesel engine using different blends of
Sapota seed oil with cerium oxide Nano particle additive is added in
diesel. Sapota seed Oil was blended with diesel in proportions of 10%,

20%, and 30% by volume, performance and Emission parameters was
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studied under different loading conditions in compression ignition

engine.

Keywords - compression ignition engine, Sapota seed Oil, cerium oxide

additives, performance, emission.
1. Introduction

Due to the oil embargo and subsequent War, it was very crucial
problem of best utilization of energy for both developed and
developing countries. Then, it was the first time that the crude
petroleum importing nations stroked the shock when the oil exporting
countries bargained higher prices. This crucial energy crisis forced all
the countries to look for unconventional sources of energy (renewable
energy) and proficient utilization of energy. Then the focus of the
country planners has been changed to more efficiency, extra
productivity and least production cost. This resulted in an abrupt,
long term and multi-aspect solution to the problems emerging from
short supplies and increased energy demands throughout the world.
Nowadays world is facing the twin problems of fast exhaustion of
fossil fuels and environmental degradation. Hence, there is an urgent
need to reduce dependence on petroleum derived fuels for better
economy and environment. Adaptation of bio-origin unconventional
fuels can address both these issues. These fuels are basically non-

petroleum and result in energy security and environmental benefits.

Hossain. A.K et al [1] tested a multi-cylinder water cooled CI engine
with karanja oil. The engine cooling water circuit and fuel supply
systems were modified such that hot coolant preheated the biodiesel
prior to injection. Compared to fossil diesel, the BSFC was 3% higher
for the plant oils and the brake thermal efficiency was almost similar

which resulted in higher CO2 and NOx emissions.
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AshfaqueAhmed.S et al [2] analyzed by blending the lemongrass oil
with diesel with different proportions and testing the performance of
blended diesel. The tests were carried out for raw lemongrass oil, 20%
lemongrass oil, 40% lemongrass oil, 80% with diesel. The
performance was studied and it is concluded that, the blending of
20%, 40%, 60%, 80% and 100% at room temperature gives better fuel

consumption and also improves emission norms.

SenthilKumar.S et al [3] investigated the performance and emission
characteristics of a diesel engine fueled with diesel and blends of
rubber seed oil based bio-diesel compared to that of diesel. Engine
performance with biodiesel does not differ greatly from that of diesel
fuel. The experimental results proved that the use of rubber seed oil
based biodiesel is viable alternative to diesel. Ibrahim Khalil Adam et
al [4] in this study rubber seed/palm oil mixture at equal blend ratio
was used to produce Dbiodiesel. Parametric effect on

transesterification were studied using response surface methodology.

Tiwari et al [5] discussed in developing country, India is in need of
potential bio-diesels that are derived from non-edible vegetable oils to
minimize the dependency on petro diesel, thus reducing the foreign
expenditure on crude oil import, as well as to meet the environmental
concerns. For the reason, in the present work, feasibility of soap nut
bio-diesel as a potential alternate fuel for diesel engine, as well as
engine performance parameters of a single cylinder four stroke diesel
engine using petro-diesel and lean soap nut biodiesel blends with
petro-diesel as engine fuels, were experimentally investigated. The
experimental investigation showed soap nut bio-diesel to be a
potential alternate fuel for diesel engine. Moreover, lean soap nut bio-
diesel blends exhibited satisfactory engine performance over the
entire load range with performance of 10% blend of soap nut bio-
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diesel with petro-diesel i.e. B10 being marginally better than the

petro-diesel as well as other blends.

From the literature study, it is observed that many researchers have
used variety of biodiesel along with the conventional diesel fuel in the
analysis of combustion, performance and emission of a wide range of
diesel engines with little or without modification. In this project work,
bio-fuel blends from Sapota seed oil is explored in its performance
and emission characteristics in single cylinder diesel engine to
observe a substitute fuel by comparing the blended fuel results with
base pure diesel.To study the performance and emissions
characteristics of Sapota seed oil as biodiesel on single cylinder VCR
diesel engine.To study the performance and emissions characteristics
of various blends (B10, B20, B30) of Sapota seed oil as biodiesel with
cerium oxide additive. To find an alternative by comparing the results
of Sapota seed oil biodiesel blends with base fuel performance and

emissions characteristics.
1.1 Sapota Seed Oil as Bio-Diesel

Transesterification of natural glycerides with methanol to methyl-
esters is a technically important reaction that has been used
extensively in the soap and detergent manufacturing industry
worldwide for many years. Almost all biodiesel is produced in a
similar chemical process using base catalyzed transesterification as
it is the most economical process, requiring only low temperatures
and pressures while producing a 98% conversion yield. The
transesterification process is the reaction of a triglyceride (fat/oil)
with an alcohol to form esters and glycerol. A triglyceride has a
glycerine molecule as its base with three long chain fatty acids

attached. The characteristics of the fat are determined by the nature
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of the fatty acids attached to the glycerine. The nature of the fatty

acids can, in turn, affect the characteristics of the biodiesel.

During the esterification process, the triglyceride is reacted with
alcohol in the presence of a catalyst, usually a strong alkaline like
sodium hydroxide. The alcohol reacts with the fatty acids to form the
mono-alkyl ester, or biodiesel, and crude glycerol. In most
production, methanol or ethanol is the alcohol used (methanol
produces methyl esters, ethanol produces ethyl esters) and is base
catalyzed by either potassium or sodium hydroxide. Potassium
hydroxide has been found more suitable for the ethyl ester biodiesel

production, but either base can be used for methyl ester production.

The equation below shows the chemical process for methyl ester
biodiesel. The reaction between the fat or oil and the alcohol is a
reversible reaction, so the alcohol must be added in excess to drive

the reaction towards the right and ensure complete conversion.

0
CHO —C— R CH,0H
0
CHO—C—R togon o i, SH-oH
| 0 M OH o 3pH.0—C-R |
CHO —C — R atalyst E stets CHOH
Aleohol G lyrcerol

Glycende

The products of the reaction are the biodiesel itself and glycerol. A
successful transesterification reaction is signified by the separation
of the methyl ester (biodiesel) and glycerol layers after the reaction
time. The heavier co-product, glycerol, settles out and may be sold
as is or purified for use in other industries, e.g. pharmaceutical,

cosmetics, and detergents.
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After the transesterification reaction and the separation of the crude
heavy glycerin phase, the producer is left with a crude light biodiesel
phase. This crude biodiesel requires some purification prior to use.
Biodiesel has a viscosity similar to petroleum diesel and can be used

as an additive in formulations of diesel to increase the lubricity.

Biodiesel can be used in pure form (B100) or may be blended with
petroleum diesel at any concentration in most modern diesel
engines.Biodiesel is a better solvent than petroleum diesel and has
been known to break down deposits of residue in the fuel lines of
vehicles that have previously been run on petroleum diesel. Fuel
filters may become clogged with particulates if a quick transition to
pure biodiesel is made, as biodiesel “cleans” the engine in the process.
It is, therefore, recommended to change the fuel filter within 600-800

miles after first switching to a biodiesel blend.

2. Preparation of Sapota Seed Biodiesel

Figure 1: Sapota Seed Oil

After transesterification the oil which we get has still higher viscosity
to reduce it the next step is blending. By blending the oil can be

handled easily it is the main purpose to reduce the volatility. In order

Publicizing Research


https://www.srrbooks.in/

Smart Materials, Chemical Systems. and Digital Technologies (2026)

to evaluate the biodiesel in the CI engine, various blends of Soap nut
seed oil and the conventional diesel has been prepared by mixing with
the different amounts of diesel and biodiesel. In this study the blends

of B10, B20 and B30 were prepared for testing.

Biodiesel is available in a number of different blends. It can be used

as a fuel on its own (B100), or blended with diesel into B5, B10 etc.

Table 1. Properties of Sapota seed oil

Sl.No Property Value

1 Density 0.930g/cc

2 Kinematics viscosity@40 ‘C | 9.99cSt

Flash point by PMCC
3 238 C
method

4 Fire point by PMCC method | 254 C

6978.953
5 Calorific value

cal/g

Addition of cerium oxide to diesel cause significant reduction in
number weighted size distributions and light-off temperature and the
oxidation rate was increased significantly. Cerium oxide being a rare
earth metal with dual valance state existence has exceptional
catalytic activity due to its oxygen buffering capability, especially in
the Nano sized form. Hence when used as an additive in the diesel
fuel it leads to simultaneous reduction and oxidation of nitrogen

dioxide and hydrocarbon emissions, respectively, from diesel engine.

Table 2. Properties of Cerium Oxide
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Molecular formula CeO2
Molar mass 172.115 g/mol
Appearance White or pale yellow solid,

Slightly Hygroscopy

Density 7.215 g/cm3

Melting point 2,400 °C (4,350 °F; 2,670 K)
Boiling point 3,500 °C (6,330 °F; 3,770 K)
Solubility in water Insoluble

Crystal structure Cubic (fluorite)

The blending of Sapota seed biodiesel with cerium oxide is mainly
done by sonication process. Hielscher offers ultrasonic mixing
reactors for the production of biodiesel at any scale. The ultrasonic
mixing improves mass transfer and reaction kinetics leading to faster
transesterification and higher yield. It saves excess methanol and

catalyst.
3. Experimental Set Up

A Single cylinder, constant speed, Direct Injection engine was used to
evaluate the engine performance and emission characteristics of
plastic oil. The diesel runs under different load conditions at a
constant speed of 1800 rpm with the different plastic oil proportions.
The diesel engine was directly attached with an eddy current
dynamometer for varying the loads from no load (0%) to full load
(100%). Based on the engine power, the engine load is varied from no

load condition of 0%, 25%, 50%, 75% and full load condition of 100%.
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The engine loads are varied manually with help of an eddy current
dynamometer. Air flow rate was measured with an air drum fitted
with a calibrated orifice and the fuel flow was measured using
volumetric (calibrated burette) method. For fuel flow measurement,
two fuel tanks were used; one is filled with pure diesel while esterified
plastic oil is filled in another fuel tank. An AVL smoke meter was
attached for measuring the smoke opacity and exhaust gas
temperatures. The test rig was installed with AVL Indi micro software
to obtain various readings and results during operation. A five gas
analyzer was used to measure the emission characteristics such as
UHC, CO, NOx, CO2 and O values from the exhaust gas. The
performance and emission tests were conducted at the compression

ratio of 17.5 and with rated power.

The test was carried out for different proportions of waste plastic oil
blended with the pure diesel fuel. The performance analysis of the
engine at different rated power was evaluated in terms of Brake
Specific Fuel Consumption (BSFC), Brake Thermal Efficiency (BTE)
and emissions characteristics such as UHC, CO, CO2 and NOx. The

photographic view of the experimental set up used in this study.
4. Results and Discussion

5.1 Performance

5.1.1 Brake Thermal Efficiency

The performance of the brake thermal efficiency for different loads
with blended fuel at different ratios of diesel, Sapota seed oil.The
higher viscosity of the blended fuel reduced the brake thermal
efficiency and the blended fuel was similar to that of the diesel
performance. It is observed that, at maximum load condition and it

was only 2% variation from that of the pure diesel performance.
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Figure 2: Load Vs BTE

5.1.2 Specific Fuel Consumption
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Figure 3: Load Vs SFC

The Specific fuel oil consumption of blended oil is slightly higher than
diesel oilit is derived that the diesel has a lower Specific fuel oil
consumption because of high calorific value, with blended fuel B10
the equivalent SFC was very closer but higher than that for the pure
diesel fuel. This was observed due to the slightly lower calorific value

and higher viscosity of the biofuel.
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5.2 Emission Characteristics
5.2.1 Carbon MonoOxide

The emission characteristics was carried out for different blends of
biofuels with the pure diesel fuel. The emissions characteristics of CO
analyzed with cerium oxide additives. The Carbon Monoxide
emissions from blended fuel are a bit more than the normal diesel
fuel at all loads. Diesel engines produce little amount of CO when
compared to NOx and particulate emission as the engine was not

loaded.
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Figure 4: Load Vs CO

5.2.2 Carbon Dioxide
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The emission test was carried out for different proportions of biofuel
blended with the pure diesel fuel. The emissions characteristics ofCO2
analyzed with and without nano additives. From the readings, it is
inferred that emission of Caron dioxide is slightly higher than pure
diesel. The CO emission can be reduced by providing surplus oxygen
in to the combustion chamber. There by converting CO into COx3 this

is possible by complete combustion.

5.2.3. Hydro Carbon

=@=D100 =@=B10 B20 «==@==B30

€70
a
Q.
2 60
® S e — ®
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40
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Figure 6: Load Vs HC

The test was carried out for different proportions of biofuel blended
with the pure diesel fuel. The emissions characteristics of HC
analyzed with and without nano additives. At different load
conditions, the unburned hydrocarbon emission was lower for the
diesel fuel with respect to the blends of Sapota seed oil as shown in
Fig. 5.2.3. This is because of the higher calorific value of diesel and
due to which less amount of fuel was injected when compared to bio
fuel. Because of oxygen enrich environment, combustion is complete.
Hence lower unburned hydrocarbon emission was observed with

diesel fuel.
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5.2.4. Nitrogen Oxides
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Figure 7: Load Vs NOx

The study of nitrogen oxide emission from diesel, Sapota seed oil
blends are slightly lower than the pure diesel fuel performance at
maximum loads and it was shown in Fig. 5.2.4. Because of more air
action, much elevated than stoichiometric values, diesel engines
produce more NOx at part load conditions and at higher loads. Diesel
has higher calorific value than that of Sapota seed oil, so a lesser

amount of diesel was injected into the combustion chamber.
6. Conclusion

In this work, bio fuel from Sapota seed blends has been attempted as
an alternative fuel. The experiments were conducted without any
modification on the engine. CI engine performance tests were
conducted with three blend ratios of Sapota seed oil with diesel.
Based on the engine performance and emission characteristic test of
the Sapota seed oil an admirable substitute fuel which gives better
performance and similar emission characteristics results compared

with base pure diesel.
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