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ABSTRACT

The thesis, titled "Polymer Nanocomposites for Phthalate Detection,
Remediation, and Metamaterial Applications,” is a product of our strong
motivation to expand the structure-defining capabilities of polymers for
environmental and dielectric applications. The central objective was to address
phthalate detection and remediation issues and fill critical gaps in metamaterial
technology for extremely low-frequency applications. The thesis comprises eight
chapters, beginning with an introductory overview in Chapter 1 and an overview of
experimental techniques in Chapter 2. Chapters 3 to 7 are working chapters,
presenting findings and conclusions. Chapter 8 provides a comprehensive summary,
and Chapter 9 gives our recommendations for future research works on the thesis

topic.

One of the significant advancements made in this thesis is phthalate
detection using flexible noble metal-free SERS substrates. The substrates based on
BaTiOs;, PMMA BaTiOs;, and PMMA SrTiO; have been engineered and
customized to detect dimethyl phthalate (DMP), diethyl phthalate (DEP), and Di(2-
ethylhexyl) phthalate (DEHP), respectively. Innovative synthesis methods,
combining modified low-temperature sol-gel routes with in-situ polymerization,
produced substrates with the essential "hotspots" for amplifying Raman signals.
Microstructuring within the substrates facilitates the trapping of probe molecules
and enhances charge transfer-mediated chemical enhancement in Raman signals.
The findings underscore the substrates' ability to detect accurately without spectral

interference, essential for differentiating between substrate and probe molecules.

In the realm of water remediation, this thesis focuses on removing Dimethyl
Phthalate (DMP) using Zinc Oxide-incorporated Polypyrrole (PPy ZnO) polymer
nanocomposites synthesized via oxidative polymerization. The structural integrity,

cooperative effect of slit-like micropores and the conjugated benzene rings of



PPy ZnO led to effective removal of DMP across a wide range of concentrations in

aquatic environments.

In the domain of metamaterial applications, this research addresses the gap in
metamaterials suitable for the extremely low-frequency regime. Two ternary
composites were crafted by integrating a PMMA matrix with two distinct filler
combinations: AC ZnO and Graphite CaTiOs. Microstructuring mediated by the
PMMA voids beyond the percolation threshold facilitated the formation of
interconnected 3D conducting networks, enabling the transition to negative
permittivity. Interestingly, replacing metallic fillers with ceramic counterparts
drastically changes the order of magnitude of permittivity values from 10* to 10,
The selection of filler candidates and their concentrations played a crucial role in

fine-tuning negative permittivity for the ELF regime.

In summary, this thesis has made scientific contributions to managing
environmental pollutants through their detection and removal. Also, it could
effectively place a nanocomposite, which could fill the need for metamaterials
working in the ELF regime- catering to communication technologies. For its social
significance, the developed composites and their scientific understanding contribute
to sustainable development goals by promoting cleaner environments and safer
living conditions, aligning with global efforts to mitigate pollution and enhance

technological capabilities for societal benefit.

Keywords: Polymer Nanocomposites, Phthalate, SERS, Adsorption,

Metamaterial, Extremely Low Frequency.
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PREFACE

The field of material science has seen tremendous advancements, particularly
with the development of polymer nanocomposites, which combine the advantageous
properties of polymers as a platform and the unique characteristics of nanomaterials.
These hybrid materials exhibit remarkable mechanical, thermal, electrical, surface
and barrier properties, making them highly versatile for various applications. This
Ph.D. thesis explores the potential of polymer to act as a structure-defining factor in

polymer nanocomposites driving specific environmental and dielectric applications.

Polymer nanocomposites offer unique properties that make them ideal for
detecting and removing pollutants, viz. (i). The high surface area and tunable
surface chemistry of nanomaterials within the composites could enhance sensitivity
and selectivity, enabling the accurate identification of low concentrations of
phthalates. (ii) The exceptional adsorption capacity and chemical functionality of
polymer nanocomposites could facilitate the efficient capture and removal of
phthalate molecules. Utilising those properties of polymer nanocomposites, our
research has developed advanced composites capable of detecting or removing

phthalates, contributing to cleaner water sources and improved environmental health.

For dielectric applications, we identified a significant gap in the availability
of suitable metamaterials for extremely low-frequency applications. 10' to 10 Hz
electromagnetic waves belonging to the extremely low frequency (ELF) regime are
the lowest frequency waves regularly utilised for wireless transmission and
communication. Polymer nanocomposites possess properties that make them
excellent candidates for filling this gap. Their ability to be engineered at the
nanoscale allows for precise control over electromagnetic properties, essential for
creating practical metamaterials. The structure-defining capability to create
interconnected networks and the high dielectric constant and tunable electrical

conductivity of polymer nanocomposites enable the design of materials with unique



electromagnetic responses tailored to the extra-low frequency range. By leveraging
these properties, our research aimed to develop advanced polymer nanocomposite-
based metamaterials that can address the current limitations and meet the demands of

dielectric materials for the specific frequency regime, 10 to 102 Hz.
The thesis work is based on five connected objectives:

(1) Synthesise certain innovative nanocomposite materials that utilise the unique

structure-defining features of polymers.

(i)  To address environmental or dielectric material challenges using the

synthesised polymer nanocomposites.

(iii))  Develop polymer nanocomposite-based noble metal-free SERS substrates
with high surface area and tunable surface chemistry to enhance the
sensitivity and selectivity of detecting low concentrations of phthalates in

water sources.

(iv)  Utilise the exceptional adsorption capacity and chemical functionality of
polymer nanocomposites to facilitate the efficient capture and removal of

phthalate molecules from contaminated water.

(v) Identify and fill the gap in the availability of suitable metamaterials for
applications in extra-low frequency regions (10' to 10 Hz) using polymer

nanocomposites.

The thesis entitled "Polymer Nanocomposites for Phthalate Detection,
Remediation and Metamaterial Applications." is organised into eight chapters.
Chapter 1 provides a brief introduction to the topics covered in the thesis. Chapter 2
outlines the synthesis methods and characterisation techniques employed in the
research. Chapters 3 through 7 present the results and conclusions for specific
applications. Finally, Chapter 8 discusses the overall summary and future prospects

of the research work.

Chapter 1 provides a general introduction to polymer nanocomposites,

emphasising their structure-defining and structure-tuning capabilities. It discusses



the significance of detecting and remediating phthalates from the environment and
the need for dielectric metamaterials. The chapter also reviews various strategies for
phthalate detection and removal. Finally, it highlights the motivation and objectives

of the reported thesis work.

Chapter 2 introduces the experimental techniques employed in the thesis.
Structural characterisation utilises X-ray diffraction (XRD) to analyse crystalline
structures. Field Emission Scanning Electron Microscopy (FE-SEM) investigates
morphology, structure, and particle size. Optical and adsorption studies employ
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) and Raman
spectroscopy. Surface area and porosity analysis utilise Brunauer—-Emmett—Teller
(BET) and Barrer—Joyner—Halenda (BJH) techniques. Raman spectroscopy further
examines functional groups and vibrational modes. Dielectric properties are studied

using broadband dielectric spectroscopy.

Chapter 3 deals with the applicability of BaTiOz and the polymer
nanocomposites PMMA BaTiO; based SERS substrate for the detection of dimethyl
and diethyl phthalate impurities (DMP and DEP), respectively, from the water
system. The synthesis, characterisation studies, adsorption-based affinity studies,
and surface-enhanced Raman spectroscopic (SERS) investigations of the composites
are discussed in the chapter. The Surface Enhanced Raman Spectroscopy (SERS)
technique can amplify the Raman signals of target molecules, providing high
sensitivity and specific identification of phthalate molecules. Developing noble
metal-free SERS substrates with high selectivity and sensitivity is an emerging area
of research. Semiconductor-based SERS substrates with tunable shape and size,
elevated specific surface area, and fresh active sites enhance the affinity between the
substrate and probe molecules. These active sites act as the "hotspots" for charge
transfer, increasing the intensity of the Raman signals. We have synthesised BaTiO3
using a novel, modified low-temperature sol-gel route. The BaTiO3 (BT) was
incorporated into a PMMA polymer matrix resulting in PMMA BT SERS
substrates. = The PMMA promoted microstructural evolution, leading to the

formation of hotspots. We have demonstrated the utilisation of the synthesised



SERS substrate to sensitively detect two different phthalates, viz. DMP and DEP.
We have shown that the substrate design has created hotspots from the morphology
tuning, ensuring distinct Raman bands and precise detection without spectral
overlap. These hotspots enhanced the weak Raman signals of DMP and DEP,
driven by a charge transfer resonance mechanism - originating from strong
interactions between phthalates and BT and PMMA BT substrates, respectively.
Thus, Chapter 3 presents the BaTiO; and PMMA BaTiO3; composites as novel
noble metal-free SERS substrates for detecting DMP and DEP, offering significant

advancements in environmental remediation applications.

Chapter 4 introduces a novel detection method for Di(2-ethylhexyl) phthalate
(DEHP), a widely used industrial chemical with significant health risks. Traditional
DEHP detectors often fail to provide cost-effective and real-time detection. In
contrast, Surface-Enhanced Raman Spectroscopy offers excellent potential for
identifying environmental pollutants. This study presents a compelling, sensitive
detection tool for DEHP using a flexible, noble metal-free polymer-based SERS
substrate. The innovative design of the SERS substrate relies on hotspots created in
the pores of semiconductor SrTiO3, which is coated onto a PMMA polymer matrix.
Unlike conventional high-temperature synthesis methods (above 1000°C), a low-
temperature sol-gel route was employed to produce SrTiO3. The PMMA platform
mediated dense arrangement of micro spherical porous hotspots significantly
enhances the weak Raman peaks of DEHP. Additionally, the chosen SERS element
and platform ensure no overlap between the Raman bands of the substrate and the
probe molecule. The primary mechanism driving the SERS activity is charge
transfer resonance, facilitated by the strong affinity between SrTiOsz and DEHP.
Unlike conventional chromatographic techniques, this cost-effective, real-time, and
sensitive detection method using a noble metal-free flexible SERS substrate

provides an efficient approach for sensing DEHP.

Chapter 5 focuses on the efficient adsorptive removal of Dimethyl Phthalate
(DMP) using facilely synthesised Zinc Oxide-incorporated Polypyrrole (PPy ZnO)
polymer nanocomposites. The high-yield synthesis of PPy ZnO was achieved



through the oxidative polymerisation method. The synthesised samples were
characterised using various techniques, including XRD, FESEM, and BET-BJH.
The study identified the PPy ZnO composite with 0.03g of ZnO as a novel
adsorbent for DMP. Batch adsorption experiments, utilising UV-Vis spectroscopy,
examined the effects of contact time, adsorbate concentrations, and adsorbent dose.
Results showed that PPy ZnO removed 91.84% of DMP (1 ppm) molecules within
10 minutes, highlighting its potential for environmental remediation. Under
optimised conditions, the removal efficiency of DMP by PPy ZnO was 99.15% for
1 ppm and 99.78% for 20 ppm, demonstrating its effectiveness for both high and
low concentrations of plasticisers in aquatic systems. The enhanced DMP
adsorption is attributed to the synergistic effects of slit-like micropores and
conjugated benzene rings in the PPy ZnO, where DMP molecules are trapped and
held primarily by electrostatic attraction, hydrogen bonding, and n-n interactions.
This research underscores that engineered surface functional groups in polymer
nanocomposites can be utilised to develop high-performance phthalate adsorbents,

offering a promising solution for water pollution.

Chapter 6 delves into the intriguing realm of flexible composites exhibiting
negative permittivity behaviour, which have garnered significant attention for their
potential applications in the electromagnetic field and innovative capacitance. This
chapter focuses on designing and exploring surface microstructure-induced negative
permittivity in flexible composites, emphasising their metamaterial properties. The
composites were synthesised using Poly (methyl methacrylate) (PMMA), Activated
carbon (AC), and Zinc Oxide (ZnO) through an in-situ polymerisation process.
With the synthesised composite, we have achieved negative permittivity in the
extremely low-frequency (ELF) regime by varying the content of AC and ZnO
fillers. Detailed investigations were conducted on the composite's microstructure
formation, real permittivity, and AC conductivity. The results revealed that the
negative permittivity with high order and its magnitude could be effectively
controlled by adjusting the filler content of AC and ZnO. This tunability is crucial
for creating flexible composites with suitable permittivity values tailored for ELF

applications, which could meet the heavy industrial demand and lack of suitable



metamaterial for the ELF regime.

Chapter 7 also focuses on flexible composites with negative permittivity for
the ELF region. The composites, synthesised through an in-situ polymerisation
process, consist of Poly (methyl methacrylate) (PMMA), Graphite (G), and Calcium
titanate (CaTiO3). The inherent properties of ceramics, CaTiO3, including their high
dielectric constant and ability to maintain stable permittivity over a wide frequency
range, have augmented the composite's overall capacity to exhibit negative
permittivity in the desired frequency regimes. This synergy between the polymer
matrix and ceramic fillers facilitated precise control and enhancement of the
composite's electromagnetic characteristics, making them suitable for applications
requiring tailored permittivity behaviours. By varying the concentrations of graphite
and CaTiOs fillers, the composites were engineered to exhibit a high value of
negative permittivity (~ 10%) in the extremely low-frequency (ELF) range.
Investigations into their microstructural formation, real permittivity, and AC
conductivity demonstrated that the presence and degree of negative permittivity
could be finely tuned by adjusting the filler content. This tunability makes these
flexible composites highly attractive for industrial applications that require specific

permittivity values in the ELF range.

Chapter 8 comprehensively summarises the thesis and chapter 9 talks about

future prospects for the work discussed in the thesis.

Throughout the thesis, diverse categories of polymer nanocomposites were
synthesised using different polymeric matrices and fillers, resulting in novel
materials with enhanced surface properties ideally suited to achieve our primary
research goals. Chapters 3, 4, 5, 6, and 7 collectively address the objectives
mentioned at the beginning of this synopsis. Chapters 3 and 4 specifically
contribute to the third objective, while Chapter 5 complements our fourth objective.
Chapters 6 and 7 fulfil the fifth objective by focusing on the development of
metamaterials. Thus, the thesis, "Polymer Nanocomposites for Phthalate Detection,
Remediation, and Metamaterial Applications", presents a cohesive body of relevant

and robust studies to enhance the application of polymer-based nanocomposites



through their structure-defining properties. Moreover, our research delves into the
mechanisms underpinning SERS enhancement, adsorption-based removal, and the
formation of interconnected networks driving negative permittivity in metamaterials
for ELF region. The insights provided by the thesis are poised to play a crucial role
in advancing the utilisation of polymer nanocomposites in environmental and

dielectric applications.
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Abstract: This chapter aims to provide a concise overview of the thesis and an introduction
to its general aspects. The chapter offers a general introduction to the main topics of
discussion in this thesis, viz., polymer nanocomposites, phthalates, and metamaterials. The
importance of and ways to detect and remediate phthalates are also discussed. This chapter
also highlights the significance of SERS substrates and metamaterials based on polymer
nanocomposites. Towards the end of the chapter, the motivation, objectives, and a brief
overview of the thesis - providing a chapter-wise division of the thesis is presented.







Introduction

In this thesis, titled "Polymer Nanocomposites for Phthalate Detection,
Remediation, and Metamaterial Applications.” we work to utilise the structure-
defining capability of polymers, especially when they drive the formation of
nanocomposites. The resultant polymer nanocomposites were tested for
environmental and electronic applications. With this in mind, we have synthesised

various categories of polymer nanocomposites for the following three applications:
(a) Phthalate detection,

(b) Phthalate removal, and

(c) Metamaterial application.

The thesis consists of five different working chapters, each addressing one of

the above applications.

In the realm of advanced materials, polymer composites have emerged as
versatile and transformative solutions, driving innovation across diverse scientific
domains. With their unique blend of properties, these composites offer remarkable
potential in phthalate detection, environmental remediation, and developing cutting-
edge metamaterials. Phthalates, ubiquitous in plastic products, pose significant
health and environmental risks due to their endocrine-disrupting characteristics [1].
Traditional detection methods often fall short in sensitivity and specificity. In
contrast, polymer composites, with their tunable chemical structures and high
surface area, provide an unprecedented platform for precisely and efficiently
detecting phthalates, ensuring safer consumer products and environments. Beyond
detection, polymer composites could play a crucial role in the remediation of
phthalate-contaminated sites. Their ability to adsorb and degrade phthalates through
tailored surface functionalities enables effective water and soil purification,
mitigating the adverse impacts of these hazardous chemicals. This dual capability of
detection and remediation underscores the multifunctionality of polymer composites

in addressing complex environmental challenges.

In the burgeoning field of metamaterials, polymer composites are pioneering

new frontiers. Their customisable dielectric properties and flexible nature make
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them ideal candidates for constructing metamaterials with unique electromagnetic
characteristics, such as negative permittivity and permeability. These composites
pave the way for revolutionary applications in electromagnetic wave manipulation,

stealth technology, and beyond.

Thus, polymer composites stand at the confluence of environmental science
and material engineering, offering innovative solutions for phthalate detection and
remediation while also unlocking new possibilities in the realm of metamaterials.
This exploration into their multifaceted applications highlights their scientific
significance and profoundly underscores their potential to impact various

technological advancements.
1.1 Polymer Nanocomposites

Using nanoparticles directly in various applications is limited due to their
instability, which stems from their large surface area-to-volume ratio, leading to
quick oxidation, contamination, and handling difficulties [2]. Encapsulating
nanostructures within a suitable matrix mitigates these issues, stabilising the
nanoparticles and allowing for the modification of their morphology and
arrangement. These encapsulated materials, known as nanocomposites, combine the
properties of the host material with those of the nanostructures, making them
superior to their individual components. Nanocomposites, multiphase materials with
at least one phase in the nanometre range, offer the ability to fine-tune properties by
adjusting the quantities of the host material and nanoparticles [3]. Depending on the
host material, nanocomposites can be classified into ceramic, metal, and polymer
nanocomposites. Despite ceramics' brittleness, ceramic nanocomposites can achieve
quasi-ductility with appropriate fillers and retain advantages such as toughness,
lightness, and high-temperature resistance, making them suitable for automotive and
aerospace industries [4]. Metal and polymer nanocomposites leverage the intrinsic
properties of their respective matrices, enhanced by the unique characteristics of the

nanostructures [5].
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1.1.1 Introduction to Polymer Nanocomposites

Polymer nanocomposites represent a groundbreaking advancement in
materials science, combining the versatility of polymers with the exceptional
properties of nanoscale fillers. Polymer nanocomposites are advanced composite
materials characterised by a polymer matrix integrated with nanofillers with at least
one dimension smaller than 100 nanometres. These nanofillers, which can be
particles, fibres, or platelets, significantly enhance the properties of the polymer
matrix due to their nanoscale dimensions and high surface area-to-volume ratio [5].
Incorporating these nanoscale fillers leads to remarkable improvements in
mechanical strength, thermal stability, electrical conductivity, and barrier properties
compared to conventional composites. By leveraging the unique interactions at the
nanoscale, polymer nanocomposites offer tailored functionalities for diverse
applications, ranging from automotive and aerospace components to electronics,
packaging, and biomedical devices. This ability to fine-tune material properties
through nanoscale engineering positions polymer nanocomposites as vital materials

in modern technology and industrial applications.
1.1.2 Classification of Polymer Nanocomposites
(a) Polymer/ Ceramic Nanocomposites

Nanocomposites comprise single ceramic layers (1nm thick) homogeneously
scattered in a persistent matrix. Integrating ceramic particles into a polymer matrix
results in a material that exhibits superior mechanical properties, such as increased
stiffness, toughness, and wear resistance. Additionally, the thermal stability and
insulating properties of ceramics enhance the composite's ability to withstand high
temperatures and improve its thermal management capabilities. One of the critical
benefits of polymer-ceramic composites is their ability to be tailored for specific
applications by adjusting the type and amount of ceramic filler and the polymer
matrix used. This customisation allows for the design of materials with specific
properties required for various industrial applications, such as in aerospace,
automotive, electronics, and biomedical fields. In the Polymer/ Ceramic

Nanocomposites category, we have studied PMMA ST and PMMA BT as SERS
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substrates for phthalate detection applications.
(b) Inorganic/Organic Polymer nanocomposites

Inorganic/organic polymer nanocomposites are advanced materials that
synergistically combine the properties of inorganic nanoparticles with organic
polymer matrices. These nanocomposites leverage the high strength, thermal
stability, and unique optical or electrical properties of inorganic components with
the flexibility, processability, and lightweight nature of organic polymers.
Integrating inorganic nanoparticles, such as metal oxides, clays, or carbon-based
materials, into polymer matrices results in enhanced mechanical strength, improved
thermal and chemical resistance, and novel functional properties. This combination
allows for developing materials with tailored functionalities for specific
applications, ranging from high-performance structural components to smart
materials in electronics, energy storage, and biomedical devices. PPy ZnO
composites, which belong to this category, were prepared and utilised to remove

phthalates from aqueous solutions.

Polymer/Ceramic
Nanocomposites

Inorganic/Organic
Polymer
nanocomposites

Inorganic/Organic
Hybrid
Nanocomposites

POLYMER
NANOCOMPOSITES

Polymer/layered
Silicate
Nanocomposites

\ Polymer/Polymer
Nanocomposites

Bio composites

Fig 1.1 Diagram representing Classification polymer nanocomposites
(¢)Inorganic/Organic Hybrid Nanocomposites

Hybrid inorganic/organic materials transcend simple physical mixtures and
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can be broadly defined as nanocomposites where organic and inorganic components
are intimately blended. These hybrids can manifest as homogeneous systems formed
from monomers and compatible organic/inorganic elements or as heterogeneous
systems (nanocomposites) in which at least one component is on the nanometre
scale. In this class of polymer nanocomposites, we have prepared PMMA ZnO AC
and PMMA  Graphite CaTiOs systems intended for metamaterial applications.

(d)Polymer/layered Silicate Nanocomposites

Polymer/layered silicate nanocomposites are advanced materials composed
of a polymer matrix intercalated or exfoliated with layered silicate nanoparticles.
These nanocomposites exhibit superior properties to conventional composites due to
the high aspect ratio and large surface area of the silicate layers. These layers can
significantly enhance mechanical strength, thermal stability, and barrier properties
when uniformly dispersed within the polymer matrix. The synergistic combination
of the polymer's flexibility and the silicate's rigidity creates a composite material
with remarkable performance characteristics, making them highly desirable for

automotive, aerospace, packaging, and biomedical applications.
(e)Polymer/Polymer Nanocomposites

Polymer/polymer nanocomposites are innovative materials created by
combining two or more distinct polymeric phases, with at least one phase dispersed
at the nanoscale. This unique structure enhances various properties, such as
mechanical strength, thermal stability, and optical characteristics. The nanoscale
dispersion of one polymer within another can significantly improve the composite
material's performance, providing a balance of flexibility, toughness, and durability.
These nanocomposites are particularly advantageous in applications where
traditional polymer blends fall short, such as high-performance coatings, advanced
packaging materials, and next-generation electronic devices. By carefully selecting
and engineering the constituent polymers, scientists and engineers can tailor the
properties of polymer/polymer nanocomposites to meet specific functional

requirements, paving the way for their widespread use in cutting-edge technologies.
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(f)Biocomposites

Biocomposites are materials composed of natural fibres or bio-based
polymers combined with synthetic or natural matrices to create environmentally
friendly and sustainable alternatives to traditional composites. These materials
leverage the strength and renewability of natural components such as plant fibres
(e.g., flax, hemp, or jute) and bio-resins derived from renewable resources.
Biocomposites offer several advantages, including reduced environmental impact,
biodegradability, and lightweight properties, making them ideal for various
automotive, construction, packaging, and consumer goods applications. The
development and use of biocomposites support the move towards greener
manufacturing practices and contribute to reducing carbon footprints, fostering a

more sustainable future.
1.1.3 Enhancement in Properties

Polymer nanocomposites have demonstrated significant enhancements in
properties due to the inclusion of nanomaterial additives, offering substantial
advantages over conventional fillers and base polymers. These enhancements
include remarkable improvements in mechanical properties such as strength,
modulus, and dimensional stability, making the materials more robust and reliable
for various applications. Additionally, polymer nanocomposites exhibit superior
solvent and heat resistance and decreased flammability, enhancing their safety and
durability under challenging conditions. Their reduced permeability to gases, water,
and hydrocarbons further extends their utility in barrier applications. Thermal
stability and heat distortion temperature are also notably increased, contributing to
better performance at elevated temperatures. The flame retardancy and reduced
smoke emissions of polymer nanocomposites make them safer in fire-prone
environments. Furthermore, these materials show enhanced chemical resistance,
ensuring longevity and resilience against corrosive substances. Surface appearance
improvements, increased electrical conductivity and optical clarity compared to

conventionally filled polymers make polymer nanocomposites versatile and suitable
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for a wide range of high-performance applications.

Enhanced
mechanical
properties

Electrical
and
Magnetic
Properties

Optical
Properties

Lightweight

Fig 1.2 Representation of polymer nanocomposites (PNC) properties. The
structure-defining capability of polymers can enhance the PNC properties.

1.1.4 Applications of Polymer Nanocomposites

Due to their enhanced properties, polymer nanocomposites have found

diverse applications across various fields. Here are some critical applications:
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Fig 1.3 Diagram representing applications of polymer nanocomposites
(a) Environmental Remediation

Recently, polymer nanocomposites (PNCs) have garnered significant
attention in the realm of wastewater treatment and remediation. The decline in the
quantity and quality of freshwater sources, mainly due to human activities, poses a
critical challenge. Water is vital for humans, agriculture, and industrial processes,
but rapid industrialisation has increased wastewater discharge, introducing diverse
pollutants into the environment with detrimental effects on ecosystems and human
health. PNCs offer a promising solution as they are efficient and cost-effective
materials for treating wastewater [6,7]. These composites, combining polymers with
nanomaterials, exhibit enhanced properties, including improved resistance to
fouling, thermal stability, membrane permeability, mechanical strength,
photocatalytic activity, and adsorption capabilities [8]. The efficacy of PNCs in
water treatment depends on factors such as the type, size, and shape of nanoparticles
used, their interaction with the polymer matrix, and their concentration.
Furthermore, the method of PNC modification influences their reusability,
remediation efficiency, and selectivity in water treatment applications. PNCs are
particularly effective in removing dyes, metal ions, and microorganisms from water,

[9] highlighting their versatile role in addressing various environmental challenges.
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Dyes are extensively utilised in textiles, papermaking, and cosmetics to
impart colour to products. However, their discharge in wastewater poses severe
environmental challenges due to their carcinogenic and toxic nature. Efficient
removal of dyes is crucial to render wastewater suitable for reuse and prevent
ecological harm. Polymer nanocomposites (PNCs) have emerged as practical
materials for dye removal from polluted water, benefiting from the synergistic
properties of polymers and nanomaterials [10]. For instance, cellulose/graphene
oxide nanocomposites achieved 98% removal of methylene blue dye with an
adsorption capacity of 334.19 mg/g within 135 minutes [11]. Similarly,
cellulose/clay nanocomposites demonstrated up to 98% removal efficiency for
methylene blue [12]. In another study, polyaniline/TiO2 nanocomposites exhibited
an adsorption capacity of 458.10 mg/gL for methylene blue, utilising mechanisms
like membrane diffusion and chemical adsorption [13]. These examples illustrate the

effectiveness of PNCs in addressing dye pollution in wastewater.

Polymer nanocomposites (PNCs) incorporating magnetic nanoparticles can
serve as reusable magnetic adsorbents for dyes, leveraging the magnetic properties
inherent in their nanoparticles. These PNC magnetic adsorbents possess a large
surface area, porous structure, and small particle size, coupled with excellent
magnetic characteristics that enable easy recovery via magnetic separation post-
adsorption or regeneration. This addresses the challenges of separating PNC

adsorbents and enhances their reusability in dye removal applications.

The effectiveness of dye removal using PNCs can be optimised by
controlling several factors, such as the choice and characteristics of the polymer and
the nanomaterial. Additionally, the methods used for preparing PNCs and their
structural design are crucial in determining their performance in dye removal
applications. Combining adsorption and photocatalytic degradation mechanisms in
PNCs can enhance their efficiency compared to relying on either mechanism alone.
PNCs with magnetic properties offer added benefits as they can be easily recovered
and reused multiple times. Experimental conditions like dye concentration, PNC

concentration, pH, temperature, and contact time also influence the dye removal
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process. Holistically addressing these factors would enable the development of
PNCs that demonstrate superior performance in dye removal applications. However,
scaling up production for industrial use remains a challenge that requires further
research to reduce costs and enhance practical applicability. Issues such as toxicity,
selective dye removal, regeneration capability, environmental friendliness, stability,
and efficient separation from solutions also need careful consideration and
exploration in future studies to maximise the potential of PNCs in large-scale

applications.

Metal pollution has escalated globally due to rapid urbanisation and
industrialisation, posing significant environmental threats. Consequently, removing
metal ions from water sources has become crucial for safeguarding both the
environment and human health. Polymer nanocomposites (PNCs) have emerged as
effective materials for this purpose, utilising mechanisms such as adsorption to
efficiently remove heavy metal ions like Cu (II), Cd (II), Pb (II), Co (II), Cr (VI),
and Ni (II) from aqueous solutions. These composites offer advantages over
traditional polymer adsorbents, including higher surface area, more active sites,
enhanced stability, mechanical feasibility, and increased adsorption capacity [14].
For example, PNCs incorporating materials like polyaniline p-FeOOH,
magnetite/poly (1-Naphthylamine), and poly (N-vinyl carbazole)/graphene oxide
have demonstrated significant effectiveness in metal ion removal [15-17]. Moreover,
PNCs with magnetic properties facilitate easy recovery and multiple reuses after
adsorption, addressing challenges in separation and enhancing overall efficiency in
water treatment applications. Due to their high adsorption capacity, excellent
recycling performance, better mechanical strength, and ease of separation from
solutions, polymer nanocomposites have been found to be extensively valuable for
removing metal ions from wastewater. In these composites, the polymer matrix
provides structural support and acts as a chelating agent, while the embedded
nanoparticles contribute chelating sites, reducibility, and magnetic properties. PNCs
exhibit rapid adsorption kinetics, efficient regeneration capabilities, and effective
chelation of metal ions. However, challenges remain in scaling up production from

laboratory to industrial scales, and research on cost-effective production methods
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and practical applications is limited. Further investigations are needed to evaluate
adsorption capacities across different metal ions, develop reliable regeneration
methods, and explore PNCs with enhanced long-term performance and regeneration
capabilities. Advanced analytical techniques are also essential for better
understanding the adsorption mechanisms and interaction processes at the molecular

level [18,19].
(b) Optoelectronics

For most optical applications, conjugated polymers are essential in
composite materials due to their wide range of band gap values and significant
electrical conductivity, making them suitable for electronic devices like OLEDs and
OPVs. Inorganic particles, selected to ensure transparency, enhance specific
polymer characteristics without altering the optical properties. Typically smaller
than 40 nm, these particles prevent optical scattering loss and aggregation,
maintaining the composite's transparency [20]. Beyond enhancing specific traits,
nanoparticles also improve the stability of the host polymer by protecting against
atmospheric and light-induced degradation. This protection is crucial as traditional
encapsulation with glass lids compromises the flexibility of polymer devices.
Integrating small amounts of inorganic particles into the polymer matrix can
preserve mechanical properties and provide resistance to degradation by absorbing

energy and reducing organic structure defects [21].
(c) Novel catalyst

Nanoparticles exhibit significant potential as catalysts and redox-active
media due to their high specific surface area, reactivity, and shape-dependent
optical, electronic, and catalytic properties. These attributes have spurred extensive
research into designing highly efficient photo- and chemo-catalytic materials for
purifying contaminated water and gases. Common catalytic nanoparticles include
nanosized semiconductor materials such as nano-TiO2, ZnO, CdS, and WOs, zero-
valent metals like FeO, CuO, and ZnO, and bimetallic nanoparticles such as Fe/Pd,
Fe/Ni, Fe/Al, and Zn/Pd [22]. These nanoparticles are effective in catalysing or

acting as redox agents for the degradation of a wide range of environmental
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pollutants, including Polychlorinated Biphenyls (PCBs), azo dyes, halogenated
aliphatic, organochlorine pesticides, halogenated herbicides, and nitroaromatics
[23]. However, their use in aqueous suspensions is limited due to challenges in
separating and recycling fine particles. Polymeric hosts are particularly attractive
due to their controllable pore space, surface chemistry, and excellent mechanical
strength, making them ideal for long-term use. The resulting polymer-based
nanocomposites (PNCs) retain the inherent properties of the embedded nanoparticles
while the polymer matrix provides enhanced stability, processability, and notable
improvements stemming from nanoparticle-matrix interactions. Immobilising these
nanoparticles onto polymer matrices, such as porous resins, ion exchangers, and
polymeric membranes, has effectively mitigated these issues. This approach reduces
particle loss, prevents agglomeration, and facilitates the application of convective

flow by freestanding particles.
(d) Energy storage and saving

Polymer nanocomposites (PNCs) are emerging as vital materials for energy
storage and saving applications, owing to their unique properties that enhance
performance and efficiency. The integration of nanomaterials with polymers results
in composites that exhibit superior mechanical strength, thermal stability, and
electrical conductivity compared to their components. In energy storage, PNCs are
utilised in advanced batteries and supercapacitors, where they improve the charge
storage capacity, cycle stability, and rate performance. For instance, incorporating
conductive nanoparticles like graphene or carbon nanotubes into polymer matrices
significantly enhances the electrical conductivity and electrochemical properties of
these devices. In terms of energy saving, PNCs play a crucial role in thermal
insulation and lightweight construction materials. Nanoparticles such as silica
aerogels and Metal-Organic Frameworks (MOFs) embedded in polymers can create
materials with low thermal conductivity, which are essential for reducing energy
consumption in buildings and industrial processes. Additionally, the high surface
area and tailored pore structures of these composites contribute to better energy

efficiency in various applications. Furthermore, PNCs are being explored for use in
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flexible and wearable electronics, where their mechanical flexibility and durability,
combined with excellent electrical properties, open up new possibilities for energy
harvesting and storage in portable and flexible devices. Overall, the development of
polymer nanocomposites holds great promise for advancing energy storage

technologies and improving energy efficiency across multiple sectors.
(e) Electromagnetic radiation absorption

Polymer nanocomposites (PNCs) are gaining significant attention for their
potential in electromagnetic (EM) radiation absorption applications. These materials
are designed to effectively absorb and dissipate EM waves, which is crucial for
mitigating electromagnetic interference (EMI) and enhancing the performance of
electronic devices. The integration of nanoparticles with polymers results in
composites that combine the flexibility and processability of polymers with the
unique electromagnetic properties of nanomaterials. One of the primary advantages
of PNCs in EM radiation absorption is their ability to be tailored for specific
applications through the choice of nanomaterials and polymer matrices. Commonly
used nanoparticles include carbon-based materials like graphene and carbon
nanotubes, metallic nanoparticles such as iron, nickel, and cobalt, and magnetic
oxides like ferrites. These nanoparticles provide high electrical conductivity and
magnetic permeability, essential for effective EM wave absorption. EM absorption
in PNCs involves converting EM energy into thermal energy through dielectric loss,
magnetic loss, and conductive loss. The high surface area and unique electronic
properties of nanomaterials enhance these mechanisms, leading to improved
absorption efficiency. Additionally, the polymer matrix offers mechanical flexibility
and durability, making PNCs suitable for various applications, including coatings,
films, and structural components. Recent advancements in the synthesis and
processing of PNCs have led to the development of materials with tunable
absorption properties across a wide frequency range, from Radiofrequency (RF) to
Microwave (MW) bands. These materials are particularly useful in shielding
sensitive electronic equipment from EMI, improving the performance of wireless

communication systems, and reducing radar cross-sections in stealth technology.
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Hence, continued research and development in this field are expected to lead to
more efficient and cost-effective EMI shielding materials, benefiting a wide range of

industries.
(f) Sensing and detection

Sensors find extensive applications in detecting chemicals, toxic gases,
medical diagnostics, and defence. Key requirements for effective sensors include
small size, multifunctionality, affordability, reliability, rapid response, high
sensitivity, and selectivity. Achieving rapid response and high sensitivity often
hinges on maximising specific surface area. Polymer nanocomposites (PNCs) have
emerged as promising materials for sensor fabrication due to their cost-
effectiveness, ease of fabrication, and versatile physicochemical properties [23].
PNCs allow convenient modification by incorporating side chains and inorganic
materials into the polymer matrix, enhancing conductivity, electrolytic behaviour,
dielectric properties, optical response, ion selectivity, and molecular recognition
capabilities [24]. Nanofillers used in PNCs for sensor applications must possess
unique electrochemical, optical, or magnetic properties to augment sensor sensitivity
and detection rates. This synergy of polymeric matrices with tailored nanofillers
underscores PNCs' growing role in advancing sensor technology across various
fields. PNCs can be tailored to enhance sensor sensitivity and selectivity by
incorporating functional nanoparticles like carbon nanotubes, graphene, metal
oxides, and quantum dots, each offering specific attributes such as high surface area,
conductivity, and catalytic or optical properties. This versatility allows PNCs to
detect various analytes from gases and volatile compounds to biological molecules
and environmental pollutants suiting applications in environmental monitoring,
healthcare diagnostics, food safety, and industrial processes. Their rapid response
time and real-time monitoring capabilities are precious in dynamic environments,
providing timely feedback on analyte concentrations for swift interventions.
Moreover, PNCs can be integrated into compact, portable devices and
microfabricated sensor arrays, ensuring robust performance and durability in diverse

and challenging conditions. Ongoing research aims to optimise PNC compositions,
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improve sensor selectivity, and enhance detection limits, addressing challenges such
as reproducibility, interference management, and long-term stability. With
continuous advancements, polymer nanocomposites are poised to drive innovations

in healthcare, environmental monitoring, and industrial applications.

In this thesis, our focus has been on the design, application, and
exploration of polymer nanocomposites for detecting and remediation of
phthalates, as well as their use in metamaterial applications. Therefore, in the
following sections 1.2 and 1.3, we provide an introduction to PNCs for phthalate

detection and metamaterial applications.

15



Introduction

1.2. Phthalate Detection and Removal.

We have employed Polymer Nanocomposites (PNCs) to detect and remove
phthalates due to their versatile properties and effectiveness in environmental
applications. PNCs combine the benefits of polymers with those of embedded
nanoparticles, offering enhanced surface area and tailored functionalities crucial for

efficient phthalate detection and remediation.
1.2.1 Introduction to Phthalates

Phthalates are esters derived from 1,2-dibenzene dicarboxylic acid, with their
general structure depicted in Fig.1.4. They are created by reacting an excess of either
branched or normal alcohols with phthalic anhydride in the presence of a catalyst.
The initial reaction step produces a monoester, which is then transformed into a
diester in the subsequent reaction step. This diverse group of industrial compounds
is primarily used as plasticisers to enhance the flexibility and workability of high
molecular weight polymers, making them the most widely produced plasticisers to
date. Their low melting points and high boiling points also render them useful as
heat-transfer fluids and carriers. Phthalates can make up to 50% of the total weight
of certain plastics. Both linear and branched phthalate esters are utilised in plastic
manufacturing, with linear esters offering superior flexibility at low temperatures
and reduced volatility. However, due to volatility issues, phthalates with alkyl side
chains shorter than C6 are rarely used as plasticisers. Phthalates are commonly
found in products such as ink, paint, adhesives, vinyl flooring, food products,
cosmetics, and pharmaceuticals. At ambient temperatures, phthalates are oily,
colourless liquids with a slight Odor. The phthalates used in large quantities are
insoluble in water, miscible with mineral oil and hexane, and soluble in most
organic solvents. Table 1.1 provides an overview of commonly used phthalate
esters. Their physicochemical properties vary significantly with the length of the
alkyl chain. Volatility and water solubility can differ by up to four and twelve orders
of magnitude, depending on the chain length. Generally, as the alkyl chain length (R
and R') increases, volatility, plasticising efficiency, and water extraction decrease

while lipophilicity and oil extraction increase.
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Table.1.1 Names, acronyms, and Carbon numbers of some common
phthalates.

Chain length

Abbreviation

(Carbon atoms)
Linear Sidechain

Dimethyl phthalate DMP Ci1/C1 [25]
Diethyl phthalate DEP C2/C2 [26]
Di-n-propyl phthalate DPrP C3/C3 [27]
Di-n-butyl phthalate DBP C4/C4 [28]
Di-n-pentyl phthalate DPP C5/C5 [29]
Di-n-hexyl phthalate DNHP C6/C6 [30]
Di-n-heptyl phthalate DHP cr/C7 [31]
Di-n-octyl phthalate DOP C8/C8 [32]
Di-n-undecyl phthalate DUP Cli1/Cc11 [33]
Di-n-tridecyl phthalate DTDP C13/C13 [34]
Branched side chain

Diisobutyl phthalate DIBP C4/C4 [35]
Diisopentyl phthalate DIPP C5/C5 [36]
Diisoheptyl phthalate DIHP cr/C7 [37]
Di(2-ethylhexyl) phthalate DEHP C8/C8 [38]
Diisononyl phthalate DINP C8/C10 [39]
Dipropylheptyl phthalate = DPHP C10/C10 [40]
Diisodecyl phthalate DIDP C9/C11 [41]
Diisoundecyl phthalate DIUP Cli/C11 [42]
Diisotridecyl phthalate DITP C13/C13 [43]
Cyclic alkyl side chain [44]

Dicyclohexyl phthalate DCHP C6/C6 [45]
Different side chain length [46]

Benzyl butyl phthalate BBP C4/C6 [47]
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Fig. 1.4. General chemical structure of phthalates (where R and R' are linear
or branched alkyl groups).

Lower molecular weight phthalates, such as dimethyl phthalate (DMP), diethyl
phthalate (DEP), and dibutyl phthalate (DBP), are commonly used in cosmetics
and personal care products, including fragrances, perfumes, bath preparations,
and nail polishes [48,49]. In many industries, DEP is added to alcohol for
denaturation purposes. On the other hand, higher molecular weight phthalates,
particularly di ethylhexyl phthalate (DEHP), are extensively used as plasticisers
in plastic products, including toys, where their contribution ranges from 10% to
40%. The plasticising effect of phthalates is primarily due to their low melting
point below 25°C [50].

1.2.2 Phthalate exposure pathway and toxicity

Human exposure to phthalates is extensive and stems from numerous
ubiquitous sources. Given the chemical and physical characteristics of
phthalates and their distribution, multiple pathways for their entry into the body
should be considered. Direct exposure to phthalate diesters can happen through
inhaling air in both indoor and outdoor environments, unintentional ingestion of
household dust, and consumption of drinking water and food. It is important to
note that phthalates can leach into food during storage, packaging, and
preparation. Additionally, medical treatments involving devices and
pharmaceuticals and the use of toys, cosmetics, personal care products, and
household items contribute to phthalate exposure. The human placenta does not

effectively block phthalates, allowing these chemicals and metabolites to reach
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the foetus. Indirectly, Phthalates can also readily migrate through the food chain
and find a way to all organisms throughout the pathway. This creates a complex
exposure scenario, making it difficult to pinpoint the relative contribution of

each source to overall human exposure.

Phthalates, widely used as plasticisers in various consumer products,
have been linked to numerous adverse health effects. Studies have shown that
exposure to phthalates can disrupt endocrine function, leading to hormonal
imbalances. This disruption can affect reproductive health, causing reduced
fertility, developmental abnormalities, and changes in sexual development. In
particular, phthalates have been associated with lower sperm count and quality
in men and early puberty in girls. Additionally, phthalates may contribute to
metabolic disorders, such as obesity, fatal death, cancer, deformations, liver and
kidney damage and insulin resistance, by interfering with lipid metabolism.
They are also linked to respiratory issues, such as asthma and allergies,
particularly in children. Furthermore, phthalate exposure during pregnancy has
been connected to adverse outcomes, including low birth weight and preterm
birth. Breast milk can transmit phthalates from maternal blood to the developing
foetus and infants. These exposures can potentially impact the endocrine system,
essential for various biological functions, including reproductive processes.
Additionally, phthalates have been detected in seminal fluid and the placenta.
The cumulative and pervasive nature of phthalate exposure, combined with its
potential to accumulate in the body, raises significant public health concerns

[51].
1.2.3. Different methods for phthalate detection.

Detecting phthalates in environmental samples requires various
analytical methods tailored to their specific chemical properties and

concentrations.
i.  Gas Chromatography-Mass Spectrometry (GC-MS)

Gas Chromatography-Mass Spectrometry (GC-MS) is a highly effective
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analytical technique widely utilised for detecting and quantifying phthalates in
various environmental and biological samples. The process involves first
separating phthalate compounds based on their volatility and chemical
characteristics using gas chromatography (GC), followed by precise
identification and quantification through mass spectrometry (MS). GC-MS
offers exceptional sensitivity, allowing the detection of phthalates even at low
concentrations in complex matrices such as air, water, soil, and biological
tissues. However, GC-MS also presents several challenges. Due to its complex
instrumentation and data analysis requirements, it requires skilled personnel to
operate and interpret results. Sample preparation for GC-MS can be time-
consuming and labour-intensive, often involving extraction and purification
steps to ensure accurate quantification. Additionally, GC-MS may not
distinguish between different isomers of phthalates, which can affect specificity

in identification.
ii. High-Performance Liquid Chromatography (HPLC)

High-Performance Liquid Chromatography (HPLC) is a powerful
analytical technique widely used for detecting phthalates due to its ability to
separate and quantify these compounds in various samples. In HPLC, a sample
containing phthalates is injected into a column packed with a stationary phase,
where the phthalates are separated based on their affinity for the stationary
phase. Different phthalates elute from the column at different times (retention
times), allowing for their identification and quantification. Detection is typically
achieved using UV-visible spectroscopy or mass spectrometry, providing
qualitative and quantitative information about phthalate concentrations. Despite
its advantages in accuracy and sensitivity, HPLC has some limitations. It
requires expensive equipment and consumables, skilled personnel for operation
and maintenance, and relatively long analysis times compared to other rapid
screening methods. Additionally, HPLC may struggle with separating
structurally similar phthalates or present in complex matrices, requiring careful

method development and optimisation.
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iii. Solid-Phase Extraction

Solid-phase extraction (SPE) is a widely employed technique for
detecting phthalates in various environmental samples due to its ability to
concentrate analytes from complex matrices. In SPE, a solid sorbent material
selectively retains phthalates from liquid samples while interfering compounds
are washed away. This concentration step enhances the sensitivity of subsequent
analytical methods like Gas Chromatography-Mass Spectrometry (GC-MS) or
High-Performance Liquid Chromatography (HPLC), enabling detection at low
concentrations. However, SPE has its limitations. It requires careful selection of
sorbent materials and optimisation of extraction conditions to ensure efficient
recovery of phthalates. Moreover, SPE can be time-consuming, especially when
processing large sample volumes, and may suffer from variability in recovery
efficiency depending on the sample matrix composition. The use of organic
solvents in the elution step also raises concerns about environmental impact and

disposal.
iv. Enzyme-Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent Assay (ELISA) represents a valuable
tool for detecting phthalates due to its specificity and rapidity. In this method,
antibodies specific to phthalates are immobilised on a solid surface, such as a
microtiter plate. When a sample containing phthalates is introduced, the target
phthalates bind to the antibodies. This binding event is detected using an
enzyme-conjugated secondary antibody that produces a measurable colour
change or fluorescence signal upon substrate addition. ELISA is particularly
advantageous for its simplicity, speed, and ability to screen many samples.
However, ELISA also has limitations. It requires well-characterised antibodies
specific to the phthalate of interest, which may not always be readily available
for all phthalate compounds. Cross-reactivity with structurally similar
compounds can lead to false-positive results, necessitating careful antibody
specificity validation. Additionally, ELISA may not achieve the same level of
sensitivity as instrumental methods like GC-MS or HPLC, particularly for
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detecting phthalates at very low concentrations in complex matrices.
v. Capillary Electrophoresis (CE)

Capillary Electrophoresis (CE) is a powerful analytical technique
increasingly utilised for detecting phthalates due to its high separation efficiency
and sensitivity. In CE, phthalate molecules are separated based on their charge-
to-size ratio as they migrate through a narrow capillary filled with an electrolyte
solution under the influence of an electric field. Detection typically occurs using
UV absorption or fluorescence detection, providing precise quantification of
phthalate concentrations in complex sample matrices such as environmental
waters or biological fluids. CE offers advantages, including rapid analysis,
minimal sample requirements, and the simultaneous analysis of multiple
analytes. However, CE has some limitations. It can be challenging to optimise
separation conditions for different phthalate species due to variations in their
physicochemical properties. Moreover, CE requires specialised instrumentation
and expertise, making it less accessible compared to some other analytical

techniques.
vi. Electrochemical sensors

Electrochemical sensors represent a robust method for detecting
phthalates due to their sensitivity, rapid response, and suitability for on-site
monitoring applications. These sensors function by leveraging the changes in
electrical properties that occur when phthalates interact with electrodes coated
with specific materials. This interaction typically leads to current, voltage, or
impedance alterations, which can be quantitatively measured to determine
phthalate concentrations. Electrochemical sensors offer advantages such as
portability, real-time monitoring capabilities, and relatively low cost compared
to conventional analytical techniques. However, they also come with certain
limitations. One drawback is their susceptibility to interference from other
compounds present in complex sample matrices, which can affect the accuracy
and specificity of measurements. Additionally, electrode fouling over time may

reduce sensor performance, necessitating regular maintenance and calibration.
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To tackle these challenges, we have chosen the Surface Enhanced Raman

Spectroscopy (SERS) technique for detecting phthalates in diverse samples.

1.2.4 Surface Enhanced Raman Spectroscopy for phthalate detection.

Surface-enhanced Raman scattering (SERS) spectroscopy has been
effectively employed as a spectroscopic method for identifying and detecting
various biological and chemical species [52,53]. It is considered a surface-
sensitive analytical technique. It can significantly enhance the Raman scattering
cross-section of molecules adsorbed on the SERS substrate. In the presence of
adsorbed molecules, the incident photon undergoes elastic Raman scattering,
which involves the adsorption of incident photon energy, coupling to the
internal molecular vibrations, and subsequent reemission of photons (Stokes and
anti-stokes lines). The SERS technique stands out for its minimal sample
preparation and high sensitivity, selectivity, compatibility, and reliability. The
enhancement factor (EF) of Raman scattering in SERS can range from 10® to

10', enabling even a single molecule detection [54].

In surface-enhanced Raman scattering (SERS) spectroscopy, the choice
of substrate plays a pivotal role in determining the sensitivity and effectiveness
of the detection process. Traditionally, noble metal substrates, such as those
made from Gold (Au), Silver (Ag), and Copper (Cu), have been the standard due
to their superior plasmonic properties. When illuminated, these metals exhibit
strong localised surface plasmon resonances (LSPRs), leading to significant
enhancement of the Raman signal from molecules adsorbed on their surfaces.
These substrates are known as noble metal SERS substrates. Noble metal
substrates are known for their stability, high enhancement factors, and suitability
for detecting various chemical and biological analytes. However, they can be

expensive and sometimes lack specificity for specific applications.

In contrast, noble metal-free SERS substrates have been developed to

overcome some limitations associated with noble metals, such as cost and
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material availability. These alternatives include substrates made from materials
like graphene, transition metal dichalcogenides (e.g., MoS,), metal oxides (e.g.,
TiO2), or semiconductor nanostructures. Although these materials typically
exhibit lower enhancement factors than noble metals, they offer unique
advantages such as chemical tunability, biocompatibility, and potential for
integration into various devices. For example, graphene-based substrates can
provide uniform enhancement and possess unique electronic properties that can
be tailored for specific sensing applications. Additionally, metal oxide substrates
can be modified to enhance their plasmonic properties and provide stability
under different environmental conditions. The development of noble metal-free
SERS substrates is an active area of research aimed at broadening the
applicability and affordability of SERS technology for diverse analytical

applications.
1.2.4.1 Mechanism of SERS

The mechanism of SERS involves two primary enhancement effects:

electromagnetic (EM) and chemical (CM).
(a) EM enhancement mechanism:

The electromagnetic (EM) enhancement in SERS is driven by surface
plasmons, which are the resonant collective oscillations of electrons within the
conduction band of metal nanostructures. These surface plasmons resonate with
incident light at specific wavelengths, leading to increased electron oscillation,
known as localised surface plasmon resonance (LSPR). This enhanced LSPR
significantly boosts the Raman scattering cross-section of molecules adsorbed
on the metal surface. The LSPR properties of metal nanostructures can be
controlled and fine-tuned by adjusting their size, shape, morphology, and
composition. Additionally, tuning the structural parameters of nanostructures
can further modulate SERS enhancement. Plasmon energy remains bound to the
surface on smooth surfaces, while on rough surfaces, it scatters, making surface
roughness a critical factor for EM enhancement. This EM enhancement has a

long-range effect, increasing the Raman scattering cross-section of analyte
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molecules located several nanometres from the nanostructure's hot spot. The
enhancement mechanism of noble metal SERS substrates can be primarily

explained by this EM enhancement process [55-57].

Enhanced
Raman scattering

Electric field

Analyte

Enhanced field EM and CM active
SERS substrate

Fig. 1.5. Graphical representation for the mechanism of SERS-based detection
of analyte (figure adapted from reference no 56)

(b) CM enhancement mechanism:

The chemical mechanism (CM) is another theory that explains the
enhancement of Raman scattering cross-sections for analyte molecules adsorbed
on SERS substrates. This theory was supported by observations from Moskovits
et al. [58], who noted that the Raman peak enhancement for CO was about 200
times greater than that for N, indicating the presence of an additional
mechanism beyond the electromagnetic (EM) mechanism, one that involves the
chemical structure of the analyte. The CM mechanism involves chemical
interactions and charge transfer between the metal nanostructure and the
adsorbed analyte, enhancing Raman scattering. This enhancement requires
direct interaction between the metal nanostructures and the analyte, making it a
short-range effect, usually limited to the first layer of adsorbed molecules. The
formation of a new surface complex through chemical interaction results in
photo-induced charge transfer, which alters the polarizability of the adsorbed
analyte molecule, thereby enhancing the Raman scattering cross-section [55-57].
EM and CM mechanisms can co-occur in highly sensitive SERS scenarios, with

the EM mechanism generally playing a more prominent role. The CM
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mechanism is chemically selective, whereas the EM mechanism is nonselective

[57].

Selectively detecting a specific analyte from mixtures containing
multiple analytes poses a significant challenge. In SERS, the chemical
mechanism (CM) provides selectivity, necessitating enhancements in the
chemical interaction between the analyte and the SERS substrate to improve

selectivity.
1.2.5. Different methods for phthalate removal.
(i) Advanced oxidation process (AOP)

Advanced Oxidation Processes (AOPs) are chemical treatment
technologies that remove organic pollutants from water and wastewater. These
processes generate highly reactive species, primarily hydroxyl radicals (*OH),
which have a high oxidation potential and can effectively degrade a wide range
of organic contaminants into harmless end products such as carbon dioxide and
water. The fundamental principle of AOPs is the production of hydroxyl
radicals, among the most potent oxidants available. These radicals react non-
selectively with organic compounds, breaking them down through a series of

reactions that ultimately lead to their mineralisation.
Common AOP Techniques:
* Ozonation:

o Process: Ozone (O3) is dissolved in water, decomposing to produce hydroxyl

radicals.

o Advantages: Effective against various pollutants and can operate in both gaseous

and aqueous phases.

o Disadvantages: High operational costs are due to the need for ozone generation

and the potential formation of by-products like bromate.

X/
°e

Photocatalysis:
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e

AS

Process: Utilises a semiconductor catalyst (e.g., titanium dioxide, TiO>)

activated by UV light to generate hydroxyl radicals.

Advantages: Highly efficient and capable of degrading a wide range of

contaminants.

Disadvantages: UV light is required, which can increase energy costs and

challenges related to catalyst recovery and deactivation.
Fenton and Photo-Fenton Processes:

Process: Involves the reaction of hydrogen peroxide (H20:) with ferrous iron
(Fe*) to produce hydroxyl radicals. The photo-Fenton process is an

enhancement using UV or visible light.

Advantages: Rapid and effective degradation of organic pollutants and can be

enhanced by sunlight, reducing energy costs.

Disadvantages: Generates iron sludge that needs disposal and requires acidic

conditions (pH ~3).
Peroxone (O3/H202):

Process: Combines ozone and hydrogen peroxide to enhance the production of

hydroxyl radicals.

Advantages: The synergistic effect increases the efficiency of pollutant

degradation.

Disadvantages: Requires careful control of the ozone to hydrogen peroxide ratio

and may form secondary pollutants.

(ii) Biodegradation

Biodegradation is a natural process by which microorganisms such as

bacteria, fungi, and algae break down complex organic compounds into simpler,

non-toxic substances. This process is particularly relevant for the removal of

phthalates. The biodegradation of phthalates involves a series of enzymatic
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reactions facilitated by microorganisms. The process can be aerobic (in the
presence of oxygen) or anaerobic (in the absence of oxygen), depending on the
environmental conditions and the microbial species involved. This process
begins with ester hydrolysis, where esterases and lipases catalyse the conversion
of phthalates into phthalic acid and alcohol. Subsequent degradation of phthalic
acid occurs through pathways such as ortho-cleavage and meta-cleavage,
facilitated by dioxygenases and monooxygenases, leading to complete
mineralisation into carbon dioxide, water, and biomass by various catabolic
enzymes involved in the Krebs cycle and beta-oxidation. Microorganisms
capable of this process include bacteria like Pseudomonas spp., Bacillus spp.,
Rhodococcus spp., and Sphingomonas spp., fungi such as Aspergillus niger,
Penicillium spp., and Phanerochaete chrysosporium, and certain species of
algae. The efficiency of biodegradation is influenced by environmental
conditions (temperature, pH, oxygen availability, nutrient levels), the presence
and abundance of specific microbial species, and the concentration and chemical
structure of phthalates. This eco-friendly and cost-effective method enhances the
natural attenuation of contaminants without producing harmful by-products.
However, biodegradation rates can vary, and sometimes intermediates or by-
products persist in the environment, necessitating further treatment.
Optimisation through bioaugmentation or bio stimulation may be required to

enhance effectiveness.
(iii) Membrane filtration

Membrane filtration is an advanced separation technique that removes
phthalates from water and wastewater. This method leverages semi-permeable
membranes to selectively allow the passage of specific molecules while
retaining others based on size, charge, and other properties. The process is
highly effective for filtering out contaminants, including phthalates. The method
utilises various membrane types with distinct pore sizes to target specific
pollutants. Microfiltration (MF) with pore sizes from 0.1 to 10 micrometres
removes larger particles and suspended solids, while Ultrafiltration (UF) with
0.01 to 0.1 micrometres retains macromolecules and colloids. Nanofiltration
(NF) with 0.001 to 0.01 micrometres removes small organic molecules,

including phthalates and divalent ions. Reverse Osmosis (RO) with pores
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smaller than 0.001 micrometres offers the highest filtration level, eliminating
almost all dissolved salts, organic molecules, and contaminants. The process
involves passing water through these membranes under varying pressures,
where the membrane acts as a barrier, allowing only water molecules to pass
while retaining phthalates and other contaminants. The filtered water, or
permeate, is collected, while the retentate containing concentrated contaminants
is discarded or treated. This method is highly efficient, scalable,
environmentally friendly, and flexible, allowing for customisation based on
specific removal needs. However, challenges include membrane fouling from
organic matter or scaling, high costs associated with quality membranes and
energy, and needing to properly dispose of or treat the retentate. Regular
maintenance is essential to prevent fouling and ensure system longevity and

performance.
(iv) Chemical precipitation

Chemical precipitation is a widely utilised method for phthalate removal
from water, transforming soluble phthalates into insoluble forms for easy
separation. This process involves adding chemicals like Aluminium sulphate,
ferric chloride, or calcium hydroxide, which react with phthalates to form solid
precipitates. These precipitates are aggregated using coagulants and flocculants,
enhancing their size and settling speed. The solid particles are then separated via
sedimentation, filtration, or centrifugation, resulting in a sludge that must be
appropriately managed. The treated water may require further purification to
remove residual chemicals, ensuring it is phthalate-free. This method is
effective, straightforward, scalable, and suitable for various treatment volumes.
However, it necessitates careful handling of chemicals, proper sludge disposal,
and consideration of additional costs associated with chemical use and sludge
management. Despite these challenges, chemical precipitation remains a potent

technique for phthalate removal, balancing efficiency and environmental safety.
(v) Phytoremediation

Phytoremediation offers a promising approach for the remediation of
phthalates from contaminated environments, leveraging the natural capabilities

of plants to uptake, degrade, or immobilise pollutants like phthalates. Plants can
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absorb phthalates through their roots and translocate them to various plant
tissues where they can be metabolised or stored. The remediation process
typically involves selecting suitable plant species that can accumulate phthalates
efficiently without compromising their growth. Once absorbed, phthalates may
undergo biochemical transformations within the plant, facilitated by enzymes
involved in detoxification pathways. Phytoremediation is particularly
advantageous due to its environmental friendliness, as it minimises the need for
extensive excavation chemical treatments. However, the efficacy of
phytoremediation can vary based on factors such as plant species selection,
environmental conditions, and the specific phthalate contaminants present.
Continued research and optimisation of phytoremediation strategies hold
promise for enhancing its effectiveness as a sustainable and cost-effective

solution for phthalate contamination in soil and water systems.

Considering the challenges of the above-mentioned techniques, we opted for

the adsorption technique to remove phthalates from water samples.
(vi) Adsorption

The adsorption technique for phthalate removal involves using adsorbent
materials to capture and remove phthalate molecules from water or aqueous
solutions. Adsorption is a surface-based process where phthalates adhere to the
surface of solid materials, known as adsorbents, due to attractive forces such as
Van der Waals interactions, hydrogen bonding, and electrostatic interactions.
Commonly used adsorbents include activated carbon, zeolites, clay minerals,
and various modified materials like graphene oxide and nanomaterials. This
method passes the contaminated water through a bed or column packed with the
adsorbent material. The phthalate molecules in the water adhere to the surface of
the adsorbent, effectively reducing their concentration in the treated water. The
efficiency of adsorption depends on factors such as the surface area and porosity
of the adsorbent, pH of the solution, temperature, contact time, and initial
concentration of phthalates. After adsorption, the adsorbent may be regenerated
or disposed of, depending on the material and the level of contamination.

Adsorption is favoured for its simplicity, cost-effectiveness, and ability to
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remove a wide range of contaminants from water.

In the present work, polymer nanocomposites are exploited for the
adsorptive removal of phthalates. Polymer nanocomposites (PNCs) have
emerged as promising materials for the adsorptive removal of phthalates from
water due to their unique properties and structural flexibility. These composites
comprise a polymer matrix embedded with nanoparticles, which can be tailored
to enhance adsorption efficiency. The nanoparticles, such as activated carbon,
metal oxides, or clay minerals, provide high surface area and specific binding
sites that attract phthalate molecules from aqueous solutions. The polymer
matrix in PNCs offers mechanical strength and stability and can be
functionalised to improve adsorption properties further. The adsorption
mechanism involves physical interactions (e.g., Van der Waals forces, n-m
interactions) and chemical interactions (e.g., hydrogen bonding) between the
phthalates and the composite material. Factors influencing adsorption include
the type and concentration of nanoparticles, polymer matrix characteristics, pH,
temperature, and the initial concentration of phthalates. PNCs offer advantages
such as tunable properties, scalability, and potential for regeneration. Continued
research aims to optimise PNCs for efficient and sustainable phthalate removal

in water treatment applications.
1.3. Polymer Nanocomposites for Metamaterial Applications

Polymer nanocomposites (PNCs) have garnered significant interest for their
potential applications in metamaterials, owing to their unique combination of
properties derived from polymers and embedded nanoscale fillers. These
materials offer tunable electromagnetic responses and structural flexibility,
making them ideal candidates for designing metamaterials with unconventional
optical, acoustic, and thermal properties. By integrating nanoparticles into
polymer matrices, PNCs can achieve unusual functionalities. Their versatility
and adaptability make PNCs promising for exploring new frontiers in

metamaterial research.

1.3.1 Introduction to Metamaterials
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Metamaterials represent a cutting-edge area of science that integrates
physics, materials science, engineering, and chemistry to create artificial
composite structures with extraordinary properties. The prefix 'meta-' signifies
'beyond,' indicating that metamaterials possess characteristics that surpass those
found in natural materials. Unlike conventional materials, whose properties stem
from their chemical composition, metamaterials derive their unique physical
attributes from engineered internal structures. These structures interact with
electromagnetic waves in precise ways, enabling the manifestation of
remarkable properties that are not achievable with naturally occurring or
conventionally synthesised materials. This distinct ability to manipulate
electromagnetic waves distinguishes metamaterials as advanced composites that

push beyond the limits of natural materials.

Victor Veselago's visionary ideas in 1967 laid the foundation for the
field of metamaterials, particularly in exploring the concept of materials with a
negative refractive index, as discussed in his seminal work in 1968. Such
materials are characterised by effective medium parameters like dielectric
permittivity (g(®w)) and magnetic permeability (u(w)), which are crucial for
understanding their interaction with electromagnetic waves. Unlike natural
materials, which typically lack significant magnetic responses at high
frequencies, metamaterials can exhibit pronounced magnetic characteristics in
these regimes, leading to the exploration of extraordinary phenomena.
Permittivity and permeability describe how a material responds to electric and
magnetic fields, respectively, influencing and being influenced by them. The
conceptual framework, illustrated in Fig 1.6 as the "Material Parameter Space,"
categorises materials based on their electromagnetic properties. Region, I
represent materials with positive permittivity and permeability, encompassing
most dielectric materials. Region II includes metals, ferroelectric materials, and
doped semiconductors capable of exhibiting negative permittivity under specific
conditions, typically below the plasma frequency. Region IV involves certain
ferrite materials with negative permeability, although this response diminishes

above microwave frequencies. The most intriguing region, quadrant III,
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theoretically encompasses materials with negative permittivity and permeability
simultaneously. It is a combination not found in nature but promising for its

exceptional properties as originally theorised by Veselago over forty years ago.

£<0,u<0

Double negative
metamaterials

Fig 1.6. Material parameter space characterised by electric permittivity (&) and
magnetic permeability (1).

1.3.2 Characteristics of metamaterials
Several distinct features characterise these materials:

» Negative Refractive Index: Metamaterials can achieve a negative refractive
index, allowing them to bend light in unconventional ways. This property
enables applications like superlenses and invisibility cloaks by manipulating

how light interacts with the material.

» Tailored Electromagnetic Properties: Unlike natural materials, metamaterials
can be designed with precise control over their electromagnetic responses. The
controlling parameters include permittivity (electric field response) and
permeability (magnetic field response), often achieving negative values, which

are crucial for manipulating electromagnetic waves in desired ways.
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Tunability: Metamaterials offer tunable electromagnetic properties, allowing
adjustments across different electromagnetic spectrum frequencies. This
tunability is essential for applications in antennas, sensors, and imaging systems

where specific frequency responses are required.

Anisotropic Properties: Anisotropy in metamaterials means that their
electromagnetic properties vary depending on the direction of the incident wave.
This directional dependency enables precise control over wave propagation,

polarisation, and other wave characteristics.

Broadband Performance: Metamaterials can operate effectively over a broad
range of frequencies, from microwave to optical wavelengths. This broadband
capability is advantageous in applications such as telecommunications, where

devices need to handle signals across multiple frequency bands.

Nonlinear Behavior: Some metamaterials exhibit nonlinear responses to
electromagnetic fields, meaning their properties change non-proportionally with
the intensity of the incident wave. This nonlinear behaviour can be exploited for

signal processing, frequency conversion, and nonlinear optics applications.

Negative permittivity: Metamaterials are distinguished by their ability to
exhibit negative permittivity, a property not found in natural materials.
Permittivity refers to the ability of a material to respond to an electric field by
polarising its molecules. In conventional materials, permittivity is typically
positive, meaning they support the propagation of electromagnetic waves
according to standard laws of physics. However, metamaterials are engineered to
have negative permittivity at specific frequencies. This unique characteristic
arises from their carefully designed subwavelength structures, which interact
with electromagnetic waves in ways that lead to counterintuitive behaviours.
Negative permittivity in metamaterials allows for unconventional manipulation
of electromagnetic fields, enabling applications such as super lenses,
electromagnetic cloaking devices, and antennas with enhanced performance. By

harnessing negative permittivity, metamaterials pave the way for novel
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technologies that defy traditional electromagnetic principles and open new

avenues in optics, telecommunications, and sensor development.

Negative permeability: This unique property arises from the engineered
structure of metamaterials rather than the inherent properties of their constituent
materials. Negative permeability means that metamaterials can interact with
magnetic fields in a manner opposite to conventional materials, effectively
reversing the direction of magnetic flux when subjected to an external field. This
phenomenon is crucial for manipulating electromagnetic waves at specific
frequencies and wavelengths, enabling subwavelength imaging, electromagnetic
cloaking, and antenna design applications. By controlling the internal geometries
and configurations of metamaterials, engineers can tailor their magnetic
responses across a wide range of frequencies, offering unprecedented flexibility
in electromagnetic device design and functionality. The ability to achieve
negative permeability marks metamaterials as pivotal in advancing technologies

that rely on precise electromagnetic wave control and manipulation.

1.3.3 Negative permittivity and Metamaterials

Permittivity refers to the extent to which an electric field can penetrate a

medium at a specific frequency. In materials where significant distances

separate abundant free charges, this condition, akin to a plasma state, influences

the permittivity and affects how electric fields interact with the medium.

= g(1 — ww—pzz) (1.1)

The expression for permittivity involving the plasma frequency (p) is valid for

ideal plasma across all frequencies, but for other materials, it holds only at high

frequencies. Examples of plasmas include the ionosphere and electrically

charged gases in laboratory settings. Notably, plasmas do not have an imaginary

component in their dielectric constant. This implies that above the plasma

frequency, the dielectric constant of plasma remains positive and real, resulting

in a purely real wave number (k) and indicating no loss, allowing the wave to

propagate unimpeded. Conversely, below the plasma frequency, the dielectric

35



Introduction

constant is always negative and real, leading to a purely imaginary wave number
(k). As a result, a wave incident on a plasma below this frequency will be
entirely reflected, with fields penetrating only slightly and decaying
exponentially within the plasma. This phenomenon explains why radio waves
are reflected by the ionosphere for low-bandwidth global communications,
while higher-frequency microwaves pass through it and require satellite relays
for high-bandwidth communications. The effective permittivity becomes

negative when the frequency drops below the plasma frequency.

In this thesis, we have designed and fabricated metamaterials exhibiting

negative permittivity.
1.4 Motivation for the work

The rapid advancements in material science have led to the development
of innovative materials with unique properties, among which polymer
nanocomposites stand out for their ability to combine the benefits of polymers
and nanomaterials. The performance of these nanocomposites is critically
dependent on their structure-defining capability, which can be tailored by
controlling the dispersion, orientation, and interaction of nanomaterials within
the polymer matrix. The motivation for this research work can be summarised
as the need to expand the utility of the structure-defining capability of

polymers for relevant environmental and dielectric applications.

For environmental applications, we chose to focus on phthalate
detection and removal due to the widespread use of phthalates in industrial
products and their significant impact on human health and ecosystems.
Phthalates are known endocrine disruptors, and their pervasive presence in water
sources necessitates effective detection and removal methods. Polymer

nanocomposites offer unique properties that make them ideal for this task.

(1) The high surface area and tunable surface chemistry of nanomaterials within
the composites could enhance sensitivity and selectivity, enabling the

accurate identification of low concentrations of phthalates.
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(i1) The exceptional adsorption capacity and chemical functionality of polymer
nanocomposites could facilitate the efficient capture and removal of

phthalate molecules.

Utilising those properties of polymer nanocomposites, our research could
develop advanced composites capable of detecting and removing phthalates,

contributing to cleaner water sources and improved environmental health.

For dielectric applications, we identified a significant gap in the
availability of suitable metamaterials for extremely low frequency
applications. 10! to 10 Hz electromagnetic waves belonging to the extremely
low frequency (ELF) regime are the lowest frequency waves regularly utilised
for wireless transmission and communication. Polymer nanocomposites possess
properties that make them excellent candidates for filling this gap. Their ability
to be engineered at the nanoscale allows for precise control over electromagnetic
properties, essential for creating practical metamaterials. The structure-defining
capability to create interconnected networks and the high dielectric constant and
tunable electrical conductivity of polymer nanocomposites enable the design of
materials with unique electromagnetic responses tailored to the extra-low
frequency range. By leveraging these properties, our research aims to develop
advanced polymer nanocomposite-based metamaterials that can address the
current limitations and meet the demands of dielectric materials for this specific

frequency regime.
1.5 Objectives of the Work

The research conducted in this thesis is driven by the motivations
outlined in the previous section (1.4). Based on those motivations, the objectives

of the thesis can be listed as follows:

Synthesise certain innovative nanocomposite materials that utilise the unique

structure-defining features of polymers.

To address environmental or dielectric material challenges using the

synthesised polymer nanocomposites.

37



1il.

1v.

Introduction

Develop polymer nanocomposite based noble metal-free SERS substrates
with high surface area and tunable surface chemistry to enhance the
sensitivity and selectivity for detecting low concentrations of phthalates in

water sources.

Utilise the exceptional adsorption capacity and chemical functionality of
polymer nanocomposites to facilitate the efficient capture and removal of

phthalate molecules from contaminated water.

Identify and fill the gap in the availability of suitable metamaterials for
applications in extra-low frequency regions (10! to 10 Hz) using polymer

nanocomposites.
1.6 Brief Outline of the Chapters in the Thesis.

The experimental work has been conducted in alignment with the thesis
objectives. Chapter 2 provides a detailed overview of the various
characterisation techniques and experimental procedures employed in the study.
Chapters 3 to 7 present the detailed experiments and analysis of results. Chapter
3 primarily focuses on detecting DMP and DEP phthalates using suitable BT
and PMMA BT SERS substrates, addressing the underlying mechanisms.
Chapter 4 discusses the study of a flexible, hotspot-engineered PMMA ST
SERS substrate for DEHP detection, providing insights into its mechanism.
Chapter 5 highlights the removal of phthalates from aqueous solutions using
PPy ZnO polymer nanocomposites, explaining the adsorption-based mechanism
behind the removal process. In Chapter 6, novel heterogeneous polymer
nanocomposites based on PMMA ZnO AC are designed and synthesised for
negative permittivity applications at extremely low frequencies, with a
theoretical explanation rooted in plasma theory. Chapter 7 deals with the design
of a ceramic hybrid polymer nanocomposite system, PMMA CaTiO3_Graphite,
which exhibits a high value of negative permittivity. Finally, Chapter 8 presents
the conclusions and chapter 9 provides the recommendations for future

endeavours on the present study.
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Abstract: This chapter describes various Synthesis methods and experimental techniques
adopted for for the synthesis and analysis of samples presented in this thesis. concise overview
of the working principles of the instruments and their applications is provided. The discussed
techniques include like XRD, FESEM, BET, BDS, RAMAN, and UV-Visible-DRS employed
for characterization of fillers and its composites are discussed







Experimental Techniques

2.1 INTRODUCTION

The focus of this chapter revolves around the experimental methodologies
utilised for synthesising and analysing the synthesised polymer nanocomposites. The
synthesis mainly involves synthesising metal oxide nanoparticles via the solid-state
reaction route and the insitu and oxidative polymerisation methods for fabricating

polymer nanocomposites.

The structural characterisation was conducted utilising X-ray diffraction
(XRD) techniques. Morphology, structure, and size were analysed using Field
Emission Scanning Electron Microscopy (FE-SEM). Ultraviolet-visible diffuse
reflectance spectroscopy (UV-Vis DRS) was employed for optical and adsorption
studies. The Brunauer-Emmett-Teller (BET) technique accomplished surface area
and porosity analysis. Raman spectroscopy was utilised for functional group
identification, vibrational mode analysis, and Surface-Enhanced Raman
Spectroscopy (SERS) studies. Broadband Dielectric spectroscopy was employed for
dielectric spectroscopic studies.

2.2SOLID STATE REACTION ROUTE

The solid-state reaction route for metal oxide synthesis involves the direct
reaction of solid reactants to form metal oxides. This method typically entails
heating the solid precursors, which could be metal salts, metal oxides, or other
metal-containing compounds, to high temperatures in the presence of an oxidising
agent or an oxygen-rich atmosphere. The reaction proceeds through solid-solid

interactions between the reactants, forming the desired metal oxide product.

The solid-state reaction route offers several advantages, including simplicity,
ease of scale-up, and the ability to produce high-purity metal oxides without needing
solvents. Additionally, this method allows for precise control over reaction
parameters such as temperature, heating rate, and duration, which can influence the
phase composition, crystallinity, and morphology of the resulting metal oxide

nanoparticles.
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Muffle furnace: A muffle furnace plays a crucial role in the solid-state reaction
route for synthesising metal oxides and various compounds. Solid precursors
undergo direct solid-state interactions within the controlled environment of the
furnace, where precise temperature regulation optimises reaction conditions.
Typically housed in ceramic crucibles or boats to prevent direct contact with heating
elements, the precursors are subjected to elevated temperatures, promoting solid-
state reactions. This process facilitates the formation of desired metal oxides or
compounds through the diffusion of reactant species, leading to the growth of
crystalline phases and nanoparticles. The muffle furnace's utilisation in the solid-
state reaction route offers notable advantages, including simplicity, scalability, and
the ability to synthesise materials with controlled stoichiometry and morphology.
The present study adopted a programmable muffle furnace for the synthesis process.

—

Fig. 2.1 Image of the muffle furnace used in the study (located at the Laboratory for
Mesoscopic Sciences and Devices, Department of Physics, University of Calicut).
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2.3 SOL GEL SYNTHESIS ROUTE

This approach is a highly adaptable and optimal method for producing a
variety of oxide materials. It generally allows for precise control over the
morphological properties, texture, and chemical stability of the solid produced. The
primary advantages of the sol-gel method include the high purity of the precursors
used, molecular-level mixing, and the homogeneity of the resulting sol-gel products,
which exhibit high purity in their morphological, physical, and chemical properties.
As indicated by its name, the method involves the formation of a sol, or colloidal
suspension, through hydrolysis and subsequent condensation reactions of precursors,
typically metal-organic compounds or inorganic metal salts. Factors influencing the
properties of the gel, known as sol-gel parameters, include the type of solvent, type
of precursor, precursor concentration, acid or base content, water content, and
temperature. These parameters impact the initial gel. Gelation occurs when colloidal
particles agglomerate to form precipitates. Following gelation, the resulting wet gel
mixture, which is in a semi-solid state, undergoes drying and calcination to produce
a dry powder. Aging, the total time between gel formation and drying, is also
crucial. The resulting sol can have various structures, shapes, and dimensions,
which, upon gelation and calcination, yield fine crystals with diverse structures such

as nanoparticles, nanorods, nanowires, nanotubes, nanoflowers, and nanoflakes.

2.4 IN- SITU AND OXIDATIVE POLYMERISATION METHODS

We synthesised various polymer nanocomposites using the in-situ
polymerisation method, including PMMA_SrTiOs3, PMMA _BaTiOs3,
PMMA_AC_Zn0O, and PMMA_CaTiOs_Graphite. Additionally, the synthesis of the
PPy ZnO polymer nanocomposite was accomplished through the oxidative
polymerisation method. The detailed synthesis procedures and properties of these
corresponding composites are thoroughly discussed in the subsequent chapters of

this thesis.

The in-situ polymerisation method is popular for synthesising polymer

nanocomposites, wherein the polymer matrix is directly formed in nanofillers or
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nanoparticles. This method involves dispersing monomers and nanoparticles within
a solvent or matrix and initiating polymerisation to generate the polymer matrix.
Crucially, nanoparticles serve as nucleation sites during polymerisation, facilitating
the uniform dispersion of nanoparticles within the polymer matrix. The process
encompasses vital steps such as dispersion, where nanoparticles are evenly dispersed
within a monomer solution or melt; initiation, initiated through suitable initiators
like thermal initiators or catalysts; growth, where monomers polymerise and envelop
nanoparticles, forming a polymer matrix with dispersed nanoparticles; and finally,
termination, which occurs once the desired polymerisation degree is attained.
Notably, the in situ polymerisation method provides numerous advantages for
synthesising polymer nanocomposites, including precise control over nanoparticle
dispersion and robust interfacial adhesion between nanoparticles and the polymer
matrix. Additionally, it allows for incorporating a wide range of nanoparticles and
monomers, enabling the customisation of hanocomposite properties to suit specific
applications. The in-situ polymerisation method emerges as a versatile and
extensively utilised approach for fabricating polymer nanocomposites endowed with

improved mechanical, thermal, optical and electrical properties.

The Oxidative polymerisation method is another highly regarded technique
for synthesising polymer nanocomposites, wherein the polymerisation process is
initiated through the oxidation of monomers in the presence of nanoparticles or
nanofillers. This method involves dispersing monomers and nanoparticles within a
suitable solvent or matrix, followed by the initiation of polymerisation through
oxidation reactions. Typically, this process includes crucial steps such as dispersion,
where nanoparticles are uniformly dispersed within a monomer solution or melt;
initiation, which is triggered by oxidising agents or catalysts, leading to the
formation of radicals in the monomer molecules and subsequent polymerisation;
growth, wherein monomers polymerise and encapsulate nanoparticles, resulting in
the formation of a polymer matrix with dispersed nanoparticles; and termination,
marking the conclusion of polymerisation once the desired degree of polymerisation
is attained or when reactive sites are exhausted. The oxidative polymerisation

method offers numerous advantages for synthesising polymer nanocomposites,
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including precise control over nanoparticle dispersion and the promotion of strong
interfacial adhesion between nanoparticles and the polymer matrix. Moreover, it
facilitates the incorporation of a diverse range of nanoparticles and monomers,
thereby allowing for the customisation of nanocomposite properties to fulfil specific

application requirements.
2.5 X-RAY DIFFRACTOMETRY (XRD)

We used X-ray Diffraction (XRD) for the structural analysis and phase
identification of our polymer nanocomposites and metal oxides. XRD provided
critical information about the crystallographic structure, phase composition, and
crystallite size of the synthesised materials. This technique allowed us to confirm the
successful incorporation of fillers like SrTiO3, BaTiOs, ZnO, and CaTiOs into the
Polymer matrix and to study any changes in the crystalline phases that occurred due
to the polymerisation process. The comprehensive analysis of XRD patterns enabled
us to understand the structural integrity and morphological evolution of the polymer
nanocomposites, which is essential for correlating their structural properties with

their functional performance.

X-ray diffraction (XRD) is a rapid analytical technique reliant on the
continuous interaction of monochromatic X-rays emitted from a cathode ray tube.
These X-rays, filtered to produce monochromatic radiation, are directed onto a
sample. When the X-rays hit the sample, they scatter in various directions depending
on the atomic arrangement within the material. XRD is primarily utilised to
determine the phase of crystalline substances and offers insights into their unit cell
dimensions. By analysing the resulting XRD pattern, which serves as a unique
"fingerprint" of the crystals in the sample, researchers can identify crystalline

structures by comparing them to reference patterns [1].
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Fig.2.2 (a) Schematic diagram of XRD (image adapted from [2]). (b) Image of
Rigaku Miniflex 600 X-ray Diffractometer-Department of Physics, University of
Calicut. (¢) X'pert’ Powder X-RAY Diffractometer-CSIF University of Calicut [3]
(used for analysis in the thesis).

Understanding crystallinity is crucial as it often correlates with the properties and
behaviour of materials, particularly in their development stages where specific
crystalline forms may emerge. When the incident X-rays interact constructively with
the sample's atomic arrangement according to Bragg's law, distinct diffraction
patterns are generated, providing valuable information about the crystalline nature of

the material.
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Bragg's law relates the wavelength of X-ray radiation (typically 0.154056 nm
for a copper lamp) to the diffraction angle (0) and lattice spacing of a crystalline
sample. This law indicates that when X-rays interact with the atomic structure of a
crystal, they undergo constructive interference, producing distorted X-rays, which
are then identified, processed, and counted. Through scanning over a range of 26
angles, representing all possible directions of the lattice due to the random
orientation of the material, the XRD (X-ray diffraction) patterns can be obtained.

Fig.2.2 (a) shows the schematic diagram of the XRD diffractometer.

Instrumentation: The X-ray diffractometer comprises three essential components:
an X-ray tube, a sample holder, and a detector. X-rays are generated by directing
electrons emitted from a heating filament towards a target material, where they are
accelerated by applying a voltage, producing X-ray spectra. Copper is commonly
used as the target material, providing X-rays with a wavelength of radiation (CuKa)
of 1.5418 A. These X-rays are collimated and directed onto the sample, and the
intensity of the reflected X-rays is recorded as the sample and detector are rotated.
In the instrumentation of an X-ray diffractometer, the sample rotates in the path of
the X-ray beam at an angle 0, while the goniometer rotates at an angle of 20. When
the incident X-rays satisfy the Bragg reflection condition upon striking the sample,
constructive interference occurs, resulting in the observation of an intense peak. The
schematic illustration in Fig 2.2 depicts the powder X-ray diffraction

instrumentation using Bragg-Brentano geometry.

Applications: X-ray diffractometry identifies single or multiple phases within
materials, providing valuable insights into the composition and arrangement of
crystalline phases present. Additionally, it resolves crystal structures for known
materials, unveiling atomic arrangements and bonding configurations. Moreover, the
method aids in identifying amorphous components within partially crystalline
mixtures, facilitating comprehensive material characterisation. Furthermore, X-ray
diffractometry allows for structural analysis, stress-strain analysis and unit-cell

parameter calculations for crystalline materials, elucidating lattice structures,
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loading properties and atomic arrangements. It also enables the determination of
crystallite size through peak broadening analysis, offering essential information

about the size and distribution of crystalline domains within materials.

Specifications: In this study, XRD patterns of all samples were acquired using a

Rigaku X-ray diffractometer (Department of Physics, University of Calicut) and
X'pert® Powder X-ray diffractometer (CSIF University of Calicut) [3] with
CuKa radiation (A = 1.5418 A) within a Bragg angle (20) range from 0° to 80°.

2.6 FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM)

We used Field Emission Scanning Electron Microscopy (FESEM) for the
detailed morphological and structural study of our polymer nanocomposites and
metal oxides. FESEM provided high-resolution images that allowed us to examine
the surface characteristics, particle size distribution, and the interaction between the
polymer matrix and the embedded nanoparticles. This analysis was crucial for
understanding the influence of nanomaterials on the overall properties of the
composites. The insights gained from FESEM imaging contributed significantly to
optimising the synthesis process and enhancing the performance of our polymer

nanocomposites and metal oxides.

Field Emission Scanning Electron Microscopy (FESEM) is a cutting-edge
imaging technique that offers unparalleled insights into material surface morphology
and structure with extraordinary resolution. Its fundamental principle revolves
around generating a focused electron beam using a field emission electron source,
like a cold field emitter or a Schottky field emitter, which produces electrons of
exceptional energy and brightness, thereby enhancing imaging capabilities. This
highly focused electron beam is then directed onto the specimen surface using
electromagnetic lenses, akin to conventional SEM, but with significantly heightened
resolution and imaging detail. Upon interaction with the specimen's atoms, the high-
energy electrons generate various signals [4,5], including secondary electrons (SE)

and backscattered electrons (BSE), which carry crucial information about surface
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morphology and composition, forming the basis for creating detailed images.
Secondary electrons, emitted from the specimen's surface upon interaction with the
incident electron beam, furnish high-resolution images with intricate surface detail.
In contrast, backscattered electrons deflected back from the specimen's nuclei
provide insights into elemental composition variations and contrast. To produce an
image, the electron beam traverses the specimen's surface in a meticulously
orchestrated raster pattern, with signals generated during electron-specimen
interaction meticulously collected and processed. The resulting images unveil
detailed surface morphology, topography, and composition information at an
exceptionally high spatial resolution, typically ranging from nanometres to sub-

nanometre scales.

Instrumentation: A Field Emission Scanning Electron Microscope (FESEM) is an
advanced imaging instrument renowned for revealing details about the elemental
composition, electronic structure, and surface morphology of various samples. It
represents a refined iteration of the conventional scanning electron microscope,
employing electrons emitted from a field emission source to scan the targeted
regions of a specimen in a zig-zag pattern. In the FESEM technique, electrons
emitted from the field emission source undergo acceleration under a higher electric
field gradient. Within a vacuum column, the pressure is reduced to an ultra-low level
of around 10-8 torrs, ensuring optimal electron beam performance. These primary
electrons are then focused and guided by electronic lenses to generate a tightly
focused beam. Upon striking the sample material, the electron beam induces the
emission of secondary electrons from each spot on the sample surface. The velocity
and radiation angle of these secondary electrons correlate with the surface features
of the sample. A detector captures the emitted secondary electrons, converting them
into an electronic signal, which is subsequently amplified and translated into a video
scan-image that is visible on a monitor. The schematic diagram of FESEM is shown

in Fig. 2.3 (a).
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Fig. 2.3 (a) Schematic diagram of FESEM Setup [5] (b) Gemini SEM 300- CSIF
University of Calicut [3] (used for analysis in the thesis).

Applications: In materials science, it is instrumental for investigating the surface

morphology, microstructure, and composition of various materials ranging from

metals to nanomaterials. Moreover, FESEM plays a pivotal role in nanotechnology

research by imaging and characterising nanomaterials, essential for designing

nanodevices. It facilitates the study of biological samples, providing insights into
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cellular morphology and biomolecular interactions. Additionally, FESEM finds
applications in geology, forensic science, and materials failure analysis, contributing
to geological mapping, crime scene investigations, and understanding the causes of

material failures.

Specifications: In the current study, images of all prepared samples were captured
using the Model ZEISS Gemini SEM 300 (CSIF, University of Calicut) [3].

2.7 BRUNAUER-EMETT-TELLER (BET) TECHNIQUE

We used the BET technique for the surface area and porosity study in our
polymer nanocomposites and metal oxides. This technique allowed us to
characterise the specific surface area, pore volume, and pore size distribution of the
materials, providing crucial insights into their structural properties. Understanding
these parameters is essential for optimising the performance of the composites in
various applications, such as adsorption, and detection. The BET analysis thus
played a vital role in correlating the morphological characteristics with the

functional properties of the synthesised nanocomposites and metal oxides.

The ratio of surface area to volume, which holds little significance in bulk
materials, becomes highly significant when studying nanostructured materials. In
nanomaterials, the increased surface area of particles contributes to numerous
intriguing properties that are absent in their bulk counterparts. Accurately assessing
the surface area of nanoparticles is crucial for various applications. Gas adsorption
is one of the most effective methods for determining the surface area of particles at
the atomic level. This technique enables the calculation of what is now known as
the BET surface area, named after the scientists who developed the equation for its
computation. The BET theory was formulated by Stephen Brunauer, Paul Emmett,
and Edward Teller in 1938 [6].
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Fig. 2.4 (a) Schematic diagram of the BET surface area analyser [6], (b) Image of
Model BELCAT-M- CSIF University of Calicut (used for analysis in the thesis) [3].

Surface area and porosity represent two critical physical attributes that
significantly impact the quality and usability of solid-phase chemicals. Disparities
in surface area and porosity among particles, even if they share similar physical
dimensions, can profoundly affect the performance characteristics of a material,

particularly in electrochemical applications. The BET theory, an extension of the
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Langmuir theory devised by Irving Langmuir in 1916, is instrumental in
understanding these phenomena. The Langmuir theory elucidates the monolayer
adsorption of gas molecules, or adsorbates, onto a solid surface in relation to the gas

pressure of a medium above the solid surface at a constant temperature.

Nitrogen is commonly employed for BET (Brunauer-Emmett-Teller)
analysis due to its widespread availability in high purity and its strong interaction
with most solids. Given the typically weak interaction between a solid surface and
gaseous nitrogen, the surface is cooled using liquid nitrogen to facilitate adsorption.
As the pressure is adjusted relative to atmospheric pressure, the adsorbed nitrogen
is released into the sample cell through vacuum adjustments. The adsorption
process ceases once the gas pressure reaches saturation. Pressure transducers of
high accuracy monitor pressure changes resulting from the adsorption process.
Subsequently, as adsorption layers form, the adsorbed nitrogen is released from the
material and its quantity is measured [7]. The obtained data is presented in the form
of a BET isotherm, illustrating the amount of gas adsorbed against relative pressure.

A schematic diagram of the BET analyser is provided in Fig 2.4 (a).

Instrumentation: The instrumentation of a BET analyser encompasses several
essential components working together to accurately measure the surface area and
porosity of materials through gas adsorption. At the core lies the gas adsorption
system, enabling precise dosing of adsorbate gases like nitrogen or argon onto the
sample surface under varied pressures and temperatures. Housed within the sample
chamber, the material sample, usually in powdered or porous solid form, is
subjected to a controlled environment meticulously regulated for temperature and
pressure during adsorption. The gas handling system, comprising gas cylinders,
pressure regulators, and flow controllers, meticulously delivers the adsorbate gas to
the sample chamber at precise flow rates and pressures [8]. Preceding the adsorption
process, the vacuum system evacuates the sample chamber, eliminating residual
gases or contaminants to ensure the accuracy and reliability of gas adsorption
measurements. Crucial for monitoring the adsorption process, pressure transducers

measure the adsorbate gas pressure within the sample chamber, facilitating the
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calculation of gas adsorption at different pressure points. Operating in tandem, the
data acquisition and control system governs the BET analyser's operation, from
setting experimental parameters to real-time monitoring of the adsorption process.
Finally, specialised analysis software processes the collected raw data, applying
mathematical models such as the BET equation to compute vital parameters like
surface area, pore volume, and pore size distribution, offering comprehensive

insights into the material's physical properties.

Applications: BET analysis, widely employed in diverse fields, is a cornerstone for
understanding surface properties and porosity characteristics crucial for various
applications. In adsorption studies, it offer valuable insights into gas and vapour
adsorption behaviour on solid surfaces. These are vital for gas separation, pollutant
removal, and drug delivery systems, where surface area and adsorption capacity are
vital factors. Porous materials like zeolites, activated carbons, and MOFs benefit
from BET analysis, providing crucial data on pore size distribution, volume, and
surface area essential for adsorption, separation, and storage applications. In
pharmaceuticals, BET analysis aids in assessing the surface area and porosity of
drug particles, influencing dissolution rate, bioavailability, and stability, which is
pivotal for formulation development in drug delivery systems. Moreover, in
nanomaterial research, BET analysis characterises the surface area and porosity of
nanoparticles, nanocomposites, and nanostructured materials, facilitating
optimisation of material synthesis and evaluating performance in diverse
applications like sensors, catalysts, and energy storage devices [9]. Lastly, in
materials science, BET analysis contributes significantly by elucidating surface
properties, pore structure, and textural characteristics of ceramics, polymers, metals,

and composites, influencing their mechanical, thermal, and electrical properties.

Specifications: In this study, the surface area analysis were recorded by BELCAT-
M- CSIF Calicut University using the N2 gas adsorption method [3].

2.8 BROADBAND DIELECTRIC SPECTROSCOPY (BDS)

We used the Broadband Dielectric Spectroscopy (BDS) analyser to study the

dielectric properties and relaxation behavior in our polymer nanocomposites and
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metal oxides. This comprehensive analysis allowed us to investigate the frequency-
dependent dielectric response, conductivity, and molecular dynamics within these
materials. By examining the interactions between the polymer matrix and the
incorporated nanoparticles, as well as the influence of different metal oxides, we
gained valuable insights into the mechanisms affecting the performance and
potential applications of these advanced composites. The results obtained from the

BDS analysis are discussed in detail in the respective chapters of this thesis.

Vector vdltage
analyzer|U1

Generator

‘ector voltage
analyzer U2

Fig. 2.5 (a) Schematic diagram of the BDS Analyzer [11] (b) Image of Model
Novocontrol BDS Analyser- Department of Physics, University of Calicut (used
for analysis in the thesis).

57



Experimental Techniques

Broadband Dielectric Spectroscopy (BDS) is a valuable tool for probing
molecular dynamics, encompassing rotational fluctuations of molecular dipoles, ion
hopping, and charge transport. By extracting impedance data and analysing the
dielectric function, comprehensive insights into molecular ensembles and their
dynamics can be derived. Operating within the frequency range of 102 to 10*'? Hz,
BDS explores a vast dynamic range, elucidating molecular and collective dipole
fluctuations, charge transport phenomena, and polarisation effects at internal and
external boundaries, thus revealing the dielectric properties of materials under
investigation. This technique facilitates the acquisition of extensive information
regarding dipole dynamics and mobile charge carriers tailored to the specifics of the
molecular system. BDS measures the frequency response of systems, encompassing
both energy storage and dissipation properties, making it an experimental approach
for characterising electrochemical systems. It applies across various systems, from
monomers to polymers in various states, including solids, liquids, and glasses [10].

The schematic diagram of the BDS set up shown in Fig. 2.5 (a).

Instrumentation: At its core, a frequency generator produces alternating electric
fields spanning from millihertz to gigahertz, adapting to the desired analysis
frequency range. The sample holder securely accommodates the material sample in
various forms, ensuring consistent positioning for accurate measurements.
Electrodes, typically crafted from conductive materials like metal, apply the electric
field to the sample and capture its response, minimising interference with dielectric
properties. An amplifier boosts the electrical signals generated by the sample, while
a detector measures these signals, containing vital data about dielectric properties. A
sophisticated data acquisition system records and processes signals, employing
analog-to-digital converters for conversion into digital data for computer-based
analysis. Controlled by specialised software, a computer manages the BDS
instrument, setting parameters, visualising data, and extracting key dielectric
properties such as permittivity and conductivity [12]. Temperature control systems
are often integrated to regulate sample temperature, which is critical for ensuring
accurate measurements due to temperature's influence on dielectric properties.

Optionally, humidity control systems maintain stable humidity levels, particularly
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useful for moisture-sensitive materials, minimising their impact on dielectric

property measurements.

Applications: In materials science, BDS is instrumental in comprehensively
analysing polymers, ceramics, composites, and biomaterials, shedding light on their
behaviour and structure-property relationships crucial for various applications.
Specifically, in polymer research, BDS aids in understanding permittivity,
conductivity, and relaxation dynamics, facilitating optimisation for applications
ranging from insulation materials to electronic devices. BDS is indispensable for
evaluating dielectric materials used in critical components like capacitors and
insulators in the electronics and semiconductor sectors, ensuring device performance
and reliability. Moreover, BDS enables thorough analysis of electrode materials and
electrolytes in battery research and energy storage systems, contributing to the
development of safer and more efficient energy storage solutions. BDS is a vital tool
for studying the dielectric properties of biological tissues and biomaterials in
biomedical engineering and biotechnology, advancing diagnostic and therapeutic
applications. Furthermore, BDS is used extensively in the food and pharmaceutical
industries for quality control and safety assessment, as well as in environmental

monitoring for analysing pollutants and guiding remediation efforts [13].

Specification: In this study, conductivity spectra were analysed for all samples using
the Novocontrol BDS analyser- Materials science lab of Dr. Mohamed Shahin
Thayyil, Department of Physics, University of Calicut, within a frequency range of

107 to 107 Hz at room temperature.
2.9 RAMAN SPECTROSCOPY

We used Raman spectroscopy to investigate the molecular structure,
vibrational modes, surface enhanced raman spectroscopic analysis, and chemical
interactions within our polymer nanocomposites and metal oxides. This technique
provided detailed insights into the bonding characteristics and phase composition of
the materials, allowing us to analyse the dispersion of nanoparticles within the
polymer matrix and identify any structural changes induced by the incorporation of

fillers. The Raman spectra helped us to understand the influence of different
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synthesis methods on the composites' properties, thereby enabling the optimisation
of their performance for various applications. The comprehensive Raman study is

elaborated in the following chapters of this thesis.

Raman spectroscopy is a potent characterisation method primarily reliant on
vibrational information derived from samples' bulk mixed oxide molecular
structures. In this technique, when radiation traverses a transparent medium, a
portion of the beam scatters from the sample in all directions. Raman spectroscopy
employs a robust laser source emitting visible or near-infrared monochromatic

radiation to irradiate the sample. The emitted radiation primarily consists of three

types,

1. Stokes scattering

2. Anti-stokes scattering
3. Rayleigh scattering

A crucial aspect of Raman spectroscopy is the wavenumber shift (v), which
refers to the disparity in wavenumbers (expressed in cm™') between the observed
radiation and the utilised light source. Raman spectra typically exhibit peaks on both
sides of the Rayleigh peak, and the shift patterns on both sides mirror each other.
Since anti-Stokes lines are generally less intense than the corresponding Stokes
lines, the spectrum derived from Stokes lines alone is typically used for analysis.
Raman spectroscopy is versatile and capable of operating across all phases, solid,
liquid, and gas, and across a wide range of temperatures and pressures [14]. The
strong Raman scattering from ordered crystalline lattice structures tends to dominate
over signals from disordered amorphous surface phases in samples, emphasising the
signal from crystalline materials. Unlike XRD, Raman spectra can detect amorphous
phases alongside crystalline nanoparticles (less than 3 nm). The relative sharpness of
peaks in Raman spectra facilitates the quantitative determination of the crystallinity
of composite sample bulk phases. However, a significant limitation of Raman
spectroscopy is sample fluorescence, although composite samples often yield

dominant Raman signals.
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Raman spectroscopy utilises a laser source emitting monochromatic light to
irradiate samples. As the laser light interacts with the samples, it is absorbed and
subsequently re-emitted. The Raman Effect causes a shift in the frequency of the re-

emitted wave compared to the initial monochromatic wave frequency.
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Fig. 2.6 (a) Schematic diagram of the Raman platform set-up [15], (b) Micro Raman
instrument Jasco NRS 4100 Department of Physics, Calicut University, (used in the
analysis in the thesis).

Instrumentation: A Raman Spectrometer consists of several essential components
that work together to enable the analysis of Raman scattering spectra of materials.
At its core is the excitation source, typically a laser such as 532 nm and 785 nm
(with selectable grating L 900, L 1800) laser, which emits light across the
ultraviolet, visible, and near-infrared range. This laser beam is directed onto the

specimen through a specimen illumination system and light collection optics. Once
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irradiated, the emitted light from the sample is collected and directed to a
spectrophotometer equipped with appropriate filters and devices like tunable filters,
notch filters, and laser stop apertures. These components are crucial for filtering out
the Rayleigh signals and enhancing the quality of the Raman signals. The
spectrophotometer is complemented by a detector, often a Charge Coupled Device
(CCD) or photodiode array, which rapidly and precisely captures the Raman
scattering data. Advanced features like Surface-Enhanced Raman Spectroscopy
(SERS) and Resonance Raman Effect (RRE) enhance weak Raman signals, making
them stronger and more detectable [16]. Micro Raman Spectrometers, equipped with
a microscope, offer the advantage of analysing microscopic samples while
minimising laser-induced sample damage by reducing the spot size of light on the

sample.

Applications: Micro-Raman spectrometers serve as indispensable tools in various
scientific fields, offering valuable insights into the chemical structure, defects, and
properties of materials at the microscale. One of their primary uses is identifying the
chemical structure and defects present in the sample, enabling researchers to
characterise molecular compositions and understand material behaviour.
Additionally, micro-Raman spectrometers are instrumental in studying phase
transitions, allowing for the investigation of changes in material properties under
different environmental conditions. Moreover, they find extensive application in the
study of graphene materials, facilitating the determination of the number of layers
and structural properties of graphene-based materials with high precision.
Furthermore, micro-Raman spectrometers are employed to quantify polymer
composition and investigate polymer degradation processes [17]. Analysing
vibrational modes and molecular interactions provides valuable information about
polymer composition, degradation mechanisms, and structural changes over time,
contributing to developing advanced materials and quality control in polymer-based

industries.

Specifications: In this study, Molecular vibrational analysis and SERS analysis were
carried out using the Micro Raman spectrometer Model- Jasco NRS 4100 (with 532

nm green laser) (Department of Physics, University of Calicut).
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2.10  ULTRAVIOLET-VISIBLE (UV-VIS) DIFFUSE REFLECTANCE
SPECTROSCOPY (DRS)

We used UV-visible spectroscopy and Diffuse Reflectance Spectroscopy
(DRS) for the optical characterisation and bandgap analysis of our polymer
nanocomposites and metal oxides. These techniques allowed us to investigate the
materials' absorption properties and electronic transitions. By analysing the UV-
visible and DRS spectra, we determined the optical bandgaps and adsorption
characteristics critical for understanding the materials' potential applications in

optoelectronic devices, adsorption, and sensing technologies.

UV-visible diffuse reflectance spectroscopy is a characterisation method
reliant on two primary optical properties of the samples: their absorptive and light
scattering properties upon light excitation within the range of 200-800 nm. The
obtained sample absorbance is then compared against a BaSO4 standard for
reference. Reflectance data can be used to calculate the Kubulka-Munk function,
aiding in the determination of the optical band gap for composite materials. This
measured optical band gap offers insights into the photon energy required to excite
an electron from the valence band to the conduction band, thus generating
photoinduced electron-hole pairs within the bulk of graphene-based photocatalyst
materials. Consequently, it delineates the requisite light source UV or visible light—
for the photocatalytic application of graphene-based photocatalysts. Specifically, a
band gap energy value below 3.0 eV indicates absorption in the visible light region,
while values exceeding 3.0 eV render the photocatalyst active solely in the UV
region. UV-Vis DRS leverages electronic transitions from ground to excited states in
the sample to glean information on oxidation states, transitions, and coordination of
metals within metal oxides. However, a notable limitation of UV-Vis DRS is its
bulk nature, which provides averaged insights from all components of the

nanocomposite system.

In addition, UV-visible spectrometry is an indispensable tool in adsorption
studies, offering multifaceted capabilities crucial for comprehensive analysis. It
enables precise quantification of adsorbate concentration, shedding light on the
adsorption capacity and efficiency of the materials under scrutiny. Additionally,

UV-visible spectroscopy aids in characterising adsorbent materials themselves,
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providing insights into their electronic structure, surface properties, and chemical
composition. Its real-time monitoring capabilities facilitate the detection of
adsorption kinetics, unveiling vital data on reaction rates and equilibrium times.
Furthermore, through the construction of adsorption isotherms, UV-visible
spectrometry elucidates the relationship between adsorbate concentration and
adsorption onto the material's surface, unveiling crucial insights into adsorption
capacity and affinity. Lastly, analysing changes in absorption spectra offers valuable
clues regarding the mechanisms driving adsorption processes, thus contributing
significantly to the advancement of efficient adsorbent materials and the

comprehension of fundamental adsorption phenomena.
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Fig. 2.7 (a) Schematic diagram of the UV-Visible Spectrometer set-up [18], (b) UV-
Visible Jasco V-750 spectrophotometer Department of Physics, University of
Calicut (used in this study).
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Instrumentation: A UV-Vis spectrophotometer comprises several essential
components to analyse the absorption of light by a sample. Firstly, a stable light
source, such as a tungsten filament, deuterium arc lamp, LED, or Xenon arc lamp,
emits radiant energy within the desired wavelength range. The sample holder,
typically a transparent cuvette made of quartz, securely contains the sample for
analysis. The light beam is split by a diffraction grating or monochromator, directing
one beam through the sample and the other through a reference cuvette. The
absorbance of the sample is determined based on Beer-Lambert's law, which
correlates absorbance (A) with the path length (1) and the concentration of absorbing
species, represented by the absorptivity (¢). The intensity of light passing through
the sample is measured by a detector, and the absorbance value is calculated using
the logarithm of the ratio of the initial intensity of light (Io) to the intensity of light
after passing through the sample (I). This absorbance value is then displayed on the
LCD screen, providing quantitative information about the sample's absorption

characteristics [19].

Applications: One primary use is determining the concentration of unknown
samples and studying reaction kinetics, which is essential in chemical analysis and
reaction monitoring. UV-Vis spectrometers also enable quantitative and qualitative
analysis of samples, offering insights into their composition and properties. They are
also valuable tools for detecting impurities and functional groups in compounds,
aiding in quality control and purity assessment. Spectrophotometric measurements
of both inorganic and organic compounds are routinely performed, providing
valuable information about their electronic structure and optical properties.
Furthermore, UV-Vis spectrometers are utilised to measure band gaps from diffuse
reflectance spectra (DRS), crucial for characterising semiconductor materials and

understanding their optical behaviour [20].

Specifications: In this study, bandgap analysis and adsorption studies were carried
out using a Jasco V-750 spectrometer, and a tungsten filament and deuterium arc

lamp were used as the source. (Department of Physics, University of Calicut).
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In this chapter, we have comprehensively explored a variety of experimental
techniques pivotal to the synthesis, characterization, and analysis of advanced
materials. Each technique provided critical insights into the structural, thermal,
and optical properties of the materials, contributing significantly to our
understanding of their performance and potential applications. The outcomes
underscore the importance of selecting appropriate experimental techniques to
tailor material properties for specific applications, ultimately paving the way for

the development of suitable materials.
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BaTiO; and PMMA_BaTiO; SERS substrate for Dimethyl
Phthalate and Diethyl Phthalate detection.
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Abstract: Dimethyl phthalate (DMP) and Diethyl phthalate (DEP) are low-density phthalates
commonly used to manufacture various artificial products. These compounds migrate through
the food chain, posing significant health risks. Current detectors for DMP and DEP lack cost-
effective and real-time detection capabilities. Surface-enhanced Raman spectroscopy (SERS)
offers substantial promise for detecting environmental pollutants. This study presents an
effective tool for sensitively detecting DMP and DEP using noble metal-free SERS substrates.
The successful design of the SERS substrates hinges on creating hotspots based on the
morphology of the semiconductor BaTiOs and its incorporation into a PMMA polymer matrix.
Unlike traditional high-temperature synthesis methods exceeding 1000 °C, a low-temperature
sol-gel route was employed to synthesize BaTiOs. The dense arrangement of cuboidal and
tubular morphology hotspots on the substrate significantly enhances the weak Raman signals of
DMP and DEP. Moreover, the design ensures that the Raman bands of the SERS substrate and
the probe molecule do not coincide, enabling precise and unambiguous detection. The primary
mechanism behind the SERS activity of BaTiOs (BT) and PMMA- BaTiOs films (PBT) is
charge transfer resonance, bolstered by the strong affinity between BT and DMP and between
PBT and DEP. This study demonstrates a cost-effective, real-time sensitive phthalate detection
method using noble metal-free flexible SERS substrates. It can provide an efficient alternative
to conventional chromatographic techniques - offering a potent route for detecting
environmental pollutants.
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3.1 Introduction

Surface-enhanced Raman spectroscopy (SERS) is an excellent analytical tool
widely used to detect trace substances. This technique is considered superior to all
other detection methods because of its high selectivity and very short detection
time[1]. SERS technique was introduced in detail in chapter 1- section 1.2.4. The
past two decades have witnessed significant developments in noble metals-based
SERS substrates with considerable sensitivity, selectivity, and reproducibility[2,3].
Still, this substrate has some limitations in the cost of fabrication and product price,
as well as a lack of biocompatibility and poor stability. Recently, considerable
attention has been paid to fabricating noble metal-free materials that exhibit SERS
performance [2-7]. In particular, semiconductors exhibit more controllable physical
and chemical properties such as bandgap, doping, resistance to corrosion,
degradation, tunable morphology, and excellent surface properties, which meets a

series of demands in SERS analysis [8].

The observation of SERS on the surface of semiconductors (metal oxides)
can be traced back to the 1980s. The presence of the semiconductor responsible for
enhanced Raman scattering is very important for the in-depth understanding of the
SERS phenomenon. Due to the limitations in semiconductor synthesis and
characterization technologies, this phenomenon was observed only for minor
semiconductor surfaces, such as NiO, GaP, and TiO;, with relatively small
enhancement effects.[9-11]. The lack of sufficient experiments prevented a
systematic examination of the validity of the proposed theoretical models. Thus,
semiconductor-enhanced Raman scattering did not gain comprehensive attention in
the early stages. With the recent progress in nanoscience and nanotechnology, the
semiconductor-enhanced Raman scattering has developed remarkably. An
increasing number of semiconductor materials have been demonstrated to be SERS-
active substrates, such as metal oxides, metal sulfides, metal tellurides, metal
halides, and some single-element semiconductors [2]. Various numerical methods
have been developed to study the interaction of light with small particles, which

helps obtain a theoretical understanding of the experimental phenomena [12].
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However, it is challenging to compare the results from various studies owing to the

diversity in material synthesis and properties.

Merits of semiconductor materials as SERS-active substrates include
molecular specificity and in situ analysis capability. More importantly,
semiconductor materials have some inherent physicochemical features that are
attractive to theoretical studies and applied research. The essential qualities of the

semiconductor-enhanced Raman scattering technique are as follows:

1 Surface properties: The semiconductor surfaces exhibit novel surface properties,
such as better surface bonds to hold analytes. The superior biocompatibility of
semiconductors has assured them an inherent advantage in biochemical and

biomedical applications[13].

2 Chemical stability: Difficulties with the reproducibility of Raman signals related
to substrate degradation have been a significant constraint on SERS applications.
Semiconductor materials and their structures have superior thermal stability
compared to conventional metals. This makes them suitable for detection in various

environmental conditions[13].

3 Diversity of substrates: These semiconductor substrates show diversity in
morphology-including quantum dots, nanowires, nanosheets, three-dimensional
nanostructures, and multi-dimensional nanofilms, which could meet the different

criteria for a particular purpose[13].

4 Optoelectrical properties: The SERS intensity can be borrowed from some
allowed molecular transitions by the molecule-to-substrate or substrate-to-molecule
transition through the Herzberg-Teller coupling term. The band structure of a
semiconductor can be easily tuned by varying the nanoparticle's size, shape,
material, and doping. Consequently, the charge transfer transition can be tailored
based on the analyte, providing possible resonant contributions to the enhancement.
In addition, the low-cost and novel synthetic techniques for semiconductor

substrates also play an essential role in SERS application[13].
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The enhancement in the Raman signal in SERS relies primarily on two different
mechanisms, which were discussed in detail in Section 1.2.4.1. As mentioned in
section 1.2.4, for noble metal substrates, the Raman signal enhancement is
predominantly attributed to electromagnetic (EM) mechanisms, which are driven by
the oscillations of free electrons on the metal surface, known as localized surface
plasmon resonances (LSPR) [14]. These resonances amplify the local
electromagnetic field, significantly increasing the Raman signal of the probe
molecules. In contrast, for semiconductor substrates, the enhancement arises from
the charge transfer mechanism [15]. This involves the transfer of electrons between
the semiconductor substrate and the probe molecule, which modifies the electronic
states of the molecule and enhances the Raman scattering. This distinct approach in
semiconductors leverages the material's electronic properties to achieve signal
amplification, offering a complementary method to the EM mechanism observed in

noble metal substrates.

Regarding the design and development of SERS substrates for phthalate detection,
we worked on three different samples. Two of these samples are discussed in detail
in this section, highlighting their unique properties and applications. The fourth
chapter will explore the analysis and SERS activity of the remaining sample,

providing a comprehensive understanding of its significance and performance.

SERS Substrate Probe molecule Chapter

Barium Titanate (BT) Di Methyl Phthalate Chapter
(DMP) 3

PMMA_Barium Titanate Polymer Nano | Di Ethyl Phthalate (DEP) | Chapter
Composite 3

PMMA _Strontium Titanate Polymer Di (2-ethylhexyl) Chapter
Nano Composite phthalate (DEHP) 4

Phthalates were introduced in detail in Chapter 1-sections 1.2.1 & 1.2.2. As
mentioned in those sections, Pthalic acid esters have been well-known as potent
carcinogens and endocrine disrupters, and their removal from aqueous solutions has

recently been of considerable concern. Phthalic acid ester is widely used as an
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industrial compound to improve plastics' flexibility, durability, and workability for
various applications. Most commonly, they are used in cosmetics, soaps, shampoos,
toys, blood containers, medical tubing, plastic containers, food packing, and
numerous other products[16]. The possible migration and bioaccumulation of these
phthalic acid esters (PAEs) can cause serious adverse effects on human health due to
their carcinogenic and endocrine-disrupting properties[17]. Dimethyl phthalate
(DMP) and Diethyl phthalate (DEP) are two of the significant phthalate pollutants,

and we have tried to detect them using polymer-based SERS substrates.

Dimethyl phthalate (DMP) is a versatile organic compound widely used as
a plasticizer in manufacturing various consumer products. DMP is favoured for its
ability to impart flexibility and durability to polymers. Its significance in industrial
applications cannot be understated, as it enhances the mechanical properties of
plastic products, making them more adaptable for various uses. However, DMP also
poses significant health risks. It is known to be an endocrine disruptor, potentially
leading to reproductive and developmental issues in humans. DMP is the most
leached phthalic acid ester from mineral water containers and coolers. Its exposure
to humans has been found to irritate sensing organs, and DNA damage has led to
malformation[18]. Exposure to DMP, whether through ingestion, inhalation, or skin
contact, has been linked to adverse health effects such as respiratory problems and
skin irritation. Moreover, due to its widespread use, DMP has become a persistent
environmental pollutant, capable of migrating through the food chain and
accumulating in ecosystems, posing long-term risks to human health and the
environment. Consequently, there is a growing need for effective detection and
regulation of DMP to mitigate its harmful impacts. Dimethyl phthalate (DMP) is a
typical example of an industrially crucial phthalic acid ester, which is extensively
utilized in several plasticizing industries and has a menacing harmful effect on
humans. Therefore, it is essential to detect the presence of trace DMP in aqueous

solutions.

Diethyl phthalate (DEP) is another phthalic acid ester used as a plasticizer
to increase the flexibility of plastics and as a solvent in various products, including

personal care items like perfumes, lotions, and cosmetics. It is known for its
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excellent solubility and low volatility, making it a versatile ingredient in numerous
industrial and consumer applications. Despite its widespread use, DEP has raised
significant health and environmental concerns. It can easily migrate into the
environment and enter the food chain, leading to potential human exposure. Studies
have linked DEP exposure to endocrine disruption, reproductive toxicity, and
developmental issues [19]. Prolonged contact with DEP may result in adverse health
effects such as hormonal imbalances, fertility problems, and potential
carcinogenicity. Consequently, the monitoring and regulation of DEP usage have
become crucial to mitigate its harmful impacts on human health and the

environment.

In this study, we developed two noble metal-free SERS substrates with
morphologically customized hotspots through the low-temperature synthesis of
BaTiOs - offering better characteristics than the one prepared through the
conventional high-temperature route. The resulting substrate exhibits distinctive
Raman peaks attributed to Barium titanate. These SERS substrates, adorned with
cuboidal and tubular hotspots, show a pronounced chemical enhancement effect
based on charge transfer resonance, which is particularly advantageous for
detecting DMP and DEP.

3.2 Materials and methods
3.2.1 Low-temperature synthesis of Barium Titanate nanoparticles.

To synthesize BaTiO3 nanoparticles, a modified two-step sol-gel method
with stepwise sintering was employed. Acetic acid, deionized water, and 2-propanol
were utilized for low-temperature hydrolysis. The modified acetate-derived BaTiO3
sol was prepared using barium acetate, deionized water, titanium tetra isopropyl

alkoxide (TTIP), 2-propanol, acetone, and glacial acetic acid as precursors.

Initially, barium acetate was dissolved in acetic acid at 65°C with constant
stirring. The solution was then slowly cooled to room temperature, and a few drops
of 2-propanol were added. In the subsequent step, Titanium Tetra Isopropyl
Alkoxide dissolved in acetone was added to initiate partial hydrolysis. The prepared
mixture was exposed to low-temperature treatment (5—10°C) while deionized water

was gradually added simultaneously. A magnetic stirring was carried out throughout
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the sol preparation process to ensure proper agitation of the solution. Eventually, a
colourless and transparent sol was formed. After gelation, the gel was dried at
100°C. The resulting xerogels were then calcined and sintered at various
temperatures to obtain phase-pure, nanocrystalline tetragonal BaTiOs. The fine
powder was calcined at 900°C for 1 hour in a muffle furnace. After cooling to room
temperature, the powder was ground using an agate mortar and sintered at 650°C to

850°C via a stepwise programmed sintering route.
3.2.2 Synthesis of PMMA_BaTiO3 nanocomposite substrates.

Flexible self-standing polymer matrix films were prepared by dissolving
PMMA crystals in an acetone solvent. As the PMMA dissolved and the solution
transformed into a white, viscous consistency, BaTiO3; nanoparticles were gradually
introduced into the mixture while continuously stirring. This gradual addition
ensures uniform dispersion of the BaTiO3 nanoparticles within the polymer matrix.
The stirring process was continued until a thick, homogeneous white gel was
formed. This gel exhibited consistency that was suitable for moulding into various
shapes. The resultant composite film, hereafter referred to as PBT film/substrate,
was cast to achieve a thickness of approximately 100 microns. The PBT film's
flexible and self-standing nature makes it an ideal candidate for applications
requiring adaptable and durable materials. This method allows for precise control
over the film's thickness and ensures the even distribution of nanoparticles,

enhancing the film's mechanical and functional properties.
3.2.3 Dimethyl phthalate and Diethyl phthalate stock solution preparation.

A meticulous process is essential to prepare DMP and DEP stock solutions
with ultra-low concentrations required for SERS investigation. A standard 100-ppm
solution of Dimethyl phthalate (Ci0H1004), which has a molecular weight of 194.184
g/mol, is made with 8.4 pl of DMP. Similarly, Diethyl phthalate (Ci12H1404) with a
molecular weight of 222.24 g/mol, or precisely 9.1 ul of DEP, is used to make a
100-ppm stock solution. This measurement is critical, as achieving the exact
concentration is necessary for accurate experimental results. Given the desired ultra-
low concentration, a one-ppm DMP and DEP solution was subsequently prepared.
This process involves the careful dilution of the standard 100-ppm stock solution.

Specifically, the stock solution is thoroughly mixed with distilled water in a
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calibrated standard flask, ensuring uniform dispersion of DMP and DEP throughout

the solution.
3.2.4 Experimental procedure for adsorption

Adsorption experiments assessed the affinity between (i) DMP (Bis(2-
ethylhexyl) phthalate) and the synthesized BT substrate and (ii) DEP and the
synthesized PBT. A 30 mg of BT and 1 cm x 1 cm PBT film was immersed in 100
ml of 1 ppm DMP and DEP phthalate solution, and the mixture was stirred for 60
minutes at room temperature. Every 30 minutes, 30 ml of the solution was
withdrawn for analysis. UV-Vis spectrophotometry (using a JASCO V-750
spectrometer) was employed to analyze the initial and post-adsorption solutions at

the wavelength of maximum absorbance.
3.2.5 Raman and SERS property analysis

The micro-Raman measurements were performed using a Laser Micro
Raman Spectrometer (532 nm excitation wavelength, x50 L magnification, one mW
excitation power) for precise Raman band detection of BT, PBT film, DMP and
DEP. SERS sensitivity was measured using the DMP and DEP probe molecule stock

solution coated onto a BT and PBT film aligned on a clean glass slide.
3.3 Results and Discussion
3.3.1 X-ray diffractogram Analysis

In the present study, tetragonal Barium Titanate nanoparticles synthesized at
lower temperatures are utilized — as detailed in the previous section. When the
xerogel was fired at 650 °C for 1-hour, peak splitting was observed around 26 = 45°,
indicating the formation of the tetragonal phase, as shown in Fig. 3.1. This peak
splitting became more pronounced when the xerogels were sintered at various
temperatures (650 °C, 700 °C, 750 °C, 800 °C, and 850 °C), suggesting an increase
in the degree of polymorphic transformation. Notably, this transformation began at
lower temperatures compared to previously reported sol-gel methods, highlighting
the advantages of our modified synthesis and sintering process. Consequently, the
diffraction peaks of the samples sintered at different temperatures were successfully

indexed to BaTiOs with a tetragonal structure. Tetragonal barium titanate
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nanoparticles were formed at a lower sintering temperature of 650 °C. The average
particle size, calculated using the Debye-Scherrer formula, was 27.32 £ 1.12 nm.
Fig. 3.2 displays the XRD pattern of the synthesized BaTiO3 samples at different

sintering temperatures.

The synthesized BT nanoparticles are incorporated within the polymer
matrix to form a PBT film. The X-ray diffractogram confirms the formation of the
PBT film. The XRD pattern displays characteristic peaks corresponding to the
tetragonal phase of BaTiOs, indicating that the barium titanate nanoparticles are
well-dispersed within the polymethyl methacrylate (PMMA) matrix. The presence
of these peaks confirms the successful incorporation of BaTiO3 into the PMMA
matrix without altering its crystalline structure. Additionally, the broad, amorphous
hump observed in the XRD pattern is attributed to the PMMA polymer — indicating
the expected lack of long-range order. The intensity and sharpness of the BaTiO3
peaks suggest that the nanoparticles retain their crystallinity even after being

embedded in the polymer matrix.
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Fig. 3.1. XRD peak splitting of the sample BT 650 after calcination.
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Fig.3.2. X-ray diffractogram of BT nanoparticles sintered at different

3.3.2 Bandgap analysis

temperatures.

The importance of bandgap analysis of a Surface-Enhanced Raman

Scattering (SERS) substrate lies in its profound impact on the substrate's optical and
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electronic properties, which directly influence the efficiency and sensitivity of
SERS. The bandgap of a material determines its ability to interact with light,

particularly in absorption and emission processes.

The diffuse reflectance spectra studies unveil the optical properties of the
prepared Barium Titanate (BaTiO3) samples. The optical band gap of BaTiO3
nanoparticles is determined by considering the direct allowed inter-band transition

occurring between the valence and conduction bands, using Tauc's Law:
(ahv) 2= A (hv - Eg)

where, a is the absorption coefficient (o0=4nk/A; k is the absorbance, A is the
wavelength in nm), A is a constant, Eg is the optical bandgap, and hv is the photon
energy. BaTiOs, being a a semiconductor with a direct bandgap, has its bandgap Eg
estimated by plotting (ahv)? versus hv and extrapolating the linear portion of the plot
to (ahv)? = 0. The bandgap of the prepared BaTiOs is obtained as 3.23 £ 0.01 eV, as
shown in Fig. 3.3. This precise bandgap determination is essential for optimizing the

material's performance in SERS applications.
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Fig. 3.3. Optical bandgap determination using Tauc plot for BT 650.

78



SERS substrate - DMP and DEP detection

A bandgap of 3.2 eV corresponds to photon energy in the ultraviolet (UV) region
(around 387 nm), allowing BaTiO3 to effectively interact with UV light, which is
beneficial for SERS applications using UV excitation sources. This ensures efficient
light absorption and the generation of strong localized electromagnetic fields on the
substrate's surface, which is essential for enhancing Raman signals of adsorbed
molecules. Furthermore, when BaTiO3 is combined with metallic nanoparticles, it
enhances the local electromagnetic field generated by the metal, significantly
boosting the Raman scattering cross-section of surface molecules, a phenomenon
known as the electromagnetic enhancement mechanism. Additionally, the 3.2 eV
bandgap facilitates the charge transfer mechanism between BaTiOs and adsorbed
molecules, contributing to chemical enhancement in SERS. Upon illumination,
electrons excited across the bandgap from the valence band to the conduction band
can participate in charge transfer processes with the molecules, further enhancing

the Raman signal.

3.3.3 Raman spectra analysis

Raman analysis is used for the structural analysis of barium titanate
nanoparticles sintered at different temperatures. At ambient temperature, BaTiO3
exhibit tetragonal with C4v symmetry. The frequency covered ranges from 0 cm™ to
1200 cm™. Based on the crystallography, Raman-active modes for tetragonal
BaTiO3 (P4mm) are 4E (TO + LO) + 3AI(TO + LO) +BI(TO + LO), while no
Raman-active mode is predicted for the cubic phase (Pm3m). Raman studies reveal
the presence of peaks at frequencies around 133cm™, 261cm™, 303cm™, 517cm™! and
712cm’™. The intensity of the peaks varies slightly with the temperature. The optical
phonon frequencies and their symmetries in tetragonal BaTiO3 are reported[20]. As
shown in Fig 3.4 (a) Raman spectrum of the samples sintered at different
temperatures (650°C,700°C,750°C,800°C, and 850 °C) evince the characteristic
peculiarities of the BaTiO; tetragonal phase: the broad peak at about 260 cm’
corresponding to [A1 (TO)], a sharp peak at 303cm™
E(TO+LO)], an asymmetric peak at 513 cm'corresponds to [Al (TO), and E(TO)]
and the peak at 712 cm™! related to [A1(LO) and E(LO)] phonon modes[21-22].The

corresponding to [B1 and

peak at 303cm’! assures the tetragonal phase of barium titanate particle formation.
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Fig. 3.4 (a). Raman spectra of Barium Titanate sintered at different sintering
temperatures (b) The Raman spectra of PBT 650.
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A slight dip at 180 cm™ and 183 cm™ of spectra of samples is attributed to
the anharmonic coupling among the three A1 (TO) phonons [23-24]. The 133cm™,
303cm’!, and the somewhat broader 712 cm™' modes constitute the E(LO) modes.
The intensity of the peak around 303 cm™ was assigned to the overlap of E(3TO)
+E(2LO) +B1, and the intensity of this characteristic peak decreased with an
increase in sintering temperature. There are two E(TO) modes near 190cm™ and 517
cm™, in which 190cm™! becomes absent at a sintering temperature of 850°C. The
E(TO) mode with frequency 517cm™ shifts slightly towards the left until the
sintering temperature is 800°C and then shifts towards the right. The presence of
characteristic molecular vibration modes in Raman spectra confirms the formation

of tetragonal phase Barium Titanate nanoparticles.

The Raman spectrum of the PMMA_BaTiO3 (PBT) film, as depicted in Fig.
3.4(b), exhibits a composite profile characterized by distinct features from both
PMMA and BaTiO;. The PMMA-associated peaks are observable within the PBT
spectrum alongside the characteristic peaks of BaTiOs. Specifically, the signature
peaks of PMMA are discernible at approximately 1700-1725 cm™, corresponding to
the stretching vibrations of the carbonyl group (C=0). The mid-frequency range,
from 1000 to 1500 cm™, also reveals peaks linked to the bending vibrations of
methylene (CH2) groups [25]. In the high-frequency region, vibrations associated
with methyl (CH3) groups are evident, with symmetric stretching occurring around

2950 cm™ and asymmetric stretching around 2980 cm™.
3.3.4 Morphological characterization

FE-SEM micrographs of the Tetragonal phase Barium Titanate powder
sintered at 650°C is shown in Fig.3.5. The powders appear to be closely packed
polygonal structures caused primarily by the various processes occurring during the
drying process. Moreover, small three-dimensional cuboid-like and irregular
polygonal structures are embedded in each closely packed cluster, corresponding to
the BaTiOsz particles shown in Fig.3.5(a). SEM micrographs show excellent

uniformity and narrow-sized distribution of Barium Titanate nanoparticles. The
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elemental composition of the prepared samples was analyzed using the EDX

technique.

3.0K
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Fig. 3.5 (a). SEM images of nanostructured cuboidal hotspots provided by BT 650,
(b) EDX spectra of nanostructured BT 650.

EDX also confirmed the formation of Barium Titanate. No impurity peaks
corresponding to the precursors are present in the EDX spectra. The EDX spectra of
the sample are shown in Fig.3.5 (b). Traditionally, Barium titanate is prepared by the
conventional solid-state reaction, which involves high calcination temperatures of
about 800°C -1200°C and sometimes at 1300°C. The Barium titanate prepared by
this traditional method is highly agglomerated, with large particle size (2-5um) and
high impurity contents due to their inherent problems such as high reaction
temperature heterogeneous solid-phase reaction [19]. By this modified synthesis
method, we can generate highly pure, homogeneous, ultrafine Barium titanate

powders at low temperatures.
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Fig. 3.6. (a) FESEM images of voids exhibited by PMMA polymer matrix
(b)Tubular hospots exhibited PBT 650 film.
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The incorporation of Barium Titanate (BT 650) nanoparticles into a Poly
(methyl methacrylate) (PMMA) matrix result in a significant alteration in
morphology, notably observed in PBT films. These films showcase densely packed
nanotube-like structures within the voids of the PMMA matrix shown in fig. 3.6.
This unique morphology holds crucial importance, particularly concerning
adsorption properties. The formation of nanotube structures provides a high surface
area-to-volume ratio, significantly amplifying the available surface area for
adsorption processes. Additionally, the tubular morphology offers an interconnected
network of channels, facilitating the diffusion of adsorbates throughout the material
and enhancing adsorption efficiency. Furthermore, the presence of nanotube-like
structures introduces additional active sites and defects on the surface, which can
enhance the interaction between the adsorbate molecules and the substrate, further
improving adsorption capacity and selectivity. Overall, the tube-like morphology
exhibited by PBT films enhances the structural integrity and significantly boosts the

adsorption performance.
3.3.5 Design and analysis of BT as SERS substrates for DMP detection.

Clear and distinct Raman peaks in Surface-Enhanced Raman Scattering
(SERS) allow for unambiguous identification and precise analysis of molecular
species. The non-overlapping Raman peaks between the SERS substrate and the
probe molecule are crucial for accurately identifying and monitoring molecular
changes in the presence of the probe molecule. As demonstrated previously, the
absence of significant peaks for the BT and PBT film beyond 1000 cm™ enhances
the SERS effect, thereby amplifying the Raman peaks of the target probe molecule
with Raman fingerprint bands beyond 1000 cm™.

Effective adsorption of the probe molecules, specifically DMP, on the
surfaces of BT is crucial for utilizing these materials as SERS substrates for
phthalate detection. Analyzing the adsorption profile of DMP on the substrate, as
illustrated in Fig.3.7, reveals that within the first 30 minutes, 92% of the DMP
molecules (from a 1 ppm solution) were effectively adsorbed onto the BT surface.

Complete adsorption of DMP, reaching 99%, was achieved within 60 minutes.
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The Raman spectra of the BT SERS substrate, exhibiting distinguishable
Raman fingerprint bands, are presented in Fig. 3.4(a). The obtained Raman peaks of
DMP are shown in Fig. 3.8(a), and the Raman peaks of DMP coated on BT SERS
substrate are shown in 3.8(a). The Raman spectra of DMP reveal a series of
characteristic peaks that offer valuable insights for their identification and analysis.
Each molecule exhibits unique characteristic peaks in its Raman spectrum, serving
as distinctive signatures. For DMP, the Raman fingerprint bands typically include a
strong peak around 745 cm™!, corresponding to the C-H out-of-plane bending
vibration, peaks around 1030 cm™ and 1070 cm™ associated with C-H in-plane
bending vibrations, a significant peak near 1285 cm™ due to the C-H in-plane
bending vibration, and a peak around 1610 cm™ attributed to the C=C stretching
vibration. The distinctive Raman fingerprint bands of DMP provide valuable
information for its precise identification and analysis when coated on SERS
substrates such as BT. These bands enable enhanced detection and monitoring of
phthalate molecules by leveraging the increased and non-coinciding Raman signal,

allowing for accurate and sensitive analysis.

2.0
DMP ADSORPTION SPECTRA
1.6 4
— 60 Minutes

2 1.2+ —— 30 Minutes
g | —— 0 Minutes
=
S 0.8+
=
«

0.4 -\’\

0.0 1 —

) 1 ]
200 250 300 350 400

Wavelength (nm)




SERS substrate - DMP and DEP detection

-I 60 Minute
- I 50 Minute
" M h
L 30 Minute
I At
I 20 Minute
i 10 Minute
A\
i I 0 Minute

I
0 500

I I 1 I
1000 1500 2000 2500 3000

Raman shift (cm™)

Fig.3.7 (a) and (b) UV- Visible absorbance spectra and Raman spectra showing that
the BT substrate in DMP solution adsorbed 92% of the DMP molecules got
adsorbed onto BT substrate in 30 mins. 99% of the DMP got adsorbed within 60
minutes. The experiment demonstrates desirable affinity between BT SERS
substrate and DMP probe molecule.
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Fig. 3.8 (a) and (b) Raman spectra of DMP probe molecules and SERS spectra of
DMP on BT with a Comparison plot showing the enhancement in DMP Raman
fingerprint bands. (In Fig.(a), * denotes Raman peaks of glass, and ¢ denotes
Raman peaks of DMP.

87



SERS substrate - DMP and DEP detection

3.3.6 Design and analysis of BT and PBT films as SERS substrates for DMP
and DEP phthalate detection.

Effective adsorption of probe molecules, particularly DEP, onto the surfaces
of PBT films is essential for their use as SERS substrates for phthalate detection.
Analyzing the adsorption profiles of DEP on these substrates, as depicted in Fig. 3.9
(a), shows that within the first 30 minutes, 95% of the DEP molecules (from a 1 ppm
solution) were successfully adsorbed onto the PBT surface. Full adsorption of DEP,

reaching 99%, was achieved within 60 minutes.

The Raman spectra of the PBT SERS substrate, with distinguishable Raman
fingerprint bands, are shown in Fig.3.4(b). The corresponding Raman peaks for DEP
are displayed in Fig. 3.9(a), while the Raman spectra of DEP coated on the PBT
SERS substrate are also presented in Fig. 3.9(b). The Raman spectra of DEP reveal a
series of characteristic peaks that provide valuable insights for its identification and
analysis. Each molecule exhibits unique characteristic peaks in its Raman spectrum,
serving as distinctive signatures. For DEP, the characteristic bands include a strong
peak near 630 cm™! corresponding to the C-H out-of-plane bending vibration, peaks
around 1125 cm™ and 1170 cm™ associated with C-H in-plane bending vibrations, a
prominent peak near 1280 cm™ due to the C-H in-plane bending vibration, and
peaks around 1600 cm™ attributed to the C=C stretching vibration [26]. These
distinctive Raman fingerprint bands are crucial for the precise identification and
analysis of DEP when coated on PBT SERS substrates, enabling enhanced detection
and monitoring of these phthalate molecules through the amplified Raman signal for

accurate and sensitive analysis.
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Fig.3.9 (a) UV- Visible absorbance showing that the PBT substrate in DEP solution
adsorbed 95% of the DEP molecules got adsorbed onto PBT film in 30 mins. 99%
of the DEP got adsorbed within 60 minutes. The experiment demonstrates desirable
affinity between PBT SERS substrate and DEP probe molecule. (b) Raman spectra
of DEP probe molecules and (¢) SERS spectra of DEP on PBT with a Comparison
plot showing the enhancement in DEP Raman fingerprint bands. (d) Comparison
plot showing the enhancement in DEP Raman fingerprint bands. (In Fig.(c), *
denotes Raman peaks of glass,and ¢ denotes Raman peaks of DEP,

3.3.7 Mechanism behind the SERS activity

The enhancement in Raman peak intensity in Surface-Enhanced Raman
Scattering (SERS) is primarily attributed to electromagnetic and chemical
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enhancement mechanisms. In semiconductor-based SERS substrates, like BaTiOs,
the plasmon resonance typically occurs in the long-wavelength infrared region,
unlike metal-based substrates, where it is in the visible and near-IR range. The
primary mechanism for semiconductor-enhanced Raman scattering in BaTiOz is
charge transfer resonances. This process involves charge transfer between the
analyte molecule and the semiconductor substrate, which can be better understood

through bandgap analysis and electronic transitions.

When BaTiOsz is exposed to UV-visible light, electron-hole pairs are
generated. The photo-excited electrons from these pairs migrate to the surface and
transfer to the adsorbed analyte molecule. This electron transfer is facilitated by the
alignment of energy levels between the conduction band (CB) of the semiconductor
and the electronic states of the analyte, shown in fig 3.10. This alignment modifies
the electronic structure of the analyte, potentially forming charged species or
altering its vibrational or electronic states, which can cause shifts or broadening of
energy levels. These modifications enhance the Raman scattering efficiency by
changing the polarizability, vibrational modes, or electronic transitions, thus
intensifying and altering the Raman scattering signals.
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Fig. 3.10. Charge transfer mechanism responsible for Raman enhancement. The
defect level originates from DEP (or DMP) -facilitating enhanced charge transfer
resonance in the DEP_PBT system (or DMP_BT system).
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Therefore, the SERS enhancement of DMP and DEP peaks observed with BT and
PBT substrates can be primarily attributed to the charge transfer (CT) mechanism.
As shown in Fig. 3.7(a) and 3.8(a), DMP and DEP exhibit a strong affinity towards
their respective substrates. The cuboid-like and tubular morphology offers unique
advantages for enhancing adsorption and Surface-Enhanced Raman Scattering
(SERS) performance. Cuboid-like structures provide increased surface area and
diverse adsorption sites, facilitating efficient adsorption of analyte molecules onto
the substrate. The flat surfaces and defined edges of cuboids offer stable platforms
for molecule adsorption, while the corners and edges create localized "hotspots™ for
intensified electromagnetic fields, crucial for SERS enhancement. Additionally, the
tubular morphology exhibited by the PBT film enhances adsorption by providing
channels and voids that effectively trap and hold molecules, increasing the
concentration of analytes on the substrate surface. The tubular structure promotes
better interaction between the substrate and analyte molecules, optimizing
orientation and interaction for enhanced SERS signals. Moreover, combining
cuboid-like and tubular morphologies facilitates efficient charge transfer processes
between the substrate and analytes, enhancing Raman signal intensity through
chemical enhancement mechanisms. Overall, the synergistic effects of cuboid-like
and tubular morphologies result in a highly effective SERS substrate with improved
adsorption capabilities and enhanced sensitivity for analytical applications.
Phthalate molecules confined within these tubes interact via electrostatic
interactions and hydrogen bonding with the hotspots. Consequently, the desired

Raman peak enhancement occurs through the charge transfer mechanism.
3.4 Conclusions

We have introduced a novel approach employing a noble metal-free SERS
substrate for the sensitive detection of phthalates, such as DMP and DEP. The
design of this substrate hinges on the creation of "hotspots” derived from the
morphology of the semiconductor BaTiOs integrated into a PMMA polymer matrix.
This design strategy ensures distinct Raman bands for the substrate and probe

molecules, eliminating potential spectral overlap and enabling precise detection.
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Unlike conventional methods involving high-temperature processes exceeding
1000°C, we utilized a low-temperature sol-gel route to synthesize phase-pure
BaTiOs. The incorporation of PMMA facilitated the formation of densely packed
BaTiOs tubular hotspots, as evidenced by FESEM images, crucial for enhancing the
weak Raman signals of DEP. The underlying mechanism driving the SERS
phenomenon relies on charge transfer resonance, supported by the demonstrated
strong interaction between the phthalates DMP and DEP with BT and PBT,
respectively. The direct interaction of metal nanostructures and analytes is
responsible for the chemical enhancement mechanism (CM). The effect of CM
requires direct contact between substrate and analyte. The chemical interaction
between metal nanostructures and analyte molecules forms a new surface complex.
The photo-induced charge transfer in a newly formed surface complex leads to
polarizability change in the adsorbed analyte molecule. The shift in polarizability
further enhances the Raman scattering cross-section and subsequent SERS
enhancement. Hence, BT and PBT systems can be proposed as novel noble metal-
free SERS substrates for the detection of DMP and DEP.

NB: The next chapter discusses the sensitive and selective detection of another

significant pollutant, DEHP, using a different SERS substrate.
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Surface-engineered flexible PMMA_SrTiO; as a SERS
substrate for detection of Di(2-ethylhexyl) phthalate
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Abstract: Di(2-ethylhexyl) phthalate (DEHP), used widely in manufacturing everyday
artificial items, has severely harmful health effects. The reported DEHP detectors lack cost-
effective, real-time detection. Surface-enhanced Raman spectroscopy (SERS) technique holds
enormous promise for detecting environmental pollutants. This work demonstrated an effective
tool for sensitively detecting a phthalate, DEHP - based on a flexible noble metal-free polymer-
based SERS substrate. The successful design of the SERS substrate is based on the hotspot
created on the pores of a semiconductor, SrTiOs, coated on a polymer PMMA. Unlike the
conventional high-temperature route (above 1000 °C), a low-temperature sol-gel route was
adapted to synthesise SrTiOs. Significant enhancement of feeble Raman peaks of DEHP is
ensured by the dense arrangement of microspherical pore hotspots facilitated by the PMMA
platform. Also, the design choice of the active SERS element and the platform ensured the non-
coincidence of Raman bands of the SERS substrate and the probe molecule. The predominant
mechanism behind the SERS activity is the charge transfer resonance, backed by the substantial
affinity between SrTiOs and DEHP. Unlike conventional chromatographic techniques, the cost-
effective, real-time sensitive detection of a phthalate demonstrated here using noble metal-free
flexible SERS substrate adds an efficient route for sensing environmental pollutants.
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4.1 Introduction

In Chapter 1, sections 1.2.1 and 1.2.2, we discussed phthalates and their
toxicity. This chapter reports our work on a significant phthalate, Bis (2-ethylhexyl)
phthalate (DEHP). DEHP is a widely employed phthalate, which is utilised in
manufacturing various everyday items, including cosmetics, medical devices,
beverage bottles, infant formulas, food packages, and PVC tubes. Because DEHP is
not chemically bonded to plastics, it can readily seep from the plastic materials into
the contents they come into direct contact with, posing a high risk of exposure [1-5].
Adverse health effects linked to exposure to DEHP include shortened human
pregnancy duration, reduced anogenital distance in male infants, sperm

abnormalities, and decreased sperm motility in adult males [6-9].

Multiple methods are proposed for the sensitive detection of DEHP. Each
technique offers diverse approaches with specific constraints. Chromatographic and
mass spectrometric methods often demand specialised equipment and large amounts
of organic solvents, limiting their suitability for rapid on-site analysis.
Immunoassays may face challenges with cross-reactivity, impacting specificity [10],
while electrochemical methods may have sensitivity limitations. Details regarding
the various detection methods and their drawbacks are discussed in Section 1.2.3.
[11]. Also we have introduced and discussed the advantages of Surface-enhanced
Raman Spectroscopy (SERS) technique in section 1.2.4. As mentioned in section
1.2.4, the SERS excels in significantly amplifying Raman signals, delivering
outstanding sensitivity and selectivity for detecting molecules at low concentrations,
thereby proving its worth as a valuable tool across various analytical applications.
Another advantage of SERS sensors is their rapid on-site analysis capability. The
standard category of SERS substrate involves noble metals, particularly gold and
silver. However, a notable disadvantage of noble metal SERS substrates is their
susceptibility to oxidation and degradation over time, reducing SERS performance
and signal reproducibility [12-15]. Maintaining the stability and longevity of noble
metal-based SERS substrates remains a challenge. Additional challenges include the

difficulty of creating optimal hot spots, the potential risk of coinciding Raman bands
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of the probe molecule and substrate, and substrate rigidity. Addressing these issues
remains a key challenge in ensuring SERS substrates' enduring stability and
longevity based on noble metals. Therefore, a demand exists to design and fabricate
a surface-engineered flexible noble metal-free SERS substrate with

indispensable Raman peaks for DEHP detection.

In this study, we developed a flexible SERS substrate using a PMMA
polymer matrix, integrating morphologically customised hotspots through the low-
temperature synthesis of SrTiO; - offering better characteristics than the one
prepared through the conventional high-temperature route. The resulting substrate
exhibits distinctive Raman peaks attributed to strontium titanate. These SERS
substrates, adorned with microspherical hotspots, show a pronounced chemical
enhancement effect based on charge transfer resonance, which is particularly

advantageous for detecting DEHP.
4.2. Materials and methods
4.2.1 Choosing PMMA_SrTiO3 combination for a SERS substrate.

The selection of PMMA (Polymethyl methacrylate) as the polymeric matrix
for surface-enhanced Raman spectroscopy (SERS) in detecting DEHP (Di (2-
ethylhexyl) phthalate) is grounded in its advantageous properties such as (i) The
flexibility of PMMA enables the fabrication of versatile SERS substrates that are
adaptable to various surfaces and shapes, aided by its ease of processing into
controlled configurations [16] and (ii)) The compatibility of PMMA with the
synthesis process of semiconductor materials like SrTiO3 can possibly facilitate the
creation of micro-spherical pore hotspots crucial for SERS, enhancing detection

sensitivity.

SrTiOs3 is chosen as the prime filler for our SERS substrate due to (i) its high
dielectric constant, promoting electromagnetic field amplification near its surface for
enhanced Raman signals, (ii) the chemical stability of SrTiO3 ensures compatibility
with diverse experimental conditions and large bandgap enables efficient excitation

of surface plasmons or other localised surface modes that can augment Raman

98



SERS substrate - DEHP detection

scattering signals. Moreover, SrTiOs3's tunable properties offer optimisation avenues
for enhanced SERS performance, making it a cost-effective and versatile option for

research and industrial applications in SERS detection.
4.2.2 Low-temperature synthesis of strontium titanate nanoparticles.

Conventional approaches to strontium titanate synthesis often necessitate
elevated calcination and sintering temperatures between 1000°C and 1300°C,
leading to challenges such as agglomeration, the presence of phase impurities,
limited control over morphology, large particle sizes (2-5um), and notable impurity
content [17-19]. To overcome these drawbacks, we designed an alternative modified
two-step sol-gel route with a stepwise sintering procedure. Strontium carbonate,
dissolved in acetic acid, undergoes partial hydrolysis at low temperatures in the
presence of 2-propanol and titanium tetra isopropyl alkoxide. The resulting sol
undergoes gelation, drying, calcination at 800°C, and sintering (600°C to 850°C) to

achieve phase-pure nanocrystalline SrTiOs.
4.2.3 Synthesis of PMMA_SrTiO3s nanocomposite substrates.

Flexible self-standing polymer matrix films were prepared using PMMA
crystals in an acetone solvent. As the solution turns into a white, viscous
consistency, SrTiOs nanoparticle filler is gradually introduced, with continuous
stirring. This process forms a thick, white gel that can be moulded into any desired
shape for a composite film with a thickness of 100 microns- coined as PST

film/substrate hereafter.
4.2.4 Bis (2-ethylhexyl) phthalate stock solution preparation.

A meticulous process is followed to prepare DEHP stock solution —
considering the ultra-low concentration desired for SERS investigation. Only 10.10
ul of Bis (2-ethylhexyl) phthalate (C24H3804, molecular weight: 390.50) is needed to
create a standard 100-ppm solution. This implies that a one-ppm DEHP solution
contains an exceedingly low quantity of DEHP. Consequently, a one ppm DEHP
solution is meticulously prepared by thoroughly blending the standard stock solution

with distilled water in a standard flask.
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4.2.5 Experimental procedure for adsorption

Adsorption experiments assessed the interaction between DEHP (Bis(2-
ethylhexyl) phthalate) and the synthesised PST substrate. A 1 cm x 1 cm PST film
was immersed in 100 ml of 1 ppm phthalate solution, and the mixture was stirred for
60 minutes at room temperature. Every 30 minutes, 30 ml of the solution was
withdrawn for analysis. UV-Vis spectrophotometry (using a JASCO V-750
spectrometer) was employed to analyse the initial and post-adsorption solutions at

the wavelength of maximum absorbance.
4.2.6 Raman and SERS property analysis

The micro-Raman measurements were performed using a Laser Micro
Raman Spectrometer (532 nm excitation wavelength, x50 L magnification, 1 mW
excitation power) for precise Raman band identification of PST film and DEHP.
SERS sensitivity was measured using the DEHP probe molecule stock solution

coated onto a 1X1 cm PST film aligned on a clean glass slide.
4.3. Results and Discussion
4.3.1 Structural and morphological analysis

The elemental composition of the prepared, assessed using the EDX
technique, confirms the expected formation of the PST. The X-ray diffraction peaks
of the PMMA film, SrTiO3 synthesised at low temperature (ST 600), and the PST
film are shown in Fig. 4.1A. The peaks of ST 600 match with JCPDS card number
01-089-4934 confirming the single-phase formation of tetrogonal SrTiOs;. X-ray
diffractogram of the ST 600 coated on the PMMA film (PST film) shows both
PMMA and ST 600 peaks.

FE-SEM micrographs of the PST films are shown in Fig. 4.1B and 4.1C. The
low-temperature synthesis route led to non-agglomerated morphology for strontium
titanate (ST) nanoparticles. As seen in the images, the PST film exhibits a densely

packed structure interspersed with uniform 3D microspheres of SrTiOs. The
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attractive morphology for a semiconductor-based potential SERS substrate is formed
through (1) deposition of the ST microspheres on the voids offered by PMMA and
(i1) the affinity between closely arranged ST microspheres on PMMA. The resultant
PST morphology enhances the specific surface area - facilitating a potential

enrichment of the Raman peaks of the probe molecules.
4.3.2 Raman spectra of ST nanoparticles and PST film.

The Raman spectrum of strontium titanate sintered at 600 °C (ST 600) is
shown in Fig 4.1D (1). The peak at ~ 148 cm™ in the spectrum of ST is often
attributed to lattice phonon mode [20]. The peak in the range 345-390 cm™,
originating from the symmetric stretching of the Ti-O bonds, can be attributed to the
Alg mode. Slightly higher in frequency, the Eg mode appears at 490-520 c¢cm,
attributed to the symmetric stretching of both Sr-O and Ti-O bonds, revealing
essential structural information. A secondary, albeit crucial, feature is the 2TO mode
in the region 610-640 cm™!, which arises from the second-order scattering of the Alg
mode. On close examination, the Blg mode can be seen in the range 650-680 cm’!,
associated with the stretching vibrations of the Ti-O and Sr-O bonds. At even higher
frequencies, around 735-750 cm™!, the Eg and Alg modes combined created another
distinctive peak. It's worth noting that, in addition to these primary modes, strontium
titanate may exhibit transverse optical (TO) and longitudinal optical (LO) phonon
modes. However, they are typically weaker and may overlap with other peaks in the
Raman spectrum. The Raman spectrum of the PST film (Fig 4.1D (2)) is a mixture
of the distinctive features from both PMMA and SrTiOs. The peaks attributed to
PMMA are observable in PST alongside the peaks associated with ST 600. On close
examination, the signature peaks of PMMA can be seen at around 1700-1725 cm’!
(stretching vibration of the carbonyl group (C=0)). Between 1000 and 1500 cm™,
the mid-frequency range showcases peaks associated with the bending vibrations of
methylene (CH») groups. In the high-frequency region, vibrations of methyl (CHj3)
groups are apparent, with symmetric stretching around 2950 cm™ and asymmetric

stretching around 2980 cm™.
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Fig. 4.1. (A) The XRD patterns of the PMMA, ST 600 and PST 600; (B) SEM
image of the SERS substrate. (C) SEM image showing a magnified view of the ST
microspheres with the cross-sectional view of the SERS substrate projecting pores.
(D) The Raman spectra of the ST 600 and PST 600. The absence of any significant
peak for PST film beyond 1000 cm™ facilitates SERS enhancement of Raman peaks

of the potential probe molecule.
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4.3.3 Design and analysis of PST film as a SERS substrate for DEHP detection

Clear and distinct Raman peaks in SERS ensure unambiguous identification
and precise analysis. The non-coinciding Raman peaks between the SERS substrate
and the probe molecule ensure accurate identification and monitoring of molecular
changes in the presence of the probe molecule. As shown in the previous subsection,
the absence of any significant peak for PST film beyond 1000 cm™ facilitates SERS

enhancement of Raman peaks of the potential probe molecule.

Effective adsorption of the probe molecule (here, DEHP) on the surface of
the PST film is critical for the methodology for employing PST film as an SERS
substrate for detecting DEHP. Analysing the adsorption profile of the DEHP on the
substrate, as shown in Fig 4.2A, we noticed that within the first half-hour, 92% of
the DEHP molecules (1 ppm solution) got effectively attached to the PST film.
99.95% adsorption of the DEHP was achieved within 60 minutes.

Raman spectra of PST SERS substrate with distinguishable Raman
fingerprint bands are shown in Fig. 2B. The obtained Raman peaks of DEHP are
shown in Fig.4.2C, and the Raman peaks of DEHP coated on PST SERS substrate
are shown in Fig.4.2D. The Raman spectrum of DEHP (Bis(2-ethylhexyl) phthalate)
reveals a series of characteristic peaks that provide valuable insights for its
identification and analysis. The peak observed in the 800-1180 cm range
corresponds to the stretching vibration of the C-O bond in the ester group of DEHP.
The peak at 1290-1310 cm™ represents the stretching vibration of the C-C bonds
within the long alkyl chains of DEHP, substantiating the existence of these extensive
alkyl chains. The 1460-1470 cm™' peak is attributed to the bending vibration of
methyl (-CH3) groups in DEHP. The peak at 1600-1620 cm™ corresponds to the
stretching vibration of the C=C double bonds from the benzene rings of DEHP. The
stretching vibration of the C=0O bond in the ester group is represented by the peak at
1720-1740 cm™. The 3000-3100 cm™ peak signifies the stretching vibration of the
C-H bond in the aromatic group of DEHP [21,22]. On contact with the PST SERS
substrate, selected peaks of DEHP were enhanced in intensity. Therefore, as
demonstrated in Fig 4.2E, the distinctive Raman peaks of DEHP visible in
combination with the substrate suggest the utility of PST as a commendable
detection SERS substrate for DEHP. Further appreciation of the utility is discussed

in the following subsection.
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Fig. 4.2. (A) UV- Visible absorbance spectra showing that the PST film in DEHP
solution adsorbed 92% of the DEHP molecules got adsorbed onto PST film in 30
mins. 99.95% of the DEHP got adsorbed within 60 minutes. The experiment
demonstrates desirable affinity between PST SERS substrate and DEHP probe
molecule. (B) Raman spectra of PST SERS substrate with distinguishable Raman
fingerprint bands. (C) Raman spectra of DEHP probe molecules (D) SERS spectra
of DEHP on PST. (E) Comparison plot showing the enhancement in DEHP Raman
fingerprint bands. (In Fig. C & D, * denotes Raman peaks of glass, ¢ denotes Raman
peaks of DEHP, and e Denotes Raman peaks of PST). (F) The photograph shows
the flexibility of the PST SERS substrate we fabricated.
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Fig. 4.3. Schematic representation depicting how porous microsphere hotspots
contribute to the charge transfer resonance. Electrostatic interactions and hydrogen
bonding link the DEHP molecules attracted to the pores.

Generally, the mechanism behind the enhancement in the Raman peak intensity in
SERS is mainly attributed to electromagnetic and chemical enhancement. The
plasmon resonance in most semiconductor-based SERS substrates is located in the
long-wavelength infrared region (unlike the metal-based ones with LSRP in visible
and near-IR). The charge transfer resonances are considered the leading mechanism
for semiconductor-enhanced Raman scattering - here, in this case, due to SrTiOs.
Charge transfer between the analyte molecule and the semiconductor substrate, such
as SrTiOs, is elucidated through bandgap analysis and electronic transitions. The
UV-visible light generates electron-hole pairs on the SrTiOs. The photo-excited

electrons (generated as part of the electron-hole pairs) migrate to the surface and get
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transferred to the adsorbed analyte molecule. Such a transfer is made possible by the

alignment of energy levels between the semiconductor CB and the analyte's
electronic states. Consequently, the analyte's electronic structure undergoes
modification, potentially forming charged species or altering vibrational or
electronic states, accompanied by shifts or broadening of energy levels. These
modifications enhance Raman scattering efficiency, attributed to changes in
polarizability, vibrational modes, or electronic transitions, thus intensifying and
altering Raman scattering signals. Ultimately, this charge transfer mechanism
contributes significantly to the enhancement observed in semiconductor-enhanced
Raman spectroscopy, driven by energetic alignment and substrate-analyte affinity.
Thus, the SERS enhancement of the DEHP peaks due to the PST substrate can be
attributed to the charge transfer (CT) mechanism. As seen in Fig 4.2A, DEHP and
PST have a strong affinity aided by the porous morphology. The ST microsphere
arrangement facilitated by PMMA voids yields a higher surface area featuring
densely distributed porous "hotspots," These hotspots serve as accumulation centres
for DEHP, and their increased surface area, along with a high-density configuration
and molecular affinity, augments the adsorption capacity. DEHP molecules confined
within the pores establish connections via electrostatic interactions and hydrogen
bonding with hotspots, as illustrated in Fig.4.3. Consequently, the desired Raman

peak enhancement happens via the charge transfer mechanism.
4.3.3 (¢). Utility of the PMMA _SrTiO3 SERS for detection of DEHP.

Sensitivity: Our study achieved a significant milestone by successfully credibily
detecting DEHP presence in a one ppm solution (0.091 pl). The Environmental
Protection Agency (EPA) in the United States has established stringent guidelines
for DEHP in drinking water, maintaining a maximum contaminant level (MCL) of 6
micrograms per litre (ug/L) [23]. In blood products stored in plastic bags for
transfusions, DEHP concentrations vary from 4.3 to 1,230 ppm. Our report on the
SERS-based detection of DEHP based on a one-ppm stock solution brings out a new
and better tool for monitoring environmental and health-related concentrations of

DEHP.
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Quick Analysis: The chromatographic methods, such as gas chromatography-mass
spectrometry (GC-MS) and high-performance liquid chromatography (HPLC), are
highly sensitive but often involve time-consuming sample preparation and analysis.
The PST SERS DEHP detector emphasises its application for detection purposes
rather than quantification of DEHP. Beyond that, the PST SERS DEHP detector
offers real-time rapid detection capabilities - overcoming the time constraints

associated with traditional methods.

Cost-effectiveness: The flexible PMMA _SrTiOs substrate offers distinct advantages
for DEHP Raman detection compared to the existing materials. The substrate
provides an economical alternative to noble metals typically used in traditional

Raman spectroscopy setups.
4.4 Conclusion

We have demonstrated an effective tool based on a flexible noble metal-free
polymer-based SERS substrate for sensitively detecting a phthalate, DEHP. The
successful design of the SERS substrate was based on the hotspot created on the
pores of a semiconductor, SrTiO3, coated on the polymer PMMA. The design choice
of the SERS substrate avoided an overlap between Raman bands of the substrate and
DEHP molecules, ensuring accurate detection without ambiguity. Unlike the
conventional high-temperature route (above 1000 °C), a low-temperature sol-gel
route was adapted to synthesise phase-pure SrTiO3. The PMMA effectively ensured
the highly dense presence of SrTiO3 microspherical pore hotspots- as seen in the
FESEM images- needed for significant enhancement of feeble Raman peaks of
DEHP. The mechanism behind the SERS behaviour is based on charge transfer
resonance — backed by the demonstrated substantial affinity between SrTiO3z and
DEHP. Unlike conventional chromatographic techniques, the cost-effective, real-
time sensitive detection of a phthalate demonstrated here using noble metal-free

flexible SERS substrate adds a potent route for sensing environmental pollutants.
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CHAPTER 5

A novel PPy_ZnO polymer nanocomposite system for
rapid removal of Dimethyl phthalate.
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Abstract: Industrial manufacturing processes using Dimethyl Phthalate (DMP) based
plasticizers contribute significantly to the growing issue of water pollution. The processes
that can remove DMP at lower concentrations (~ 1ppm) are seriously lacking for real-world
application. The study aims for efficient adsorptive removal of DMP using a facilely
synthesised zinc oxide incorporated polypyrrole (PPy_ZnQO) polymer nanocomposites. A
high-yield synthesis of PPy_ZnO was achieved through the oxidative polymerisation
method. XRD, FESEM, and BET-BJH characterised the synthesised samples. The study
found PPy_ZnO composite with 0.03 g of ZnO as a novel adsorbent for DMP. The
PPy_ZnO removed 91.84% of DMP from a 1 ppm aqueous solution in 10 minutes - a
rarity with lower concentrations of phthalate. Also, the results demonstrate that PPy_ZnO
is an attractive and feasible material for removing higher and lower DMP concentrations.
The enhanced adsorption phenomena are explained based on the synergetic effect of slit-like
micropores and conjugated benzene rings in the PPy_ZnO. The DMP molecules become
trapped inside the pores and are held there primarily by electrostatic attraction, H-bonding,
and s-m interactions. This research shows that engineered surface functional groups of
polymer nanocomposites could be used to make high-performance phthalate adsorbents.
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5.1. Introduction

Phthalic acid esters (PAEs) serve as critical plasticizers and softening agents
in various industrial applications, including construction materials, food packaging,
medical devices, and cosmetics [1,2]. These compounds, classified as endocrine-
disrupting chemicals (EDCs), pose significant environmental and health risks due to
their ability to disrupt hormone balance and reproductive systems [3-6]. Properties
and sources of phthalates are explained in detail in section 1.2. PAEs, such as
dimethyl phthalate (DMP), exhibit persistence in the environment and
bioaccumulation tendencies, leading to their widespread presence in indoor dust [3-
6], food [7.,8], air [9,10], soil [11], and water sources [12,13]. The migration of
phthalates into food and beverages from packaging materials or manufacturing
processes highlights the pervasive nature of this environmental pollutant and its
potential for human exposure [14,15]. Studies have reported elevated levels of
phthalates in various matrices, including fatty foods and drinking water,

underscoring the urgency for effective remediation strategies [16-19].

DMP specifically leaches into water sources, such as coolers and mineral
water, and poses health risks even at low concentrations, with implications for DNA
damage and organ irritation [23-25]. The widespread contamination of aquatic
environments with DMP necessitates immediate action to mitigate its adverse effects
[26]. Various advanced technologies exist for removing phthalates from
contaminated sources, described in detail in section 1.2.5, including adsorption,
advanced oxidation processes (AOPs), membrane filtration, biological treatments,
chemical precipitation, and advanced sorption technologies [27-35]. Each method
offers distinct advantages depending on the concentration and matrix of the

contaminant.

Chemical oxidation has emerged as an efficient method for DMP
degradation, utilizing oxidants like Fenton's reagent, ozone, and potassium
permanganate, among others [30-34]. However, these methods may encounter
drawbacks such as secondary pollution or inefficiencies in lower concentrations.

Adsorption, on the other hand, stands out for its simplicity, cost-effectiveness, and
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versatility in removing PAEs like DMP from water [15,24]. Novel adsorbents,
including molecularly imprinted polymers (MIPs) and surface-modified materials,
enhance selectivity and efficiency but may require more complex synthesis

processes [30,31].

Despite advancements, many existing methods struggle with effectively
removing DMP at lower concentrations typical of real-world environmental
conditions [36-42]. To address these challenges, this study focuses on developing
novel polymer-metal oxide nanocomposites with amphiphilic properties tailored for
efficient DMP removal. A novel oxidative polymerization method combined with a
solution suspension technique at room temperature facilitates high-yield production
of the PPy ZnO nanocomposites, ensuring scalability and exceptional surface
properties. The study evaluates the adsorption capacity of these nanocomposites
across low (~1 ppm) and higher concentrations (>5 ppm) of DMP, aiming to bridge
the gap between laboratory efficacy and practical application in environmental
remediation. The adsorption mechanism is elucidated, emphasizing electrostatic
attraction, hydrogen bonding, and n-7 interactions as key factors contributing to the

nanocomposites' effectiveness in removing DMP from aqueous solutions.

5.2. Materials and Methods

The synthesis of polymer nanocomposites mainly includes three stages: the first one
is the oxidative polymerization of pyrrole monomer units into Polypyrrole (PPy); the
second one is the ZnO nanoparticle synthesis; and the third stage is combining them

into a PPy_ZnO composite.

5.2.1 Materials

Pyrrole (C4HsN) monomer (Spectrochem) stored in dark at 23 °C, Iron (III)
chloride Hexahydrate (FeCl3-6H,O - analytical grade; Merck) used as a radical
oxidant in the aqueous medium, Zinc acetate hexahydrate (Zn (CH3COQO),.2H0;
purity 98.5%; SRL), methanol (99.9% purity; Spectrochem) and H>O> (Merck) were

used in this work. Double-distilled water was used for synthesis procedures.
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5.2.2 Synthesis of Polypyrrole

Polymerization of pyrrole monomer was carried out in a chemical oxidative
environment. About 0.2 moles of pyrrole was added dropwise to a 0.6 M aqueous
solution of FeCl3-6H>0 and ethylene glycol under constant magnetic stirring at very
low speed for 30 minutes. The resultant solution was vigorously stirred for 4 hrs,
leading to the formation of polypyrrole. To remove all soluble impurities, including
FeCls and Fe(OH),, the obtained black precipitate was filtered under vacuum and
washed repeatedly with copious amounts of distilled water, ethanol, and ethylene
glycol, respectively. The obtained PPy was dried in an oven at 60 °C. The yield of
PPy with respect to monomer was found to be 85%. The higher yield can be
attributed to the suitability of ethylene glycol for synthesizing cyclic polymers. The
cyclisation reaction involving PEG or EG through its tosylate intermediate is well-
established [29]. This cyclisation reaction improved the yield of cyclic raw products.
The washing process allowed an efficient ring closure reaction, increasing PPy

yield.
5.2.3 Synthesis of ZnO nanoparticles

8.5 g of zinc acetate hexahydrate (Zn (CH3COO)2.2H20 - 98.5% purity;
SRL) is stirred for 30 minutes in double-distilled water at 30°C. The resultant white-
coloured suspension is stirred continuously for 3 hours in 400 ml of methanol
(99.9% purity, Spectrochem). Then, 4 ml of H>0O, is added dropwise to the solution,
setting a white turbidity. The solution is kept at room temperature for 24 hours
without any agitation. Volatile impurities are removed by drying the solution at 80
°C. The resultant white powder was then washed with double distilled water to
remove acetate impurities. The residue is dried at 80 °C [4], then calcinated at 600
°C for 1 hour to remove all left-over volatile impurities present in the obtained

sample.

5.2.4. Synthesis of PPy ZnO composites.

113



Adsorbent for removal of DMP

Polypyrrole_ZnO nanocomposites were synthesized using the chemical
suspension reaction method. Initially, a mixture of zinc oxide (0.05 g) dispersed in a
0.6 M aqueous solution of FeClz-6H20 in distilled water was left undisturbed for 30
minutes. Subsequently, 0.2 moles of polypyrrole were gradually added to the above
mixture, followed by stirring for 3 hours to obtain a PPy _ZnO composite called
PPy 5% ZnO. Additional samples of PPy with varying weight percentages of ZnO
(10, 15, and 20) were obtained by adding 0.1 g, 0.15 g, and 0.2 g of zinc oxide to the
oxidant solution, resulting in the formation of PPy _10% ZnO, PPy_15% ZnO, and
PPy 20% ZnO, respectively.

FeCl;.6H,O
Pyrrole &2

Polypyrrole PPy_ZnO
L :
q 2 PR o

Zinc Acetate

Methanol H %

acEn) HZOZ
ﬁ S s
AR Iy T
L s S

Scheme 5.1: Schematic illustration of PPy _ZnO preparation

5.2.5. Adsorption experiment

Adsorption experiments were carried out while stirring at a constant
temperature (RT) and speed. The effect of adsorbent dose was studied by treating
varying amounts of Polypyrrole ZnO composite (adsorbent) with a 1 ppm solution

(0.084 mL in 100 mL) of DMP (adsorbate). The corresponding adsorption efficiency
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was determined as
, . . _ (CO - Ce)
Adsorption ef ficiency = — |* 100
0

Where C, and C, are the initial and equilibrium concentrations of the DMP in
the reaction medium. The adsorption capacity at equilibrium condition (g,) was

determined as:

_ (CO_ Ce)
de = lTl *V

Where m is the amount of adsorbent (g), and V is the volume of the DMP
solution. The effect of other important parameters like contact time, ZnO
concentration within the polypyrrole matrix, and the DMP concentration on the
adsorption was performed using the optimized concentration of adsorbate - 30 mg in
100 ml of adsorbate phthalate solution. The DMP concentration was quantified

every 10 minutes using a UV-Vis spectrometer (Jasco V-750).
5.3. Results and discussion
5.3.1 Crystal structure of PPy ZnO composites.

The XRD pattern of pure PPy film shows an amorphous peak at 26.22°,
which indicates a low degree of molecular ordering, as expected for a typical
polymer. For PPy _ZnO nanocomposites, the reduced intensity of ZnO diffraction
peaks suggests that the PPy matrix fully encapsulates the ZnO nanoparticles. It is a
sign of a high degree of dispersion [43] of ZnO — a desirable feature towards

adsorption capacity.
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Fig 5.1. XRD pattern of synthesized PPy, ZnO, and PPy ZnO polymer
nanocomposites.

5.3.2 Morphology of PPy_ZnO composite

Fig 5.2 displays the SEM image of PPy _ZnO composites. The pure PPy and
its polymer composites demonstrate a particulate structure with a reasonably even
distribution. The SEM predicts a significant dependence of morphology on filler
concentration. An effective ZnO nanoparticle dispersion is essential for improved
polymer nanocomposite properties. The images of PPy show a uniform granular
skeletal morphology. Polymer composite films are comparatively closely packed.
Hence, it gives polymer-metal oxide composites with well-dispersed nanoparticles

as a coating layer on the skeletal structure.
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Fig 5.2. FESEM image of (a) synthesized Polypyrrole and (b) PPy ZnO polymer
nanocomposite.

5.3.3 BET Analysis

Fig. 5.3 shows the BET result obtained from sample PPy _ZnO. The

nitrogen adsorption-desorption isotherms of the Polypyrrole_ZnO composite show a
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type IV isotherm. Also, the loop hysteresis can be identified as an H4 type, pointing
to open, narrow slit pores in the micropore region. Fig. 3 demonstrates that most
pores are microporous with a 5-10 nm range. Using N2 adsorption-desorption
isotherms and a BET plot, the surface area (Sget) and average pore diameter (Dp)
were calculated to be around 59 m? g~! and 9 nm, respectively. The slit-like pores
on the sample surface can be assumed to contribute substantially to the adsorption

process.
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Fig. 5.3. BET adsorption and desorption isotherm and pore distribution of
synthesized PPy ZnO polymer nanocomposite.

5.3.4. Adsorption studies

As mentioned in section 5.2, all the adsorption experiments in the rest of the
paper were made using 30 mg of PPy ZnO nanocomposite in 100 mL of water-

based (adsorbate) solution.
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5.3.4.1. Effect of concentration of ZnO in the adsorbent

The amount of DMP adsorbed on PPy _ZnO powder was investigated.
In the 1ppm DMP solution with a natural solution pH and an initial concentration of
0.1 mg L™, 0.03 g of each adsorbent was added and stirred for 1 hr. The adsorption
capacity of the pure polypyrrole polymer matrix was observed to be meagre.
However, as the ZnO concentration increased (0.01 to 0.05 g), the DMP sorption
improved significantly, as demonstrated in Fig. 5.4. PZ1, PZ2, PZ3, PZ4, and PZ5
represent the polymer composites with various ZnO concentrations. The adsorption
capacity was either maximum or found to be saturated for the batch of
Polypyrrole_ZnO, which corresponds to 0.03g of ZnO. All further DMP adsorption
studies are performed using an optimized PPy_ZnO (0.03g) batch.

Absorbance (%)

200 240 280 320 360 400
Wavelength (nm)

Fig 5.4: Adsorption of 1 ppm DMP solution on various PPy ZnO composites. The
area under the absorption peak is a measure of DMP present in the medium after 30
minutes.
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5.3.4.2. Effect of contact time

The influence of contact time on the adsorption of DMP was studied using a
1 ppm DMP solution (0.1 mg L™1) in contact with PPy_ZnO (0.03g) in the natural
pH - while the solution was kept agitated throughout the experiment. Fig 5.5 shows
that by increasing the contact time from 0 minutes to 10 minutes, the removal
percentage increases rapidly from 0 to 98.15%. Then, it shows a very slow
adsorption tendency for the remaining 50 minutes. However, the amount of DMP
adsorbed increases from 95.18 to 99.19% in 60 minutes. The enhanced removal
percentage in the initial stage of batch adsorption is due to the availability of
increased surface area and adsorption sites. Furthermore, when the adsorption of
DMP reaches a state of saturation equilibrium, no significant further removal of
DMP is observed. However, an increase in the adsorbent dosage increased the
presence of unsaturated adsorption sites, reducing the number of occupied
adsorption sites. This leads to a decrease in the amount of DMP adsorbed. Based on
the obtained results, a dosage of 0.03 g was selected as the optimal amount of
adsorbent. This dosage demonstrated the highest removal percentage, and the most

effective amount of DMP adsorbed within 10 minutes.
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Fig.5.5: Contact time-dependent adsorption of DMP 1 ppm solution. More details of
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the behaviour are shown in a figure of one of the following subsections

The adsorption capacity of the Polypyrrole ZnO nanocomposite adsorbent in this
study was compared with other adsorbents mentioned in prior research to remove
Dimethyl Phthalate from aqueous solutions. A compilation of these comparisons can
be found in Table 5.1. Notably, there are significant variations in the adsorption time
values among different adsorbents. The adsorbent developed in this study
demonstrates a higher adsorption capacity for removing Dimethyl Phthalate within a

shorter time frame than certain previously developed adsorbents.

Table 5.1: Comparison of adsorption potential of various adsorbents for DMP
removal from aqueous solutions. (1 ppm is equivalent to 1 mg/L)

Adsorbent Concentration of degradation Time  Ref
DMP efficiency (%) (min)

DMP imprinted 50 ppm 98 150  [30]
Activated iron-doped
carbon aerogel (AFeC)
MWCNTs 40 mg/L 70 [31]
Fe304/MWCNTs 40 mg/L 42.25 [31]
organo-vermiculites with 60 [32]
imidazolium

-based Gemini surfactants.

Fe/Al electrode pairs 100 mg/L 91.5% 60 [33]
Fe/Fe electrode pairs 100 mg/L 38% 60 [33]
Al/Al electrode pairs 100 mg/L 26.8% 60 [33]
Al/Fe electrode pairs, 100 mg/L 20.3% 60 [34]
Present Study 1 ppm 91.84% 10
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Fig 5.6: Effect of contact time on adsorption experiments.
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5.3.4.3. Effect of adsorbate concentration

To display the effect of adsorbate concentration in the adsorption process,
the optimum amount of adsorbent dosage of 0.03g of PPy ZnO (0.03g) batch was
added to the ppm level DMP solution maintained at pH = 7. The adsorption of
dimethyl phthalate is carried out under normal room temperature by varying the
concentration of DMP from 1 ppm to 5 ppm. The adsorption experiments show that
polymer nanocomposites with 0.03g of ZnO show a greater adsorption tendency
towards the DMP. It can adsorb 91.84% of phthalate within 10 minutes. And the
removal efficiency is 99.15% for DMP (1ppm). The removal efficiency decreased
with increased phthalate concentration, which is optimum for 30 mg of the
adsorbent. It is shown in Fig.5.7. The removal efficiency is higher for a lower
concentration of DMP solution. This indicates that PPy ZnO composites can be
considered a suitable adsorbent for the ppb level of DMP removal because the
intraparticle diffusion and the presence and availability of mesopores within the
sample help the fast adsorption on the sample surface. In our present study, the
adsorption of the DMP molecule is affected by the concentration of adsorbate and

adsorbent. Due to their favourable adsorption capacity, straightforward synthesis
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process, and affordability of polymer precursors, these adsorbents exhibit promise
and cost-effectiveness. Therefore, they are highly recommended for removing DMP

from aqueous solutions.
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Fig 5.7: Effect of adsorbate concentration on adsorption experiments.
5.3.5 Utility of PPy_ZnO as a phthalate adsorbate

It is crucial to assess the efficiency of PPy ZnO nanocomposites in removing DMP
at both lower and higher concentrations, considering their applicability in real-world

situations.
5.3.5.1 Utility at lower concentrations of DMP

The detection and removal of DMP at its lower concentrations is quite significant.
As illustrated in Table 5.1, studies on detection and removal primarily focus on
eliminating DMP at elevated concentrations. The current treatment method adopted

for DMP removal at lower concentrations is ICPMS, but this process is highly time-
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consuming and not cost-effective. Large amounts of organic solvents are required
for the removal process. Hence, it is more critical that DMP be found and removed
when it is present in its lowest concentrations. From Fig. 5.8, it is very clear that in
low concentrations, PPy _ZnO performs effectively. Within 10 minutes, it could
adsorb 91.84% of phthalate. The inset of the figure 5.8 shows the variation in
absorbance at smaller intervals within 0 to 12 minutes of contact between DMP and
PPy-ZnO. (There is a slight difference in the shapes of the plots between the main
plot and the inset plot. The difference is because of a better resolution UV-Vis
spectrometer for experiments in the inset plot. However, the decline in intensity of
the characteristic peak for DMP is drastically reduced in 10 minutes). The removal
efficiency at 60 minutes is 99.15% for 1 ppm DMP solution.
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Fig. 5.8: Adsorption of DMP at lower concentration. The inset shows the variation
in absorbance at smaller intervals within 0 to 12 minutes of contact between DMP
and PPy-ZnO. This figure is also an extension of Figure 5.5.
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5.3.5.2 Utility at higher concentrations of DMP

There is great industrial demand for the removal of DMP at higher
concentrations. Organic pollution occurs when large amounts of organic compounds
are introduced into the environment. This type of pollution originates from sources
such as domestic sewage, industrial discharges, urban runoff, and agricultural
wastewater. As a result, sewage treatment plants are often integrated with industrial
operations. Among organic pollutants, plasticizers represent a significant category.
The need for effective methods to remove these highly toxic plasticizers from water
has garnered considerable attention. Among various water treatment methods, the
use of solid adsorbents in the adsorption process has emerged as a promising and
highly effective technique for treating and removing organic contaminants from
wastewater. Adsorption stands out due to its simple design, low initial cost, and
minimal time investment compared to other methods. The search for low-cost
adsorbents with pollutant-binding capacities has intensified in recent years. Here, the
attempt to adsorb higher concentrations of DMP present in the water samples is
reported. From Fig. 5.9, it is very clear that within 10 minutes, 30 mg of PPy ZnO
composites can be able to adsorb 71.6% DMP at 5 ppm, 10 ppm, and 20 ppm. The
relevance of the present work compared to previously reported data is tabulated in

Table 5.1.
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Fig. 5.9: Adsorption spectra of DMP at higher concentrations (a) 5 ppm, (b)10 ppm,
and (c¢) 20 ppm respectively.

5.3.6 Adsorption mechanism

It has been reported that the adsorption of PAES containing benzene rings in
the adsorbate is facilitated by m-m interactions, which are recognized as significant
mechanisms [36, 37]. Given that the PPy_ZnO nanocomposite possesses conjugated
benzene rings, it is reasonable to speculate that it can form strong bonds with DMP
through =-m interactions. Furthermore, previous studies have indicated that
adsorbents with long-chain structures can establish hydrophobic interactions with
similar functional groups present in the target contaminants [38, 39]. Additionally,
hydrogen bonding may play a crucial role in the adsorption of organic compounds,
particularly those containing oxygenated functional groups or carbonyl groups [40].
Wang et al. [41] have emphasized the formation of hydrogen bonds between the
hydroxyl groups of the adsorbent and the carbonyl groups of DMP during the
adsorption process. In the case of the PPy_ZnO nanocomposite, the surface features

hydroxyl and amino groups. Therefore, it can be anticipated that three types of
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interactions (m-m interaction, hydrophobic interaction, and hydrogen bonding) are
involved in the adsorption of DMP on the PPy _ZnO nanocomposite. PPy ZnO
consist of oxygen atoms and hexagonal conjugation rings. The presence of non-
bonding electron pairs on nitrogen and oxygen atoms enables hydrogen bonding
with analytes. The conjugated rings within the structure facilitate m-m interactions
with the analytes. Typically, the composite is non-polar, rendering it unable to
dissolve in an aqueous medium, causing it to float on the surface of solutions. This
hydrophobic characteristic allows nonpolar analytes to preferentially transfer from
polar aqueous media to the nonpolar extraction phase of PPy ZnO. The HPLC
chromatographs of standard DMP and extracted DMP solution with composites
confirm the absence of adsorbent within the solution after filtration. In addition to
that, the presence of slit-like micropores and mesopores in the adsorbent surface, as
suggested by BET, can provide suitable binding sites for the DMP analyte
molecules. The trapped analyte DMP molecules have strong, nonpolar interactions
with the adsorbent surface. It makes the adsorption process efficient.

Based on our findings, as depicted schematically in Fig. 5.10, we can deduce
that the combined effect of n-n interaction, hydrophobic interaction, and hydrogen
bonds, along with the presence of slit-like mesopores on the surface of the adsorbent

and the 7t-7 interaction is the crucial mechanism for the adsorption of DMP.
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Fig. 5.10: Adsorption mechanism of DMP on PPy ZnO nanocomposites
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5.4. Conclusion

In summary, a novel, straightforward method involving oxidative polymerization
and a solution suspension technique at room temperature has been developed to
synthesize PPy_ZnO polymer-metal oxide nanocomposites with exceptional surface
properties. The synthesis approach resulted in high-yield production of the
PPy ZnO through a cyclic chain reaction. The PPy _ZnO rapidly and efficiently
eliminated DMP from high and low-concentration aqueous solutions. The removal
of DMP at a lower concentration of 1 ppm, as reported here, is a remarkable upgrade
compared to previous reports. The demonstration of adsorption at low
concentrations of DMP s critical for the real-world adoption of any phthalate
removal technique. The enhanced DMP adsorption is attributed to the synergistic
effects of slit-like micropores and conjugated benzene rings in the PPy _ZnO, where
DMP molecules are trapped and held primarily by electrostatic attraction, hydrogen
bonding, and m-m interactions. This research underscores that engineered surface
functional groups in polymer nanocomposites can be utilized to develop high-

performance phthalate adsorbents, offering a promising solution for water pollution.
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CHAPTER 6

Extremely low-frequency plasmonic state achieved in AC-
Zn0 polymer composite for tuned negative permittivity
applications.
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Abstract: Flexible composites with negative permittivity behaviour have generated a lot of
attention due to their potential applications in the electromagnetic field and novel
capacitance. This work aimed to design and explore surface microstructure-induced
negative permittivity flexible composites for their metamaterial properties. The composites
were synthesised using Poly (methyl methacrylate) or PMMA, Activated Carbon (AC), and
Zinc Oxide (ZnO) through an in-situ polymerisation process. The composite was designed
to acquire negative permittivity in the extremely low-frequency regime by increasing the
AC and ZnO filling content. The microstructure formation, real permittivity, and ac
conductivity of the composites were investigated, and it was observed that the negative
permittivity and its magnitude could be controlled by changing the amount of the filler,
AC_ ZnO. Flexible composites with suitable permittivity values for ELF applications can
create heavy industrial demand. The objectives and ethos behind the research are highlighted
as an important part of this chapter.
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6.1 Introduction

Metamaterials have drawn attention due to their unique and extraordinary
physical properties, such as negative refractive index values, permittivity, and
permeability. Properties make metamaterials suitable for a wide range of novel
applications that are difficult to realise with natural materials [1]. Materials
exhibiting negative permittivity have gotten an enormous interest because of their
possible usage in antennas [3, 4], electromagnetic invisibility [5-7], novel capacitors
with extraordinary negative capacitance [8, 9], field transistors with negative
capacitance [2-13], etc. Earlier in chapter 1, in sections 1.3.1 to 1.3.3, we provided a
general introduction to metamaterials, the theory behind metamaterials and the
characteristics of metamaterials. In section 1.3.4, we have drawn attention to a class

of metamaterials characterised by their negative permittivity.

Literature reports compounds with negative permittivity at various frequency
ranges, from X-ray to radio waves, as shown in Fig 6.1. For example, Ni/Al2O3
material systems offer a negative permittivity window at 10 MHz to 530 MHz [14],
C/Si3Ny systems at 10 MHz to 1 GHz [15], and Ni/PVDF metasystems at 100 Hz to
100 kHz [16], respectively.

Based on the literature, the reported results show no significant advancement
in metamaterials suitable for extra low frequency (ELF) regime applications. In the
present study, we focus on ELF metasystems (101 to 10-2 electromagnetic waves
belonging to the Extremely low frequency (ELF) regime, considered the lowest
frequency waves regularly utilised for wireless transmission and communication.
Their capability to cover the fundamental requirements with less transmitted power
and penetrate deeply into the conducting (electrical) material makes them crucial in
various applications. The critical application belongs to the communication channels
connected with submerged submarines [17]. One of the potential applications of
metamaterials below 10 Hz is in the development of antennas and other components
for communication in underground environments where traditional radio waves

cannot penetrate. Metamaterials could be used to develop low-frequency antennas
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that are more efficient and compact than conventional antennas. Another great
application is the requirement of sensors for geophysical exploration. Low-
frequency electromagnetic waves can detect underground mineral deposits and other
geological features. In addition, low-frequency electromagnetic waves can penetrate
the body, making them useful for imaging and therapy of internal organs.
Metamaterials could be used to develop more effective devices for manipulating
these waves, allowing for improved imaging and medical therapy. Since transmitting
regulated electromagnetic power at such long wavelengths can be challenging, there

is a high demand for ELF field materials.
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Fig 6.1. Electromagnetic spectra with reported metamaterials.

Metallic fillers like Cu, Fe, Ag, or Ni and carbon materials were often used
to make meta-composites. These materials were used as the conducting functional
fillers in insulating matrixes. Negatively valued parameters like permittivity,
refractive index, or permeability of a metamaterial correspond to the tuning based on
the chemical composition and microstructure formation of the composite [18-20].
Negative permittivity could also be observed in meta-composites composed of

metallic or amorphous alloys (e.g., FesoNiso, FeNiMo, or Fe7sSi9B13) [21]. However,
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the application of metal-based meta composites is limited by the excessive power
dissipation in composites and electromagnetic interference (EMI) to neighbouring
metal electronics [22,23]. To overcome these limitations, meta composites
containing non-metallic conductive functional phases known as "MAX" phases are

in demand.
Designing of micro capacitors for ELF Regime:

(1) Structure-defining microstructure: Microstructure creation on regular,
patterned void structures provides a possible foundation for metamaterial
composites. In this context, polymers are apt candidates because of their

flexibility. In this work, a non-conducting polymer, PMMA, is chosen.

(11) Availability of delocalised electrons: The likelihood of exhibiting a negative
dielectric constant increase with the number of delocalised electrons. In
addition, entities with many free electrons have a high chance of getting
arranged around the attractive ends (Voids). For negative permittivity,

activated carbon provides an abundance of delocalised electrons.

(i11)  Metallic filler: Filler acts as a conducting pathway for every meta composite.

For this purpose, we selected ZnO in this study.

Thus, designing a flexible ternary meta-composite made of zinc oxide and
activated carbon embedded in a PMMA polymer matrix is intended to create a new

paradigm for microstructures with tunable and ELF regime-negative properties.

We tried to design an extremely low-frequency negative permittivity
metamaterial with a structure-defining polymer matrix and a 3D conducting network
generated from the fillers. The microstructure formed from this will create densely
packed, single tiny micro-capacitor units. Here, the weight percentage of activated
carbon and metal oxide nanoparticles provides a tunable negative permittivity in the
extra low-frequency regime. Hence, radio wave applications can be extended up to a

large wavelength with less dielectric loss.
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This work reports a flexible polymer material designed to behave as a
metamaterial at extra low-frequency radio waves. The PMMA AC ZnO
nanocomposites were synthesised by the low-temperature in situ polymerisation
process. The composition and microstructure of the PMMA AC ZnO
nanocomposites were characterised. The dielectric property studies were carried out
by Broadband Dielectric Spectroscopy. The observed plasma-type epsilon negative
state in AC_ZnO networks is attributed to the extremely low-frequency radio wave.
The plasmonic state with negative permittivity is explained using the appropriate

model.
6.2. Materials and Methods

The synthesis of ternary meta-composite PZA mainly includes two stages:
the ZnO nanoparticle is synthesised in the first stage; in the second stage, the
polymer composite is synthesised in situ via the polymerisation reaction of PMMA,

Activated Carbon, and the ZnO
6.2.1 Synthesis of ZnO nanoparticles:

8.5 g of zinc acetate hexahydrate (Zn (CH3C0O),.2H,0 - 98.5% purity;
SRL) was stirred for 30 minutes in double-distilled water at 30 °C. The resultant
white-coloured suspension was stirred continuously for 3 hours in 400 ml of
methanol (99.9% purity, Spectrochem). Then 4 ml of H,O> was added dropwise to
the solution, which resulted in white turbidity. The solution was kept at room
temperature for 24 hours without any agitation. Impurities were removed by drying
the solution at 80 °C for 6 hours. The resultant white powder was washed with
double distilled water to remove acetate impurities. The obtained residue is dried at
80 °C and then calcinated at 600 °C for 1 hour to remove all the left-over volatile

contaminants in the sample.
6.2.2. Synthesis of PMMA AC ZnO Nanocomposite.

PMMA polymer matrix films were fabricated using commercially available
transparent PMMA crystals. To synthesise the polymer nanocomposite film, 1 g of

PMMA crystals were dissolved in 50 ml of acetone solvent and stirred for 90
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minutes at 60 ° C. Once the solution turned white and viscous, varying proportions
of activated carbon and ZnO nanoparticles were gradually added while stirring. The
stirring continued for 1 hour, resulting in a viscous black gel. When poured into a
petri dish, it formed a self-standing polymer composite film with a thickness of 0.1

mm (100 microns). The entire synthesis procedure is shown in Scheme 6.1.

Zinc Acetate
= Methanol

PMMA 1 Hour

PMMA solution
’ & 60°C
Heating

Scheme 6.1: Schematic illustration of PZA preparation

Table 6.1 Summary of composition of the prepared films.

Relative composition

Nanocomposite films
P (PMMA: ZnO: AC)

PMMA 1.00: 0.00: 0.00
PZA (25:75) 1.00: 0.25: 0.75
PZA (50:50) 1.00: 0.50: 0.50
PZA (75:25) 1.00: 0.75: 0.25
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6.2.3 Characterisations and Measurements

At room temperature, the phase composition of the synthesised
PMMA AC ZnO composites was determined using X-ray diffraction (XRD,
RIGAKU, MiniFlex) with Cu-K radiation (A = 1.5406). The microstructures and
morphologies of materials were examined using field emission scanning electron
microscopy (FE-SEM; Carl Zeiss; Gemini SEM 300). Surface topological studies
were carried out by Atomic Force Microscope (Bruker, Multimode 8). The
conductivity, permittivity, and capacitance of PMMA AC ZnO composites were
measured with Broadband Dielectric Spectroscopy (Novocontrol Technologies,

BDS 50) in the frequency range 102 Hz-10"Hz.
6.3. Results and discussion:
6.3.1 Phase composition

The structure and formation of synthesised PMMA ZnO AC were
confirmed using X-ray diffraction patterns, as shown in Fig. 6.2. The pure ZnO
particles exhibit a polycrystalline wurtzite structure. The crystalline size of the
prepared samples is (determined using the Scherrer equation) 18.02+0.02 nm. The
calculated lattice parameters are a = 3.26 A and ¢ = 5.23 A, consistent with JCPDS
Data File no 5-0664. When these nanoparticles are incorporated in the PMMA
polymer matrix, a broad and relatively weak reflection is found at 20 = 15.67°,
further confirming the presence of PMMA chains in the polymer-metal oxide
nanocomposites. The intensity of the characteristic peaks of ZnO increases as the
filler loading increases, but the intensity of the diffraction peaks of PMMA

decreases.
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Fig 6.2. XRD pattern of the synthesised PMMA, ZnO, and PZA polymer
nanocomposites, consistent with JCPDS Data File no 5-0664

6.3.2 Formation of tiny capacitors- Morphological investigation:

The surface morphologies of AC ZnO PMMA nanocomposites with

increasing AC-ZnO concentration are shown in Fig 6.3. The neat, plane PMMA
sheets show void-like structures throughout the film. During the incorporation of
ZnO nanoparticles, they show a tendency to fall inside the void structures. While

incorporating AC nanoparticles, they tend to occupy the edges of voids. Fig. 6.3d,
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with the yellow circled region, demonstrates the formation of the interconnected
AC_ZnO networks around the voids that are complimented by the active carbon
present in the matrix. This formation leads to the development of tiny capacitors at
the attractive ends of the PMMA matrix. PMMA_AC units are weakly coupled with
one another at lower concentrations of activated carbon and subsequently form
three-dimensional PMMA _AC networks adorned with ZnO by raising the AC_ZnO
content. As can be noticed, the PMMA voids have developed well, and the AC_ZnO
units are densely inserted in PMMA voids. The distribution of AC_ZnO clusters is
unsystematic and isolated at the edges of polymer voids with a low AC ZnO
content. As the AC ZnO concentration increases, the AC ZnO clusters are partly
coupled to create three-dimensional (3D) AC-ZnO networks. A schematic
representation of the microstructural evolution of AC_ZnO PMMA nanocomposites
is shown in Fig. 6.4. According to the percolation hypothesis, the microstructural
development of AC ZnO_PMMA nanocomposites strongly tends to be associated

with their electrical and dielectric characteristics, which will be discussed later.
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Fig. 6.3. SEM images of PMMA ZnO AC composites with (a) Pure PMMA, (b)
PMMA ZnO Composite, (¢) PMMA AC composite, (d) PMMA AC ZnO
composite with interconnected conducting networks,

S @2
O & o
@3
...'
e O O

P

PA Voids without
ZnO Patterning

l

PZA1l

Fig.6.4. Schematic representation of the microstructural evolution of
AC ZnO PMMA nanocomposites with (P) pure PMMA films with voids, (PA)
Activated carbon decorated at the edges of voids, (PZA1l) ZnO deposition
complimented by AC_ PMMA voids.
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6.3.3 Conductivity and negative permittivity behaviour

The frequency dispersions associated with ac conductivity for AC ZnO
nanocomposites at (10 2 Hz to 10 7 Hz) are shown in Fig. 6.5. Pure PMMA film
exhibits nearly zero conductivity, which implies the non-conducting nature of voids.
With the incorporation of ZnO nanoparticles, there is no significant improvement in
conductivity, while with the addition of activated carbon, surprisingly, the
conductivity values become substantial. The availability of free electrons makes it
possible. In the case of PZA (25:75), it shows a rapid increase in conductivity due to
the evolution of well-distinguished conductive 3D networks throughout the sample.
As mentioned in the previous section, as the concentration of ZnO increases, the
chances of ZnO agglomeration and the tendency for void filling by ZnO increase;
this makes the composite less conducting. The ac conductivity (cac) of composites
shows a rising trend at low AC_ZnO content, suggesting a transition from hopping

to metallic conduction behaviour, as schematically shown in Fig 6.7.

The dependence of conductivity on microstructural evolution can be
explained based on the classical percolation theory. According to classical
percolation theory for metamaterials, a significant impact of percolation on the
conductivity is associated with the 3D conducting networks organised by the
inextricable link between neighbouring conductive phases, which has a substantial
effect on the electrical properties of compounds [24,25]. Since all the observations
are collected at the same ambient temperature, just the geometrical and physical
connection between the conducting fillers is considered [26, 27]. Before the
percolation threshold, the internetwork of neighbouring fillers in composites is
relatively weak; hence, the conductivity is not remarkable due to the reduced
contribution from the hopping mechanism. While increasing the filler content, most
of the conduction electrons are unbounded and significantly contribute to the
conductivity through the metallic conduction mechanism. In the case of the
composite containing 25% ZnO and 75% activated carbon content, the clusters
establish direct contact with each other, allowing electrons to be lifted by metallic

conduction as free-moving electrons [28], hence the conductivity.
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Fig. 6.6 depicts the frequency-dependence of real permittivity for percolated
PMMA ZnO AC composites. Interestingly, the sign of real permittivity switches to
negative at a lower frequency regime when filler content reaches 25% of ZnO and
75% of activated carbon. The plasma-like negative permittivity is achieved when the
filler content is sufficiently high. The permittivity value decreases drastically with
an increase in external frequency, exposing the plasmonic state atlow radio

frequency [25].
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Fig. 6.6. Frequency spectra of permittivity for the PMMA and PZA composites.
6.3.4 Micocapacitor formation and percolation of charge carriers.

The SEM image Fig. 6.3d suggests the formation of micro capacitors. The
interconnected micro capacitors must be the main reason behind the enhanced

negative permittivity shown by the composite PZA (25:75). Now, we must unravel
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the formation mechanism of interconnected conductive networks. The hopping can
be considered a mechanism to achieve charge transfer between the isolated micro
capacitors. But at a particular threshold composition, the micro capacitors get
interconnected and form a conductive network with each other through a mechanism
similar to that in metals. Based on the observed density of micro capacitors in PZA,

we can suggest that PZA belongs within the regime of classical percolation theory.

Hopping conduction x
e .

Isolated AC-ZnO Interconnected AC-ZnO AC-ZnO Networks

Fig. 6.7. Schematic representation of conduction mechanisms.

The preceding studies and discussions reveal that localised and delocalised
electrons coexist within the composites, resulting in distinct behaviours to the
applied external electric field. The negative permittivity observed in composites
underneath the percolation threshold is attributed to the formation of densely packed
micro capacitors and the interfacial polarisation of electrons [27]. Noticeably, the
sign of permittivity changes from positive to negative at a lower frequency regime
when filler content reaches 25% of ZnO and 75% of activated carbon. The lowest
conductivity value is necessary for metal-based composites to achieve a low-
frequency plasmonic state.[28], When filler content is high enough, a plasma-like
negative permittivity is developed. After that, the permittivity value rapidly
decreases with increasing external frequency, which results in the development of a

plasmonic state in the regime of extremely low radio frequency.

The behaviour is theoretically related to the collective oscillation of
delocalised electrons. The permittivity can analyse the collective oscillation and

plasma frequency state. £’; can be analysed by the Drude model [29,30]:
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where o, is angular plasma frequency, . is the damping parameter, e is the electron
charge, and nerr and mefr are the average concentration and effective mass of
delocalised electrons, respectively [25]. The accumulation of AC_ZnO clusters just
above the percolation threshold (PZA 25:75) and the development of microstructure
with 3D conducting networks can be observed. The 3D conducting network contains
significant amounts of delocalised electrons. Under an applied external electric field,
plasma oscillation generates at a specific applied external frequency, and the
transition of permittivity value occurs from positive to negative [32]. This
permittivity transition can be described entirely by the combination of the Drude
model and Lorentz model of free electron theory, which can be represented as

follows by equation (3):

w,% (wo? — w?) Kw,*

& =1+

(3)

+
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As seen in Fig. 6.6, the pure PMMA self-standing films exhibit near-to-zero
permittivity for the entire frequency range. During the addition of zinc oxide
nanoparticles, €’r again becomes slightly positive throughout the range. The isolated
dispersion of AC_ZnO's or AC alone in the PMMA matrix leads to electrical dipole
resonance within the composites. As the content of ACs increases, it shows a
tendency to occupy the walls of the voids created by PMMA. This, in turn, increases
the density of micro-capacitors within the material, increasing the sample's actual
permittivity. It means by tuning the weight percentages of AC and ZnO, we can tune

the transition region from positive to negative permittivity.

There are two types of resonance mechanisms: (i). electrical dipole

resonance generated from isolated AC ZnO clusters, and (ii). low-frequency
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electron plasma oscillation resonance in interconnected AC ZnO networks. The
slight dip in frequency responses is associated with dielectric polarisation
transitions- which is observed in other high-frequency materials, also PVA-CB
systems (MHz), Ag/Zro9Nio.10, (microwave), and Polyaniline- Fe;O4 (Radio wave).
According to the Drude and Lorentz free electron model, the free electron
concentration can be considerably correlated to the negative permittivity. In the case
of AC ZnO cluster-based meta composites belonging to the percolation region,
negative permittivity property arises from the combinational effect of interfacial
polarisation, electrical dipole resonance, and extremely low-frequency plasmonic
state. Furthermore, when the amount of AC increased, the effective electron
concentration increased, resulting in more conductive channels and an increase in
negative permittivity's real value. Hence the percolative conducting 3D networks are
formed in 25 and 75 wt. % ternary composites, which means there seem to be a lot
of relaxed free electrons. Thus, the epsilon-negative characteristic in composites is
governed by the low-frequency plasmonic state of unpaired electrons.[40]. As
external field frequency rises, plasma-type € -negative spectra exhibit a rising trend,
which indicates that the ¢ -negative is weaker the closer external field frequency is
near plasma oscillation frequency. Thus, the combined contribution of dipole-type,
plasma-type, and inter-facial type polarisation mechanisms might open a beneficial

and significant path to extremely low-frequency negative permittivity [31-39].

The combination of the Lorentz and Drude models matches the experimental
data of real permittivity to understand the underlying mechanism of e-negative
property better. The Lorentz model explains the dielectric response at a higher
frequency range. In contrast, at a low-frequency regime, the combination of the
Drude model and theory of plasma oscillation explains the negative permittivity
behaviour. The solid lines representing the fitting curves shown in Fig. 6.8 agree
with the measuring outcomes of ¢’;, which indicates that the combination of the
Drude model, Lorentz model, and theory of plasma oscillation could explain the
negative permittivity behaviour. The fitted results for the composites are shown in

Fig. 6.8.
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Fig. 6.8. The fitted frequency response spectra of composites using equation (3).
Deviation from the fitted curve corresponds to the transitions in polarisation
mechanisms. The discrepancy in the fitted result is attributed to the transition that
occurs in polarisation mechanisms.
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To summarise, PMMA ZnO AC percolating ternary composites with
varying filler content were successfully designed and prepared. As filler content
increases, three-dimensional metallic conducting networks are generated throughout
the composites, leading to the emergence of percolation and the alteration of
electronic transport mechanisms from localisation (hopping) to delocalisation
(metallic). Furthermore, composites exhibit a positive-to-negative permittivity
transition at the percolation threshold. Surprisingly the point of transition belongs to
extremely low-frequency radio waves. The development of enhanced interfacial
polarisation is attributable to the rise in permittivity below the percolation threshold.
When the system attains the percolation threshold, delocalised electrons and ions
develop an extremely low-frequency plasmonic state, resulting in a plasma-like
negative permittivity. The negative permittivity behaviour is well explained using

the Drude and Lorentz model for free electrons.
6.4. Conclusion:

In summary, PMMA AC ZnO, a flexible composite with surface
microstructure-induced negative permittivity composites, is designed and explored
for its metamaterial properties. The PMMA_ AC ZnO composites exhibited extra
low frequency adjustable negative permittivity behaviours and were successfully
designed and fabricated by the in-situ polymerisation method. Interestingly, the
microstructural evolution of composites made from the combined effects of PMMA
voids and AC_ZnO filler concentration significantly impacts the material's dielectric
characteristics. Because of the plasmonic state created from free-moving ions and
delocalised electrons inside the 3D conductive networks generated via percolation,
the permittivity value of the ternary meta composites undergoes a transition from
positive to negative. Meanwhile, composites' negative permittivity transition region
could be tuned by controlling the content of activated carbon and ZnO nanoparticles.
PZA composites with tailorable negative permittivity at extra low radio frequency
regimes are anticipated to be critical in less dissipative low frequency, long

wavelength range applications.
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Abstract: Carbon-ceramic composites with adjustable electrical properties are promising
candidates for electromagnetic metamaterials featuring negative permittivity. Here, ceramic
fillers composed of calcium titanate and graphite (CG) were incorporated into a PMMA
matrix. The distribution of fillers around voids facilitated by the polymer significantly
influenced the microstructure, electrical conductivity, and dielectric behaviour of the
metamaterials. The composite exhibited dielectric conductivity and a capacitive nature with
positive permittivity at lower filler content. The increased CG content led to better filler
contact formation of 3D networks. As a result, a plasma-type negative permittivity
behaviour was observed in those ceramics. It is attributed to the low-frequency plasmonic
state of free electrons within the CG networks. Remarkably, increasing CG content shifted
the plasma frequency to extremely low frequencies, significantly enhancing the absolute
magnitude of negative permittivity (~ 109). Our findings could propel the development of
more ceramic-based metamaterials with tunable negative permittivity.
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7.1 Introduction

The development of metamaterials has opened new pathways for achieving
negative permittivity across a broad spectrum of frequencies. In Chapter 6, we
successfully designed and fabricated a flexible ternary metasystem with metallic
fillers to address the gap in the extremely low-frequency regime. In this study, we
propose an alternative design strategy to enhance the order of dimensionality of

negative permittivity for ELF applications.

It is widely acknowledged that composites consist of multiple components,
with their properties being determined by both the matrix and the fillers [1-5]. The
selection of fillers in meta-composites significantly influences their dielectric
properties. The diverse composition of negative dielectric materials offers greater
flexibility in regulating electromagnetic parameters and enhances the concept of
metamaterials. Typically, these composites are made up of conductive fillers and an
insulating matrix, which can be either ceramics or polymers. The conductive fillers
are crucial for imparting negative dielectric properties, as the final dielectric
characteristics depend heavily on the composition and distribution of these
conductive fillers within the heterogeneous composites [6-8]. Although metallic
conducting fillers are widely accepted for their ability to induce negative
permittivity in metamaterials, they also come with several significant drawbacks.
One significant issue is their tendency to lead to heavier and bulkier materials,
potentially limiting their practical applications in lightweight or flexible devices.
Additionally, metals are prone to oxidation and corrosion, which can degrade their
conductive properties over time and reduce the long-term reliability and durability
of the metamaterials. Another drawback is the potential for increased energy loss
due to eddy currents and joule heating, especially at higher frequencies, which can
impair the efficiency of electromagnetic applications. Furthermore, the dispersion
and uniform distribution of metallic fillers within the matrix can be challenging to
achieve - leading to inconsistent material properties and performance. These
challenges necessitate careful consideration and innovative approaches to mitigate

the drawbacks of metallic conductive fillers in metamaterials.
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To address these drawbacks, we are exploring the incorporation of ceramic
fillers instead of metallic ones. These ceramic fillers also provide pathways for

conducting free electrons.
Designing of micro capacitors based on ceramics for ELF Regime:

(i) Structure-defining microstructure: Microstructure creation on regular,
patterned void structures provides a possible foundation for metamaterial
composites. In this context, polymers are apt candidates because of their flexibility.
Polymers are increasingly being utilised in the development of metamaterials due to
their versatile properties and ease of fabrication. They offer several advantages,
including inherent flexibility and lightweight, which allow for the creation of
metamaterials that can be easily shaped, stretched, and integrated into various
devices, particularly useful for wearable technologies and flexible electronics [9,10].
The properties of polymers can be tailored through chemical modification, blending,
and the incorporation of nanoparticles or other fillers, enabling the design of
metamaterials with specific optical, electrical, and mechanical characteristics.
Polymers can be processed using techniques such as moulding, extrusion, and 3D
printing, facilitating the mass production of metamaterials with complex structures
at relatively low costs. Polymers typically exhibit low dielectric losses and can be
engineered to have specific permittivity values, making them suitable for
applications in radiofrequency (RF) and microwave devices. In this work, a non-

conducting polymer, PMMA, is chosen.

(i) Availability of delocalised electrons: The likelihood of exhibiting a negative
dielectric constant increase with the number of delocalised electrons. In addition,
entities with many free electrons have a high chance of getting arranged around the
attractive ends (Voids). Carbon materials are gaining significant attention in the
development of metamaterials due to their exceptional properties and wide range of
applications. These materials, such as graphene, carbon nanotubes (CNTs), and
graphite, exhibit high electrical conductivity [11,13], essential for electromagnetic
applications and the development of electrically responsive metamaterials. For

negative permittivity, graphite provides an abundance of delocalised electrons.
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(iii) Ceramic filler: Filler acts as a conducting pathway for every meta composite.
Ceramic materials have become essential metamaterials, leveraging their unique
dielectric, magnetic, and thermal attributes [14,15]. In contrast to traditional metallic
counterparts, ceramics offer many advantages, ranging from exceptional temperature
stability and low electrical conductivity to finely tuning their electromagnetic
properties through compositional adjustments and structural modifications. These
qualities position ceramics as ideal candidates for applications in extreme
environments and tailored electromagnetic functionalities. With high dielectric

permittivity and low loss. For this purpose, we selected CaTiOs in this study.

This study introduces a flexible polymer material engineered to exhibit
metamaterial ~ properties at  extra-low-frequency radio  waves.  The
PMMA CaTiO;_ Graphite (PCG) nanocomposites were synthesised via a low-
temperature in situ polymerisation process. The composition and microstructure of
the PMMA CaTiO3;_ Graphite nanocomposites were characterised, and their
dielectric properties were analysed using Broadband Dielectric Spectroscopy. The
observed plasma-like epsilon negative state in CaTiO3 Graphite networks is linked
to their interaction with extremely low-frequency radio waves. Notably, the
magnitude of negative permittivity reaches a remarkably high value of 10"8. This
observation underscores the robustness of the material's ability to exhibit strong
negative permittivity, which is crucial for its application in manipulating

electromagnetic fields at extremely low frequencies.
7.2. Materials and Methods

The synthesis of ternary meta-composite PCG mainly includes two stages:
the CaTiO3 nanoparticle is synthesised in the first stage; in the second stage, the
polymer composite is synthesised in situ via the polymerisation reaction of

PMMA/Graphite, and the CaTiOs.

7.2.1 Synthesis of CaTiOs3 nanoparticles:

The synthesis of calcium titanate involves using calcium carbonate (CaCO3),

titanium Isopropoxide (TTIP) [Ti (OCsH7)s], ethylene glycol (C>HsO2), and
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anhydrous citric acid (CsHgO7) as starting materials. Initially, 1g of TTIP is added to
40 ml of an aqueous citric acid solution and heated to 353K for 3 hours with
continuous stirring. After this period, 1g of calcium carbonate is introduced into the
solution, which is then heated for an additional hour. Subsequently, 60ml of
ethylene glycol is added, and the solution is gradually heated to 373K with constant
stirring to facilitate the evaporation of water and the formation of a resin. This resin
is then transferred to a conventional furnace and subjected to heat treatment at 473K
for approximately 23 hours. Finally, the resulting product is ground into calcium

titanate powder. The entire synthesis procedure is shown in Scheme 7.1

1g CaCO;

40ml
o 1 hr heating

19TTIP  Citric acid 3hr

£
\_ﬂ — 80°C 60ml

Ethylene Glycol
\(Y’/ 100°C

CaTiO
*TTIP : Titanium Tetra Isopropoxide a 3

Scheme 7.1: Schematic illustration of CaTiO3; nanoparticles preparation.
7.2.2. Synthesis of PMMA _Graphite CaTiO3 Nanocomposite.

PMMA polymer matrix films were fabricated using commercially available
transparent PMMA crystals. To synthesise the polymer nanocomposite film, 1 g of
PMMA crystals were dissolved in 50 ml of acetone solvent and stirred for 90
minutes at 60 ° C. Once the solution turned white and viscous, varying proportions
of graphite and CaTiOs nanoparticles were gradually added while stirring. The
stirring continued for 1 hour, resulting in a viscous black gel. When poured into a
petri dish, it formed a self-standing polymer composite film with a thickness of 0.1

mm (100 microns). The entire synthesis procedure is shown in Scheme 7.2
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Scheme 7.2: Schematic illustration of PCG preparation.
7.2.3 Characterisations and Measurements

At room temperature, the microstructures and morphologies of materials
were examined using field emission scanning electron microscopy (FE-SEM; Carl
Zeiss; Gemini SEM 300). Surface topological studies were carried out using an
Atomic Force Microscope (Bruker, Multimode 8). The conductivity, permittivity,
and capacitance of PMMA CaTiO;_ Graphite composites were measured with
Broadband Dielectric Spectroscopy (Novocontrol Technologies, BDS 50) in the
frequency range 10 Hz-10"Hz.
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7.3 Results and Discussions
7.3.1 Formation of tiny capacitors- Morphological investigation:

The surface morphologies of PMMA CaTiOs; Graphite nanocomposites
with increasing concentrations of CaTiOs Graphite are illustrated in Fig. 7.1. The
pristine PMMA sheets exhibit void-like structures throughout the film. Upon
incorporating CaTiO3 nanoparticles, they tend to settle within these void structures.
Conversely, when graphite nanoparticles are incorporated, they primarily occupy the
edges of the voids. Fig.7.1d, highlighted by the red circled region, shows the
formation of interconnected CaTiOs Graphite networks around the voids,
supplemented by the graphite in the matrix. This configuration leads to the
development of tiny capacitors at the attractive ends of the PMMA matrix.
PMMA _Graphite units are weakly coupled at lower graphite concentrations, but as
the graphite CaTiOs content increases, they form three-dimensional

PMMA _Graphite networks embellished with CaTiOs.

It 1s evident that the PMMA voids are well-formed, and the
CaTiOs_Graphite units are densely packed within these voids. With a low
graphite CaTiOs; content, the distribution of CaTiOs Graphite clusters is
unsystematic and isolated at the polymer void edges. As the concentration of
CaTiOs_Graphite increases, these clusters partially couple, creating three-
dimensional (3D) CaTiOs_Graphite networks. Fig. 7.2 presents a schematic
representation of the microstructural evolution of PMMA CaTiO;_ Graphite
nanocomposites. According to the percolation theory, the microstructural
development of these nanocomposites is closely related to their electrical and

dielectric properties, which will be discussed subsequently.
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Fig.7.1. SEM images of PMMA CaTiO;_ Graphite composites with (a) Pure
PMMA; (b) PMMA CaTiO3;Composite; (¢) PMMA Graphite composite; (d)
PMMA _CaTiO3_Graphite composite with interconnected conducting networks.
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Fig.7.2: Schematic representation of the microstructural evolution of
PMMA CaTiOs_Graphite nanocomposites. P - Pure PMMA films with voids; PG-
Graphite decorated at the edges of PMMA voids; PGCI- CaTiOs; deposition
complimented by Graphite. PMMA voids (25:75); PGC3 —
PMMA CaTiO3_ Graphite (75:25) composites.

7.3.2. Conductivity and negative permittivity behaviour

The frequency dispersion plots giving the variation of AC conductivity of
Graphite CaTiO; nanocomposites, with AC field frequency ranging from 102 Hz to
107 Hz, are illustrated in Fig. 7.3. Pure PMMA film demonstrates nearly zero
conductivity, indicating the non-conductive nature of its voids. When CaTiOs
nanoparticles are incorporated, there is no significant increase in conductivity.
However, the addition of graphite markedly enhances conductivity, attributed to the
availability of free electrons. In the PCG (25:75) sample, conductivity rapidly
increased due to well-defined conductive 3D networks forming throughout the
material. As previously mentioned, increasing the concentration of CaTiO3 leads to
greater agglomeration and void filling by CaTiO3, resulting in reduced conductivity.
The AC conductivity (cac) of the composites shows an upward trend at low

CaTiOs_Graphite content — representing the transition from hopping to metallic
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conduction behaviour.

Classical percolation theory can elucidate the relationship between
conductivity and microstructural evolution. This theory posits that percolation
significantly influences conductivity in metamaterials, as it is linked to the formation
of 3D conducting networks formed by interconnected conductive phases, thereby
affecting the electrical properties of the materials [16,17]. Since all observations
were collected at the same ambient temperature, only the geometrical and physical
connections between the conducting fillers were considered. Before reaching the
percolation threshold, the internetwork of neighbouring fillers in the composites is
relatively weak, resulting in unremarkable conductivity due to the minimal
contribution from the hopping mechanism. As the filler content increases, most
conduction electrons become unbound, significantly enhancing conductivity through
the metallic conduction mechanism. In composites with 50% CaTiO3 and 50%
Graphite content, clusters establish direct contact, allowing electrons to move freely

through metallic conduction, thereby increasing conductivity.

Fig. 7.4 depicts the frequency-dependence of real permittivity for percolated
PMMA CaTiOs_ Graphite composites. Interestingly, the sign of real permittivity
switches to negative at a lower frequency regime when filler content reaches 50%
CaTiO3 and 50% Graphite. Plasma-like negative permittivity is achieved when the
filler content is sufficiently high. The permittivity value decreases drastically with
an increase in external frequency, exposing the plasmonic state atlow radio

frequency.
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Fig.7.3. Frequency spectra of conductivity for the (a) PMMA, (b) PMMA CaTiO3
Composite; (¢) PMMA_Graphite composite; (d) PMMA CaTiO;_Graphite (25:75),
(e) PMMA_ CaTiO3z Graphite (50:50); and (f) PMMA CaTiO3;_ Graphite (75:25)

composites.
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Fig. 7. 5. Frequency spectra of permittivity for the PMMA and PCG composites.

7.3.3 Micocapacitor formation and percolation of charge carriers.

The SEM image in Fig. 7.1(d) indicated the formation of microcapacitors.
These interconnected microcapacitors are likely the primary reason for the enhanced
negative permittivity observed in the composite PCG (50:50). To understand this
better, we need to explore the formation mechanism of these interconnected
conductive networks. Initially, hopping can be considered a mechanism for charge
transfer between the isolated microcapacitors. However, the microcapacitors
interconnect at a particular threshold composition, forming a conductive network
through a mechanism akin to that in metals. Given the observed density of
microcapacitors in PCG, it can be suggested that PCG operates within the

framework of classical percolation theory.

Previous studies and discussions indicate that localised and delocalised
electrons coexist within the composites, leading to distinct responses to an applied
external electric field. The negative permittivity observed in composites below the
percolation threshold is attributed to the formation of densely packed
microcapacitors and the interfacial polarisation of electrons. Notably, the

permittivity shifts from positive to negative in the lower frequency range when the
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filler content reaches 50% CaTiO3 and 50% Graphite. Metal-based composites must
have the lowest possible conductivity value to achieve a low-frequency plasmonic
state. When the filler content is sufficiently high, a plasma-like negative permittivity
emerges. Subsequently, as the external frequency increases, the permittivity value
rapidly decreases, leading to the development of a plasmonic state in the extremely

low radio frequency regime.

Fig. 7.4 and 7.5 illustrate that the pure PMMA self-standing films exhibit
nearly zero permittivity across the entire frequency range. Upon adding zinc oxide
nanoparticles, €’; becomes slightly positive throughout the range. The isolated
dispersion of Graphite CaTiOs or Graphite alone in the PMMA matrix induces
electrical dipole resonance within the composites. As the graphite content increases,
it tends to occupy the walls of the voids created by PMMA, thereby raising the
density of micro capacitors within the material and consequently increasing the
actual permittivity of the sample. Graphite significantly influences the negative
permittivity of metamaterials due to its unique electronic and structural properties.
Its high electrical conductivity is essential for supporting plasmonic resonances
across various frequencies, which can lead to negative permittivity in specific
frequency ranges. The delocalised m-electrons in graphite's structure contribute to its
metallic-like behaviour, allowing free electrons to oscillate in response to an
external electromagnetic field, thereby facilitating conditions for negative
permittivity. The tunable electronic properties of graphite, achieved through layer
thickness or defect engineering modifications, enable the design of metamaterials
with specific negative permittivity characteristics. Additionally, when incorporated
into composites, graphite forms interconnected networks that enhance the overall
electrical conductivity of the material, aiding in achieving and sustaining negative
permittivity over a broader frequency range. Graphite's high electron density
enhances plasmonic resonances, which is crucial for negative permittivity. They
allow the material to exhibit a negative response to the electric field component of
incident electromagnetic waves [18]. At frequencies below the plasma frequency,
the material exhibits negative permittivity, with graphite's free electrons playing a

pivotal role in this behaviour, enabling the composite material to demonstrate
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negative permittivity at specific frequencies. At the same time, Calcium titanate
(CaTi03) significantly impacts the negative permittivity of metamaterials through its
unique dielectric properties and interaction with other composite materials. CaTiO3's
high dielectric constant enhances the overall dielectric properties of the composite,
which is crucial for achieving negative permittivity, especially at low frequencies.
When included in a polymer matrix like PMMA, CaTiO3 induces significant
interfacial polarisation effects at the particle-matrix interfaces, bolstering the
dielectric response and enhancing negative permittivity. The formation of micro
capacitors by CaTiOs particles supports localised electric fields countering the
external field, further contributing to negative permittivity. At higher concentrations,
CaTiO3 particles tend to agglomerate, forming interconnected networks that
facilitate electron conduction, enhancing conductivity and negative permittivity.
According to percolation theory, the composite exhibits weak conductivity and
negligible negative permittivity below a certain threshold, but beyond this threshold,
improved conductivity and pronounced negative permittivity occur due to
conductive pathway formation. In composites combining CaTiO3; with conductive
materials like graphite, plasmonic resonances are essential for negative permittivity,
as they enable the material to exhibit a negative response to the electric field
component of incident electromagnetic waves. Thus, the combination of high
dielectric constant, interfacial polarisation, micro-capacitor formation, and
plasmonic resonances allows CaTiOs to influence the negative permittivity in
metamaterials significantly. This implies that by adjusting the weight percentages of
graphite and CaTiOs, we can fine-tune the transition region from positive to

negative permittivity.

Two primary types of resonance mechanisms exist: (i) electrical dipole
resonance arising from isolated CaTiOz_ Graphite clusters and (ii) low-frequency
electron plasma oscillation resonance in interconnected CaTiO3;_Graphite networks.
For CaTiOs;_Graphite cluster-based meta composites within the percolation region,
the negative permittivity property results from the combined effects of interfacial
polarisation, electrical dipole resonance, and an extremely low-frequency plasmonic

state. Additionally, as the graphite content increases, the effective electron
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concentration rises, creating more conductive channels and enhancing the real value
of negative permittivity. Consequently, percolative conducting 3D networks are
formed in composites with 50% CaTiOs3 and 50% graphite, indicating a significant
contribution of free electrons. Therefore, the epsilon-negative characteristic in these
composites is governed by the low-frequency plasmonic state of unpaired electrons.
As the external field frequency increases, the plasma-type e-negative spectra exhibit
a rising trend, indicating that the e-negative effect weakens as the external field
frequency approaches the plasma oscillation frequency. Thus, the combined
contribution of dipole-type, plasma-type, and interfacial polarisation mechanisms
may provide a valuable and significant pathway to achieving extremely low-

frequency negative permittivity.

To summarise, PMMA CaTiO3; Graphite percolating ternary composites
with varying filler content were successfully designed and synthesised. As filler
content increases, three-dimensional metallic conducting networks are generated
throughout the composites, leading to the emergence of percolation and the
alteration of electronic transport mechanisms from localisation (hopping) to
delocalisation (metallic). Furthermore, composites exhibit a positive-to-negative
permittivity transition at the percolation threshold. Surprisingly, the transition point
belongs to extremely low-frequency radio waves, and the value of permittivity is
10®. The development of enhanced interfacial polarisation is attributable to the rise
in permittivity below the percolation threshold. When the system attains the
percolation threshold, delocalised electrons and ions develop an extremely low-

frequency plasmonic state, resulting in a plasma-like negative permittivity.
7.4. Conclusion.

In conclusion, the development of carbon-ceramic composites with
adjustable electrical properties represents a significant advancement in the field of
electromagnetic metamaterials. Incorporating Calcium Titanate and Graphite (CG)
fillers into a PMMA matrix has effectively demonstrated the ability to manipulate
microstructure, electrical conductivity, and dielectric behaviour. The

PMMA CaTiO3_ Graphite ternary composites represent a significant advancement
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in metamaterial design, demonstrating a clear transition from positive to negative
permittivity as filler content increases. This transition occurs at the percolation
threshold, where three-dimensional ceramic conducting networks are formed within
the composites. The evolution from localised (hopping) to delocalised (metallic)
electronic transport mechanisms enhance the conductivity and facilitates the
emergence of negative permittivity, particularly evident at extremely low-frequency
radio waves. The permittivity values achieved, reaching orders of magnitude around
10%, underscore the effectiveness of these composites in manipulating
electromagnetic responses. Below the percolation threshold, enhanced interfacial
polarisation contributes to the rise in permittivity. In contrast, beyond this threshold,
developing an extremely low-frequency plasmonic state further enhances the
negative permittivity, akin to a plasma-like behaviour. These findings highlight the
complex interplay between material composition and electromagnetic properties and
suggest promising avenues for developing advanced metamaterials based on ceramic
fillers tailored for specific applications in communications, sensing, capacitance and

beyond.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

8.1 Summary and Conclusions

The thesis titled "Polymer Nanocomposites for Phthalate Detection,
Remediation, and Metamaterial Applications' is a product of our motivation to
extend the microstructure tuning capabilities of polymers to relevant environmental
and dielectric applications. For environmental applications, we focused on detecting
and removing phthalates. For dielectric applications, we addressed a significant gap
in the availability of suitable metamaterials for extremely low-frequency (10! to 10
Hz) applications. We also explored, in detail, the mechanisms behind the enhanced
activity of polymer nanocomposites for the application we reported. Our
investigation primarily focused on the five objectives in Chapter 1, Section 1.5.
Guided by these objectives, we explored the surface-tuning properties of polymers

and their composites for our applications of interest.

In this thesis, Chapter 3 is focused on the successful synthesis of
semiconductor-based Surface-Enhanced Raman Scattering (SERS) substrates
tailored for ultra-sensitive and selective detection of phthalates viz dimethyl
phthalate (DMP) and diethyl phthalate (DEP). We developed two novel noble metal-
free SERS substrates based on BaTiO3; and PMMA BaTiOs. Unlike traditional high-
temperature synthesis methods exceeding 1000 °C, a low-temperature sol-gel route
was employed to synthesise BaTiO3. Structural and morphological analyses were
done using X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), and
Micro-Raman spectroscopy. As demonstrated by the SEM images, the dense
arrangement of cuboidal and tubular morphology hotspots on the substrate
significantly enhanced the weak Raman signals of DMP and DEP. Moreover, our
substrate design ensured that the Raman bands of the SERS substrate and the probe
molecule do not coincide, enabling precise and unambiguous detection. The primary
mechanism behind the SERS activity of BaTiO; (BT) and PMMA_ BaTiO3 films
(PBT) is charge transfer resonance, bolstered by the strong affinity between BT and
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DMP and between PBT and DEP.

Chapter 4 describes our subsequent efforts to utilise a flexible noble metal-
free SERS substrate for detecting phthalates- this time, DEHP. We successfully
designed and fabricated PMMA SrTiO3 substrates featuring morphologically
created micro-spherical hotspots. These densely packed porous hotspots
significantly enhanced the affinity towards the probe molecule, leading to increased
Raman scattering. We proposed a mechanism for DEHP detection based on charge
transfer-mediated chemical enhancement. The distinguishable, non-coinciding bands
corresponding to DEHP and PMMA_SrTiO; simplify the detection process, making
it more efficient and effective. These investigations could pave the way for the
future design and fabrication of surface-engineered, flexible, noble metal-free SERS
substrates with indispensable Raman peaks using semiconductor-modified noble

metals for environmental applications.

Our research to remove low-density phthalates from the water system by a
metal oxide-incorporated polymeric matrix is reported in Chapter 5. Persuaded by
the remarkable efficiency of ZnO nanoparticles, we have explored the capability of
Polypyrrole ZnO (PPy ZnO) polymer nanocomposites in removing low-density
phthalate from aqueous systems. The synthesis approach suggests high-yield
production of the composites through a cyclic chain reaction. The nanocomposite is
effective for both high and low concentrations of plasticizer removal from aquatic
systems. The nanocomposite rapidly and efficiently eliminated DMP from solutions,
with substantial removal achieved within a short time frame. The enhanced DMP
adsorption is attributed to the synergistic effects of slit-like micropores and
conjugated benzene rings in the PPy-ZnO, where DMP molecules are trapped and
held primarily by electrostatic attraction, hydrogen bonding, and n-m interactions.
This research underscores that engineered surface functional groups in polymer
nanocomposites can be utilized to develop high-performance phthalate adsorbents,
offering a promising solution for water pollution. Considering their impressive
adsorption capacity, ease of synthesis, and cost-effective availability of polymer
precursors, these adsorbents show great potential for removing DMP from aqueous

solutions.
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Chapter 6 of this thesis addresses the significant need for metamaterials
suitable for extremely low-frequency (ELF - 10' to 102 Hz) applications. The
objective was to design and investigate flexible composites with surface
microstructure-induced negative permittivity, essential for metamaterial properties.
Ternary flexible composites were successfully designed and synthesised using poly
(methyl methacrylate) (PMMA), activated carbon (AC), and zinc oxide (ZnO)
through an in-situ polymerisation process. The evolution of composite
microstructure, influenced by PMMA voids and AC _ZnO filler concentration,
notably affected the material's dielectric characteristics. The presence of free-
moving ions and delocalised electrons within the 3D conductive networks formed
via percolation induced a plasmonic state, leading the permittivity of the ternary
meta-composites to transition from positive to negative. Furthermore, the transition
region of the composites' negative permittivity was controlled by adjusting the
content of activated carbon and ZnO nanoparticles. The permittivity and AC
conductivity of the composites were analysed using a BDS Analyzer, revealing that
the magnitude and negative permittivity can be tailored by varying the AC ZnO
filler content. Flexible composites engineered to achieve optimal permittivity values
for extremely low-frequency (ELF) applications are primed to fulfil substantial

industrial needs.

In Chapter 7 of this thesis, we adopted an efficient strategy to enhance the
magnitude of negative dielectric constant values of flexible ternary composites by
incorporating a ceramic component. Specifically, we successfully designed and
synthesised a poly (methyl methacrylate) (PMMA), graphite, and CaTiO;3 ternary
nanocomposite through an in-situ polymerisation process. The evolution of
microstructure in these composites is influenced by the presence of PMMA voids,
which play a crucial role in shaping their dielectric properties. In particular, the
incorporation of ceramics promoted percolation pathways for charge carriers and
polarisation mechanisms, which collectively amplified the material's ability to
exhibit negative permittivity. This enhancement is crucial for developing advanced
metamaterials capable of manipulating electromagnetic waves in novel and efficient
ways, particularly in applications requiring tailored dielectric properties at extremely

low frequencies.
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Throughout our thesis, we successfully achieved our objectives by
employing innovative approaches to synthesise nanocomposite materials harnessing
the unique structural properties of polymers. We addressed both environmental and
dielectric challenges, tailoring our polymer nanocomposites to effectively detect and
remove phthalates in water sources. In this thesis we have developed noble metal-
free flexible SERS substrates with expansive surface areas and adaptable surface
chemistry, significantly boosting sensitivity and selectivity for detecting low
concentrations of phthalates. The exceptional adsorption capacity and chemical
functionality demonstrated in the polymer nanocomposite enabled efficient capture
and removal of phthalate molecules from polluted water sources. The successful
creation of hotspots in polymer nanocomposite led to bridging a critical gap in
metamaterial application, specifically for extremely low-frequency dielectric

applications.
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CHAPTER 9
RECOMMENDATIONS

Recommendations for future studies

Based on the comprehensive findings and conclusions drawn from the thesis, we

propose the following future research directions and applications:

Advancing SERS substrate technology: Future research holds promise in
advancing the technology of noble metal-free flexible SERS substrates,
aiming to enhance their sensitivity and selectivity for detecting a wide range
of environmental contaminants. Further exploration into novel
nanocomposite configurations and innovative synthesis methods is crucial to
expanding the applicability of these substrates beyond phthalates, thereby
addressing emerging environmental challenges. Commercialising these
advanced SERS substrates could enable their deployment in real-time
applications, revolutionising environmental monitoring and offering robust

solutions for sustainable resource management.

Broadening Environmental Remediation Techniques: Expanding on the
success of polymer-metal oxide nanocomposites in Chapter 5, future studies
could investigate their efficacy in removing a wider range of pollutants from
water systems. This could involve optimising adsorption capacities,
exploring new floating flexible functional materials, and scaling up processes

for practical environmental applications.

Innovations in Metamaterial Development: Building on the advancements in
metamaterials for ELF applications discussed in Chapter 6, future research
could focus on refining the design parameters and material compositions.
Exploring new filler materials, optimising percolation pathways, and
integrating advanced characterisation techniques could further tailor these

materials for specific dielectric applications.



>

X2 Integration of Ceramic Components in Composites for Dielectric
Applications: Continuing from Chapter 7, future investigations could delve
deeper into the role of ceramics in enhancing the dielectric properties of
polymer composites. Research could explore new ceramic-polymer
combinations, investigate their impact on percolation thresholds and
polarisation mechanisms, and study their applicability in advanced

metamaterial designs.

<> Mechanistic Understanding and Modelling: Further studies could aim to
deepen the understanding of the underlying mechanisms governing the
enhanced functionalities observed in polymer nanocomposites. Utilising
advanced modelling and simulation techniques could provide insights into
structure-property relationships, aiding in the rational design of next-

generation materials with tailored properties.

> Validation in Real-world Applications: Collaborations with industry partners
and environmental agencies could facilitate pilot testing and verification of
developed technologies in real-world settings. This would assess their
scalability, cost-effectiveness, and environmental impact, paving the way for

practical implementation and commercialisation.

By pursuing these recommendations, the thesis work can contribute significantly to
advancing environmental monitoring technologies, improving water quality
management strategies, and fostering innovations in metamaterials for under-sea
communication and sensing applications. These efforts not only promise scientific
advancement but also hold the potential for addressing pressing global challenges

related to environmental sustainability and innovations in communication.




