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ABSTRACT

Graphene oxide (GO), a versatile two-dimensional material, exhibits unique
properties due to its oxygen-containing functional groups, making it an ideal
candidate for adsorption and sensing applications. This thesis focuses on
systematically tuning the functionality of GO through various modifications to
enhance its performance in these domains. The research is divided into five working

chapters, each exploring a distinct modification strategy.

The first chapter investigates the chemical modification of GO using sodium
hydroxide (NaOH). By varying the NaOH concentration, significant alterations in the
oxygen functional groups and their distribution within GO were observed. Our study
identified a threshold NaOH concentration of 5.45:1 (NaOH:GO by weight) as critical
for reducing graphene oxide (GO), as evidenced by enhanced n-n* transitions in UV-
visible spectra and an increased ID/IG ratio in Raman analysis. We established that
UV-visible absorbance maxima, rather than peak shifts, serve as a more reliable
indicator of GO reduction. Unlike with NaBH4, where pH and absorbance maxima
followed similar trends, NaOH reduction showed distinct behaviour, with absorbance
maxima proving more indicative of the reduction pathway. This conclusion was
further validated by Raman analysis, confirming that pH does not play a decisive role
in GO reduction. This study provides a foundation for optimizing GO's structure to

meet specific application needs.

In the second chapter, GO was combined with activated carbon to form a
composite material in simple step aimed at enhancing its adsorption capabilities.
GOAC demonstrated exceptional efficiency in removing different dyes like
methylene blue, rhodamine b, congo red, their mixtures and antibiotics -
ciprofloxacin. We evaluated GOACs adsorption kinetics and found that these
reactions followed pseudo second order kinetics and also proposed corresponding
mechanisms for integration. Such performance addresses critical challenges in
industrial wastewater treatment showcasing the synergistic interaction between GO

and activated carbon.

The third chapter examines the formation of a reduced graphene oxide-gold

nanoparticle (rGO-Au) composite for sensing applications. This composite was



evaluated for uric acid detection using UV-visible spectroscopy, where a fivefold
enhancement in sensitivity was observed compared to GO or gold nanoparticles alone.
The rGO-Au composite showed excellent performance within physiologically
relevant detection ranges, emphasizing its potential for biosensing applications in

medical diagnostics and environmental monitoring.

In the fourth chapter, the effect of synthesis time on GO’s properties was
systematically studied. GO samples prepared with synthesis durations of 2, 4, 8, and
18 hours, designated as GO2Hr, GO4Hr, GO8Hr, and GO18Hr, were evaluated for
adsorption and sensing applications. Adsorption studies revealed that GO2Hr
exhibited superior performance for methylene blue and naphthalene in a short
duration. For MB adsorption, we achieved the highest adsorption capacity of
1285mg/g at the best time of 4 minutes. These samples were also tested for ascorbic
acid sensing, underscoring the importance of synthesis time as a key parameter in

tailoring GO's functionality.

The final chapter explores the integration of GO into a 3D melamine sponge
(MSGO) to create a composite structure for simultaneous dye removal and oil-water
separation. MSGO samples derived from time-varied GO synthesis demonstrated
excellent performance, particularly in saline conditions. MSGO?2 showed exceptional
adsorption kinetics and efficient oil-water separation for different set of oils in tap
water and sea water, making it a promising material for real-world environmental

remediation.

In conclusion, this thesis presents a systematic approach to modifying GO and
its composites to optimize their functionality for adsorption and sensing applications.
The findings contribute significantly to the understanding of GO’s potential as a
multifunctional material and offer practical solutions for challenges in environmental

and biosensing technologies.

Keywords Graphene oxide, adsorption, sensing, oil water separation, methylene blue,
rhodamine b, congo red, ciprofloxacin, naphthalene, ascorbic acid, uric acid,

adsorption kinetics,
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PREFACE

Graphene oxide (GO) is a revolutionary material that has garnered immense
attention due to its remarkable properties, including a large surface area, abundant
oxygen functional groups, mechanical strength, and high chemical reactivity. These
features make GO an excellent candidate for various applications, such as sensing,
adsorption, and thermal management. However, pristine GO faces inherent
limitations, such as agglomeration, uneven distribution of functional groups, and
limited stability under certain conditions. These challenges restrict the GO's full
potential in advanced applications, highlighting the need for strategic modifications

to tune and enhance its functionality.

The motivation for the works mentioned in this thesis stems from the
necessity to overcome these limitations and fully harness the capabilities of GO for
diverse and impactful applications. By systematically modifying GO, it is possible
to improve its chemical and thermal stability, increase hydrophilicity, and prevent
agglomeration. These enhancements pave the way for GO-based composites with
tailored properties to meet specific functional requirements. For example, tuning the
distribution of oxygen functional groups can significantly enhance GO's adsorption
capacity and sensing efficiency. Similarly, embedding GO into three-dimensional
structures like melamine sponges can improve its performance, particularly in

environmental remediation and pollutant management.

This thesis, titled "Tuning the Functionality of Graphene Oxide for
Adsorption and Sensing Applications," focuses on addressing these challenges by
systematically exploring methods to enhance GO's properties. The research is
structured around three primary objectives. The first objective is to enhance the
adsorptive and sensing applications of GO by leveraging its oxygen functional
groups. Through controlled synthesis and modification techniques, this work
examines how the distribution and density of these functional groups can be
optimized to improve performance. The second objective seeks to expand the role

of GO-based nanocomposites in environmental remediation and chemical sensing.



By synthesizing and characterizing composites such as graphene oxide activated
carbon composite (GOAC) and reduced graphene oxide-gold nanoparticles (rGO-
Au), the study demonstrates their superior adsorption capabilities and sensitivity in
detecting analytes like uric acid. Finally, the third objective investigates the impact
of integrating GO into three-dimensional matrices, such as melamine sponges, to
enhance its adsorption properties for applications like oil-water separation and dye

removal.

The chapters of this thesis systematically address these objectives. The initial
chapters delve into the synthesis and chemical modification of GO, emphasizing the
influence of NaOH on the material's functional group distribution and overall
properties. These insights serve as the foundation for subsequent studies on GO-
based composites. The middle chapters explore the synthesis of GO-based
nanocomposites and their applications in chemical sensing and adsorption,
demonstrating significant advancements in performance. The final chapters examine
the integration of GO into three-dimensional structures, highlighting the enhanced
efficiency of these materials in real-world applications, such as environmental

remediation.

The functional versatility of graphene oxide (GO) largely stems from its
oxygen-containing functional groups, which significantly influence its adsorptive
and sensing capabilities. A major objective of this thesis was to enhance these
functionalities by systematically modifying the oxygen groups through various
chemical and physical treatments. In Chapter 3, the chemical reduction of GO using
NaOH was explored to tune the distribution and density of these functional groups.
By identifying a threshold NaOH concentration of 5.45:1 (NaOH:GO by weight),
we demonstrated that NaOH acts as a reducing agent, effectively altering the n-m*
transitions and enhancing adsorption properties. UV-visible spectroscopy and
Raman analysis revealed that absorbance maxima, rather than pH or peak shifts,
serve as reliable indicators of reduction. These findings provided a framework for
precisely controlling GO's functional groups to optimize its performance in
adsorption and sensing applications. Furthermore, in Chapter 6, the influence of

synthesis time on GO's oxygen functional groups was studied, revealing that GO



prepared with shorter synthesis times (e.g., GO2Hr) exhibited superior adsorption
efficiency for dyes like methylene blue. These studies highlight the critical role of
oxygen functional groups in enhancing GO's versatility and provide actionable

insights into their optimization.

Graphene oxide-based nanocomposites exhibit synergistic properties,
making them highly effective for environmental remediation and chemical sensing.
To expand their applications, this thesis explored the formation of GO composites
with activated carbon and gold nanoparticles. Chapter 4 focused on synthesizing a
GO-activated carbon composite, demonstrating remarkable efficiency in removing
dyes and pollutants, even under challenging saline conditions. The enhanced
adsorption capacity resulted from the combined surface area and functional group
interactions of GO and activated carbon, making this composite a highly effective
agent for industrial wastewater treatment and oil spill cleanup. In Chapter 5, we
evaluated the reduced graphene oxide-gold nanoparticle (rGO-Au) for uric acid
detection, where UV-visible spectroscopy revealed a fivefold increase in sensitivity
compared to GO or Au alone. This exceptional performance within physiologically
relevant ranges underscores the potential of GO-based nanocomposites for
biosensing applications. These composites' systematic synthesis and evaluation
highlight their dual role as effective tools for environmental remediation and precise

chemical sensing.

The integration of graphene oxide into a three-dimensional (3D) matrix
represents a novel approach to enhancing its adsorptive properties. In Chapter 7, we
explored the incorporation of GO into a melamine sponge template, creating a 3D
structure (MSGO) with superior adsorptive and oil-water separation capabilities for
different sets of oils in tap water and saline water. MSGO samples, synthesized using
GO prepared with varying synthesis times, were evaluated for their performance in
removing dyes and separating oil from water. Among the samples, MSGO2
exhibited exceptional adsorption kinetics and efficiency in saline conditions, making
it a promising material for real-world environmental applications. The 3D structure
not only provided a larger surface area but also facilitated the accessibility of

functional groups, enhancing the material's adsorptive capacity. This study



demonstrates 3D matrix-aided GO structures' transformative potential in addressing

critical environmental remediation challenges.

The findings presented in this thesis underscore the transformative potential
of tuning GO's functionality through systematic modifications. By addressing the
challenges of pristine GO and leveraging its unique properties, this research
contributes to advancing nanomaterials for critical applications. Furthermore, it
opens up new avenues for future exploration, such as scaling up the synthesis of
modified GO composites, investigating their use in energy storage, and expanding
their applications in biomedical sensing. This thesis systematically addressed the
discussed objectives by modifying GO through targeted chemical treatments,
composite formation, and structural integration. Each strategy was carefully
designed and experimentally validated to enhance GO's adsorption and sensing
functionalities, contributing significantly to its application in environmental and

chemical sensing technologies.

As Richard Feynman famously remarked, "There's plenty of room at the
bottom," signifying the endless opportunities in nanoscience. This research
exemplifies that vision, pushing the boundaries of what GO can achieve and laying
a foundation for innovative solutions to global challenges. It is hoped that the
insights gained from this work will inspire further advancements in the field of

graphene-based materials and their applications.



CHAPTER 1
INTRODUCTION

1.1 Background and Significance

Graphene oxide (GO), the oxidised form of graphene, has garnered
considerable attention in recent years due to its distinctive combination of properties.
Unlike pristine graphene, GO is rich in oxygen-containing functional groups, such as
hydroxyl, epoxy, and carboxyl, which confer hydrophilicity and facilitate chemical
modifications. These functional groups make GO an attractive material for various

applications, particularly in the fields of adsorption and sensing.

The extraordinary surface area and tuneable surface chemistry of GO enable
it to interact effectively with a wide range of substances. In adsorption applications,
GO's large surface area and functional groups allow for the efficient capture and
removal of contaminants from air, water, and industrial effluents. This has significant
implications for environmental remediation, as the ability to remove pollutants such
as heavy metals, dyes, and organic compounds is crucial for maintaining ecological

balance and human health.

In the realm of sensing, GO's functional groups can be exploited to detect a
variety of chemical and biological species with high sensitivity and specificity.
Specifically, the property of GO reduction by sensing materials, such as ascorbic acid
and uric acid, can be utilised to detect these analytes using UV-visible absorbance
spectra. This method offers an effective alternative to more complex electrochemical
or voltammetric methods. This makes GO-based sensors highly valuable in

biomedical diagnostics, environmental monitoring, and industrial process control.

Despite its promising potential, the performance of GO in adsorption and
sensing applications can be significantly influenced by its structural and chemical
properties. Therefore, tuning the functionality of GO to optimise these properties is of

paramount importance. This involves modifying the type and density of functional
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groups, adjusting the degree of oxidation, and manipulating the structural features of

GO, such as its defect density and flake size.

The functionality of GO can be enhanced through various methods, including
chemical treatments, thermal reduction, plasma modification, and hybridisation with
other materials. By understanding and controlling these modifications, it is possible
to tailor GO to meet the specific requirements of different applications, thereby

maximising its effectiveness and efficiency.

The significance of this research lies in its potential to advance the
development of high-performance GO-based materials for critical applications in
adsorption and sensing. The insights gained from this study will contribute to the
fundamental understanding of GO's properties and pave the way for innovative
solutions to environmental, biomedical, and industrial challenges. As such, this thesis
aims to provide a comprehensive exploration of the strategies for tuning the
functionality of graphene oxide, ultimately enhancing its performance and broadening

its application scope.
1.2. Graphene Oxide: An overview
1.2.1 Structure and Properties of Graphene Oxide

Graphene oxide (GO) is a single-atomic-layered material derived from
graphite, characterised by the presence of various oxygen-containing functional
groups. These functional groups, including hydroxyl, epoxy, carbonyl, and carboxyl
groups, are distributed across the basal plane and edges of the graphene sheet,
imparting GO with distinct chemical and physical properties that differ significantly

from those of pristine graphene [1].
1.2.1.1 Structural Characteristics

The structure of GO is inherently amorphous due to the random distribution
of functional groups, which disrupts the sp?-hybridized carbon network of graphene.
This disruption converts some of the sp? carbon atoms to sp* hybridisation,

introducing defects and distortions in the hexagonal lattice. The degree of oxidation
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and the type of functional groups present can vary depending on the synthesis method

and conditions, leading to variations in GO's structural and chemical properties.

Layered Structure: GO retains the layered structure of its parent graphite, but
the interlayer spacing is significantly increased due to the presence of oxygen
functionalities and water molecules intercalated between the layers [2]. The
expanded spacing enhances GO's dispersibility in water and other polar

solvents, facilitating its manipulation and processing.

Functional Groups: The oxygen-containing functional groups are key to
GO's reactivity and ability to undergo further chemical modifications.
Hydroxyl and epoxy groups are typically found on the basal plane, while
carbonyl and carboxyl groups are located at the edges. The distribution and

density of these groups can be controlled through various chemical treatments

[3].

1.2.1.2 Physical Properties

The introduction of oxygen functionalities alters the physical properties of GO

compared to pristine graphene, particularly in terms of electronic, mechanical, and

thermal characteristics.

Electronic Properties: GO is an electrical insulator or a semiconductor,
depending on the degree of oxidation [4]. The disruption of the n-conjugated
network reduces its electrical conductivity compared to graphene. However,
partial reduction of GO can restore some conductivity, making it suitable for

applications requiring tunable electronic properties.

Mechanical Properties: Despite the presence of defects and functional
groups, GO retains excellent mechanical strength and flexibility [5]. The
tensile strength and Young's modulus of GO are lower than those of pristine
graphene but still sufficient for many applications, especially when

incorporated into composite materials.
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e Thermal Properties: The thermal conductivity of GO is significantly lower
than that of graphene due to phonon scattering caused by defects and
functional groups [6]. However, GO exhibits good thermal stability, which can

be enhanced through thermal reduction processes.
1.2.1.3 Chemical Properties

The presence of various functional groups on the GO surface makes it highly
reactive and chemically versatile. This reactivity allows GO to interact with a wide

range of materials and enables various functionalisation strategies.

e Hydrophilicity: GO is highly hydrophilic due to its oxygen functional groups,
making it easily dispersible in water and other polar solvents [7]. This property
is advantageous for applications in aqueous environments and facilitates

further chemical modifications.

o Functionalisation: The functional groups on GO provide sites for further
chemical modifications, such as grafting of polymers, metal nanoparticles, and
other molecules. This functionalisation can enhance GO's properties and tailor

it for specific applications, such as adsorption, sensing, and catalysis [8].
1.2.1.4 Optical Properties

GO exhibits unique optical properties that are distinct from those of graphene,

primarily due to the presence of functional groups and defects.

o Absorption and Fluorescence: GO shows strong absorption in the ultraviolet
and visible regions due to electronic transitions associated with its functional
groups. Additionally, GO can exhibit photoluminescence, with emission
wavelengths that can be tuned by varying the degree of oxidation and the type

of functional groups [9].

e Optoelectronic Applications: The tuneable optical properties of GO make it
suitable for applications in optoelectronic devices, such as photodetectors,

solar cells, and light-emitting devices [10].
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1.2.2 Functionality of Graphene Oxide

Graphene oxide (GO) is a unique material with a two-dimensional structure
that exhibits various oxygen-containing functional groups, including hydroxyl, epoxy,
and carboxyl groups. These functional groups are typically located at the edges and
basal planes of the GO sheets, significantly altering their properties compared to
pristine graphene. The presence of these oxygen functionalities enables GO to interact
with a wide range of molecules and ions, making it highly versatile for applications

in different fields.

One of the key properties of graphene oxide is its hydrophilicity, which stems
from the polar nature of the oxygen-containing groups. This makes GO highly
dispersible in water and other polar solvents, facilitating its use in aqueous
environments. The carboxyl groups, in particular, allow GO to interact with various
organic and inorganic molecules, leading to the formation of stable colloidal
suspensions. This property is advantageous for applications such as water purification,
where GO acts as an adsorbent for pollutants like heavy metals, dyes, and organic
contaminants [11]. Its high surface area and chemical reactivity further enhance its

adsorption capacity [12].

The functional groups in GO also play a crucial role in its chemical reactivity
and tunability. By modifying the oxygen content, GO's electronic, optical, and
mechanical properties can be tailored for specific applications. For instance, the
reduction of GO, which removes oxygen functionalities, results in reduced graphene
oxide (rGO) with restored electrical conductivity [13]. This tunable conductivity
makes GO and its derivatives valuable in applications such as sensors, where the
presence of functional groups allows for the detection of specific molecules, while the
reduced form can enable efficient electron transport. The combination of high
sensitivity and selective chemical interactions makes GO-based materials promising

for sensing applications, including gas sensors and biosensors.

In addition, the functional groups in GO provide anchoring sites for further
chemical modifications, enabling the formation of composites with other materials.

This opens up a wide range of possibilities in areas like catalysis, energy storage, and
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biomedical applications — other than the molecular detection mentioned above. For
example, GO composites have been explored as electrode materials in batteries and
supercapacitors, where their conductivity and large surface area enhance charge
storage capacity. Similarly, in drug delivery systems, the biocompatibility and

functional versatility of GO allow for the controlled release of therapeutic agents.

Overall, the functionality of graphene oxide, largely determined by its oxygen-
containing groups, is central to its wide-ranging applications. By leveraging the
tunable chemical, mechanical, and electrical properties of GO, researchers continue
to explore new ways to utilise this material in fields as diverse as environmental

remediation, energy storage, and healthcare.
1.2.3 Synthesis Methods

The synthesis of graphene oxide (GO) is a critical step that significantly
influences its structural, chemical, and physical properties. Various synthesis methods
have been developed to produce GO, each with its own set of advantages and
challenges. The most commonly used methods for synthesising GO involve the
oxidation of graphite, a process that introduces oxygen-containing functional groups
into the graphene layers. Among these methods, the Hummers, the Brodie, and the
Staudenmaier methods are the most notable. Each method differs in the type and
concentration of oxidising agents, reaction conditions, and the extent of oxidation

achieved.
1.2.3.1 Hummers Method 14

The Hummers method is the most widely adopted technique for synthesising
GO due to its relative simplicity, efficiency, and ability to produce large quantities of
GO. This method involves the oxidation of graphite using a mixture of concentrated
sulfuric acid (H2SO4), potassium permanganate (KMnOs), and sodium nitrate

(NaNOs3). Hummers method in brief:

Graphite powder is mixed with concentrated sulfuric acid, and sodium nitrate
is added to intercalate the graphite layers. Potassium permanganate is then gradually

introduced, initiating the oxidation process. This exothermic reaction requires careful
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temperature control to prevent over-oxidation and degradation of the material. Once
the oxidation is complete, the mixture is diluted with water, and hydrogen peroxide is
added to reduce residual permanganate and manganese dioxide by-products. The
resulting product is then thoroughly washed with water and acids to remove impurities
and unreacted chemicals, followed by filtration and drying to yield the final graphene
oxide (GO) product.

Advantages: The Hummers method is efficient and scalable, making it suitable for
large-scale production. It produces GO with a high degree of oxidation and good

dispersibility in water and other polar solvents.

Challenges: One of the main drawbacks of the Hummers method is the generation of
hazardous by-products, such as toxic gases (e.g., NO2 and N>Os) and acidic waste,

which require careful handling and disposal.
1.2.3.2 Brodie Method 15!

The Brodie method is one of the earliest techniques developed for synthesising
GO, dating back to 1859. This method involves the oxidation of graphite using fuming
nitric acid (HNO3) and potassium chlorate (KClOs3) as the oxidising agents. The

process is typically carried out as:

Graphite is mixed with fuming nitric acid, and potassium chlorate is gradually
added while maintaining a controlled temperature, typically below room temperature,
to prevent excessive heat buildup. This oxidation process introduces oxygen-
containing functionalities, disrupting the graphite layers. After oxidation, the material
is repeatedly washed with water and acids to remove unreacted chemicals and by-
products. Finally, the oxidised graphite is filtered and dried to produce graphene oxide
(GO).

Advantages: The Brodie method produces GO with a relatively high degree of
oxidation and good thermal stability. It also allows for better control over the

oxidation process compared to some other methods.
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Challenges: The use of potassium chlorate as an oxidising agent poses significant
safety risks due to its potential to form explosive mixtures. Additionally, the process
is slower and less efficient than the Hummers method, making it less suitable for

large-scale production.
1.2.3.3 Staudenmaier Method 1!

The Staudenmaier method is a modification of the Brodie method, developed
in 1898, and involves the use of a mixture of concentrated sulfuric acid and fuming
nitric acid as the oxidising agents, along with potassium chlorate. The steps in this

method include:

Graphite is initially mixed with concentrated sulfuric acid and fuming nitric
acid, and potassium chlorate is gradually added in small portions to initiate the
oxidation process. This exothermic reaction is carefully controlled to prevent runaway
reactions. After oxidation, the oxidised graphite is washed thoroughly with water and
acids to remove impurities, and then it is filtered and dried to obtain graphene oxide

(GO).

Advantages: The Staudenmaier method allows for a higher degree of oxidation and
better control over the functional group distribution on GO compared to the Brodie

method. It also produces GO with a more homogeneous structure.

Challenges: Similar to the Brodie method, the Staudenmaier method involves the use
of hazardous chemicals, particularly potassium chlorate, which poses safety risks. The
method is also more time-consuming and labour-intensive compared to the Hummers

method.
1.2.3.4 Modified Hummers Method 7!

Given the challenges associated with the original Hummers method, several
modified versions have been developed to improve safety, reduce environmental

impact, and enhance the quality of GO produced. These modifications include:
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1. Use of Safer Oxidising Agents: Some modified methods replace sodium
nitrate with other agents, such as potassium persulfate (K2S20g) or phosphoric

acid (H3POas), to reduce the generation of toxic gases.

2. Improved Purification: Enhanced washing and purification steps are
employed to remove residual metal ions and by-products, resulting in higher-

purity GO.

3. Green Chemistry Approaches: Some recent modifications focus on using
environmentally friendly solvents and oxidising agents to minimise the

environmental impact of GO synthesis.

Advantages: These modifications improve the safety and environmental
sustainability of the GO synthesis process while maintaining or enhancing the final

product's quality.

Challenges: Some modified methods may involve more complex procedures or

higher costs, which could limit their scalability.
1.2.3.5 Other Synthesis Methods

In addition to the classical methods mentioned above, other approaches for
synthesising GO have been explored, including electrochemical oxidation, plasma-
assisted methods, and microwave-assisted synthesis. These methods offer alternative
routes for GO production with specific advantages, such as reduced reaction times,

lower environmental impact, or improved control over the GO structure.

o Electrochemical Oxidation !8: In this method, the graphite electrodes are
electrochemically oxidised in an acidic electrolyte solution. This approach allows
for better control over the oxidation process and can produce high-quality GO with
fewer defects. It is also considered a greener method due to the absence of

hazardous chemicals.

o Plasma-Assisted Methods '°!: Plasma treatments can be used to oxidise graphite

or graphene in a controlled manner, introducing oxygen functionalities to the
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surface. This method is advantageous for producing GO with specific surface

properties and functional group distributions.

e Microwave-Assisted Synthesis ?°l: Microwave irradiation rapidly oxidises
graphite in the presence of oxidising agents. This method offers a faster and more

energy-efficient alternative to conventional thermal processes.

Advantages: These alternative methods provide additional flexibility in GO
synthesis, enabling the production of GO with tailored properties for specific

applications.

Challenges: Many of these methods are still in the experimental stage or are less
established than traditional chemical oxidation methods, which may limit their

adoption for large-scale production.
1.3 Tuning the functionality of Graphene Oxide
1.3.1 Chemical Modifications

Tuning the functionality of graphene oxide (GO) through chemical
modifications is a key approach in tailoring its properties for specific applications.
Chemical treatments can be employed to selectively modify the oxygen-containing
functional groups, which are crucial to GO's reactivity and behaviour. By altering the
type, concentration, or distribution of these functional groups, the physical, chemical,

and electronic properties of GO can be precisely controlled.

One common method for tuning GO's functionality is treating it with reducing
agents. This process, known as reduction, removes oxygen functionalities, converting
GO into reduced graphene oxide (rGO). The extent of reduction can be controlled,
allowing the material's electrical conductivity, hydrophilicity, and chemical reactivity
to be adjusted. Strong reducing agents like hydrazine or sodium borohydride can
significantly decrease the oxygen content, enhancing conductivity. In contrast, mild
reducing agents can partially restore the electronic properties of graphene without

completely eliminating the functional groups.

10
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Alternatively, the introduction of certain chemicals during the synthesis of GO
can influence the distribution of functional groups. For instance, adding excess
potassium permanganate during the oxidation process can result in over-oxidation,
increasing the number of oxygen functionalities and altering their distribution across
the GO sheets [21]. This can enhance GO's affinity for water and improve its
dispersibility but may reduce its conductivity and mechanical strength. Conversely,
using lower concentrations of oxidising agents can produce GO with fewer oxygen
groups, yielding a material with better conductivity and more graphene-like

properties.

Post-synthesis modifications, such as the addition of acids or alkalis, can also
affect the functional group profile of GO. Acid treatments can enhance the carboxyl
group concentration [22], making GO more suitable for applications like ion exchange
or adsorption. In contrast, alkali treatments, such as adding sodium hydroxide, can
induce deoxygenation or convert functional groups into more reactive forms. These
chemical modifications provide a versatile means of tuning GO for diverse
applications, ranging from energy storage and sensors to environmental remediation

and biomedical uses.
1.3.2 Composite formation

Tuning the functionality of graphene oxide (GO) through composite formation
involves combining GO with other materials, such as metals, polymers, or
nanoparticles, to enhance its properties and tailor it for specific applications. In
composites, the functional groups on GO serve as reactive sites that facilitate bonding
or interaction with the added material. This can lead to improved mechanical strength,

thermal stability, or conductivity, depending on the nature of the composite.

Composite formation can also alter the distribution and concentration of
functional groups in GO, allowing for more controlled reactivity. For instance, adding
metal nanoparticles can enhance GO's catalytic or sensing properties by creating
active sites for chemical interactions, while incorporating polymers can improve GO's
flexibility and processing ability for applications in coatings or membranes. By

adjusting the composite components, GO can be customised for specific uses, such as

11
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in sensors, energy storage devices, or environmental remediation technologies, where

precise functionalisation is key to optimising performance.
1.3.3 Synthesis Conditions

Tuning the functionality of graphene oxide (GO) by varying its synthesis
conditions—such as dosages, reaction time, temperature, and pH—can significantly
affect the nature and distribution of its oxygen-containing functional groups. For
instance, increasing the oxidant dosage during synthesis can lead to higher oxidation
levels, introducing more hydroxyl, epoxy, and carboxyl groups, which enhance GO's
hydrophilicity and reactivity. However, excessive oxidation can result in the over-
oxidation of the graphene structure, potentially degrading its mechanical strength and

conductivity.

The synthesis time and temperature also play a crucial role in determining the
functional group profile. Longer reaction times and higher temperatures typically lead
to more thorough oxidation, altering the density and location of functional groups. On
the other hand, adjusting the pH during synthesis can influence the balance between
different oxygen functionalities. A basic environment, for example, can partially
reduce GO, reduce the number of oxygen groups and improve conductivity, while
acidic conditions promote higher oxidation. By fine-tuning these parameters,
researchers can control the properties of GO for targeted applications such as

adsorption, sensing, and catalysis.
1.3.4 Loading in 3D matrix

Tuning the functionality of graphene oxide (GO) by loading it in different
matrices, such as incorporating it into sponges, polymers, or creating 3D structures,
enhances its properties and broadens its applications. By embedding GO into 3D
frameworks, like melamine sponges or polymer matrices, its large surface area is
preserved, while the structure gains added benefits such as improved mechanical
strength, flexibility, and reusability. These modifications allow GO to retain its

essential properties, such as adsorption capacity and chemical reactivity, while

12
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improving its practical usability in fields like oil-water separation, filtration, and

catalysis.

Incorporating GO into these structures also influences the distribution of
functional groups. In a 3D matrix, the functional groups on GO are more accessible,
increasing interaction sites for target molecules, which can improve performance in
applications like sensing or environmental remediation. Additionally, the structural
modification can help distribute oxygen-containing groups more uniformly,
enhancing the overall efficiency of the material without compromising the original
functions of GO. Thus, such loading expands the potential of GO, making it suitable

for advanced applications in various industries.
1.4 Adsorption and Sensing Applications of Graphene Oxide
1.4.1 Adsorption Applications of Graphene Oxide

Graphene oxide (GO) is highly effective in adsorption applications due to its
large surface area and the presence of oxygen-containing functional groups, which
facilitate strong interactions with a variety of adsorbates. This makes GO an excellent
material for removing pollutants like dyes, antibiotics, and polycyclic aromatic

hydrocarbons (PAHs) from contaminated water and other environments [23,24].

In dye adsorption, GO is commonly used to remove harmful organic dyes such
as methylene blue, congo red, and rhodamine B, which are often found in industrial
wastewater. The hydrophilic nature and functional groups on GO allow it to interact
strongly with these dye molecules, enhancing their adsorption. Similarly, GO is
effective in adsorbing antibiotics like tetracycline and ciprofloxacin, emerging water
pollutants due to pharmaceutical industry waste. The interaction between GO's
surface and antibiotic molecules is driven by hydrogen bonding, n-w interactions, and
electrostatic forces, depending on the functional groups present on the GO and the

structure of the antibiotic.

GO is also well-suited for the adsorption of polycyclic aromatic hydrocarbons
(PAHSs), a class of organic compounds known for their environmental persistence and

potential carcinogenicity. The large surface area and m-m interactions between the
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aromatic rings of PAHs and the graphene oxide layers enhance the adsorption

efficiency of GO for these pollutants.

Key factors such as surface area, the availability of functional groups, and the
interaction mechanisms between GO and the adsorbates are crucial for effective
adsorption. The pH of the solution, temperature, and initial concentration of the
pollutant also influence the adsorption process. GO's versatility and tunability make
it a highly promising material for removing a wide range of environmental
contaminants, particularly dyes, antibiotics, and PAHs, in water treatment

applications.

Adsorption experiments with graphene oxide (GO) are typically conducted by
preparing an aqueous adsorbate solution and adding a known quantity of GO. The
mixture is stirred or shaken to ensure thorough interaction between the GO and the
adsorbate. Samples are taken at specific time intervals to monitor the adsorption
process. The concentration of the adsorbate before and after exposure to GO is

measured using UV-visible spectroscopy, a widely used analytical technique.

In UV-visible spectroscopy, the solution is exposed to light over a specific
wavelength range, and the absorbance of the adsorbate is measured. Each adsorbate
typically has a characteristic absorption peak at a specific wavelength, and the
decrease in the intensity of this peak corresponds to the amount of adsorbate removed
from the solution. The amount of adsorbate adsorbed onto GO can be quantified by
comparing the initial and final absorbance values. This data is then used to calculate
adsorption capacity, and kinetic models like pseudo-first-order or pseudo-second-

order are often applied to analyse the adsorption behaviour and mechanisms.
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1.4.2 Sensing Applications of Graphene Oxide

Graphene oxide (GO) has emerged as a versatile material for sensing
applications due to its high surface area, functional groups, and ability to interact with
various organic molecules. GO can be used to detect a wide range of chemical and
biological substances, making it valuable for environmental monitoring, medical
diagnostics, and industrial applications. Various methods have been employed for
sensing using GO, including electrochemical sensing, fluorescence-based detection,

and surface-enhanced Raman spectroscopy (SERS).

Electrochemical sensing with GO involves measuring changes in electrical
signals when target molecules interact with the GO surface. While this method is
highly sensitive and allows real-time detection, it requires complex instrumentation
and is susceptible to interference from other ions in the environment [25].
Fluorescence-based sensing utilises GO's ability to quench fluorescence when target
molecules bind to its surface. Although effective, this method can suffer from
photobleaching, which reduces the signal over time [26]. Surface-enhanced Raman
spectroscopy (SERS) provides molecular-level information and is highly sensitive,

but it can be expensive and requires sophisticated equipment [27].

Sensing using UV-visible spectroscopy offers a simpler, cost-effective
approach by monitoring changes in light absorbance of GO-based materials upon
interaction with specific analytes [28]. UV-visible spectroscopy has been employed
to detect various ions such as Fe*" [29], Cu?*", Pb*, and Cd*[30], as well as
biomolecules including hemoglobin, beta-nicotinamide adenine dinucleotide (NAD),
flavin adenine dinucleotide (FAD), elastin, collagen, cytochrome c, tryptophan, DNA
[31], and numerous other chemical species [32,33]. When GO-based composites,
particularly those with metal nanoparticles like gold (rGO-Au), are employed for UV-
visible based detection, surface plasmon resonance (SPR) can be exploited for

enhanced sensitivity [34].
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1.5 Motivation
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Figurel.1: Outline of the importance of modifying GO

Graphene oxide (GO) is a revolutionary material that has garnered immense
interest due to its remarkable properties, such as a large surface area, rich functional
groups, mechanical strength, and high chemical reactivity. These features make GO
an excellent candidate for various applications, including sensing, adsorption, and
thermal management. However, despite these advantages, pristine GO suffers from
several limitations. For instance, GO can be prone to agglomeration, has limited
stability under certain conditions, and its functionality is constrained by the uneven
distribution of oxygen-containing groups. These limitations create a barrier to fully

utilising GO's potential in advanced applications.

One promising solution to overcome these drawbacks is through the
modification of GO, a process that can tune and enhance its functionality. As depicted
in the Figurel.l, modifying GO prevents agglomeration, enhances thermal and

chemical stability, increases surface area, and improves hydrophilicity. This leads to
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the creation of GO composites with tailored properties for specific applications. For
example, modified GO improves sensing capabilities, adsorption capacity, and
mechanical strength, allowing for more versatile and high-performance materials. By
controlling the distribution of functional groups or integrating GO into 3D structures
like sponges, the material's functionality can be precisely adjusted to meet the

demands of real-world applications.

The motivation for this research lies in addressing the gap in current GO
applications, particularly the need to fine-tune GO's properties to meet specific
functional requirements. Current studies have not fully explored the potential of
modified GO for advanced applications like environmental remediation, energy
storage, and biomedical sensing. By systematically modifying GO, we can unlock its

full potential and contribute significantly to these fields.

As famed material scientist Richard Feynman once said, "There's plenty of
room at the bottom," highlighting the endless possibilities at the nanoscale. Modifying
GO opens up new horizons for material scientists, offering a pathway to innovate and
address critical global challenges. This research seeks to push the boundaries of what
GO can achieve, making it an ideal focus for anyone passionate about advancing

nanomaterials and their applications.
1.6 Objectives of the thesis
The primary objectives of this thesis are as follows:

o Explore enhancement of adsorptive and sensing applications of graphene

oxide utilising oxygen functional groups.

o Expand the role of graphene oxide-based nanocomposites as an

environmental remediation agent and chemical sensing element

o Explore the impact of a special layout of graphene oxide aided by 3D matrix

on its adsorptive properties.
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This thesis aims to systematically enhance the functionality of graphene oxide
(GO) by optimising its oxygen functional groups to improve its adsorption-driven
applications. By precisely controlling the type, amount, and distribution of these
groups, the study seeks to augment GO's efficiency for specific purposes, such as dye
removal and oil-water separation. Additionally, the work emphasises the development
of GO-based nanocomposites, showcasing their potential in environmental
remediation, including pollutant adsorption in saline and aqueous systems, and their
application in chemical sensing due to their improved physicochemical properties.
Furthermore, the research explores the incorporation of GO into a three-dimensional
matrix, such as a melamine sponge, to investigate how the spatial arrangement of GO
enhances its adsorption capabilities, accessibility to active sites, and overall

performance in multifunctional applications.
1.7 Organisation of the Thesis

The thesis is structured into nine chapters. The first chapter serves as an
introduction to the thesis, while the second chapter details the methods and
experimental techniques, including the characterization methods and synthesis
procedures utilized in this work. The core of the thesis comprises five dedicated
chapters, each focusing on a unique approach to modifying graphene oxide (GO) to

enhance its functionality for adsorption and sensing applications.
Chapter 3: Graphene Oxide Modification Using NaOH Treatment

The first chapter focuses on modifying graphene oxide using NaOH treatment.
This method alters the oxygen-containing functional groups in GO, which plays a
critical role in its reduction process and properties. The study examines how varying
pH levels influence these modifications, setting the foundation for further applications
in adsorption. This chapter also explains the threshold value of NaOH for it to act as

a reducing agent for GO.

18



Introduction

Chapter 4: Graphene Oxide Modification using Activated Carbon - Composite

Formation

Graphene oxide-activated carbon composite is synthesised in simple means
without any linker molecules and is studied for its adsorption capability, particularly
for the removal of dyes such as methylene blue, rhodamine B, a mixture of dyes, and

antibiotics from aqueous solutions.

Chapter 5: Graphene Oxide Modification using Gold Nanoparticles —

Composite Formation

The rGO-Au composite is evaluated for its potential in uric acid sensing. The
chapter highlights the enhanced sensing properties of the composite compared to GO

or gold nanoparticles alone.
Chapter 6: Graphene Oxide Modification Through Time-Varying Reactions

The third chapter focuses on the effect of synthesis time variations on
graphene oxide. GO is synthesised with different reaction durations, and the resulting

materials are studied for adsorption and sensing applications:

e Adsorption: Methylene Blue and naphthalene are used as model pollutants to

study adsorption efficiency.

o Ascorbic Acid Sensing: The GO synthesised under varying reaction times is
further evaluated for its potential in ascorbic acid detection, providing insights

into the impact of synthesis conditions on the material's performance.
Chapter 7: Graphene Oxide Modification Using Melamine Sponge

The final chapter presents the integration of graphene oxide with a melamine
sponge to form a 3D composite structure. This composite is investigated for its dual

functionality:

e Adsorption: Methylene Blue dye is used to test the adsorption capacity of the

composite.
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e Oil-Water Separation: The sponge-based GO structure is evaluated for its

efficiency in separating oil from water in fresh water and saline water, addressing

an important environmental application.

This systematic organisation reflects the progression of modifying graphene

oxide through various techniques and composites to optimise its use in environmental

and sensing applications.

Chapter 8: Conclusion

This chapter encapsulate the concluding remarks and provide a comprehensive

summary of the key findings from the thesis work.

Chapter 9: Recommendations

The final chapter propose future directions for further exploration in this field

and offer recommendations for advancing the practical applications of graphene

oxide-based materials. These insights aim to bridge existing research gaps and inspire

innovative approaches for enhancing the functionality of graphene oxide in diverse

domains.
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CHAPTER 2

METHODS AND EXPERIMENTAL
TECHNIQUES

This chapter provides an in-depth discussion of the synthesis of graphene
oxide. The chapter also encompasses a concise overview of various experimental
techniques employed for the structural, morphological and optical characterisation of

the materials.
2.1 Synthesis of Graphene Oxide

In this thesis, we employed one of the most reputed chemical methods, the
Hummers' method [1], to synthesise graphene oxide. This method involves the
oxidation of graphite using strong chemical oxidants, including NaNO3, KMnQOs, and
H>S04, to produce graphite oxide. The Hummers' method is widely recognised as an
efficient and dependable approach for producing large quantities of graphite oxide,

making it a preferred choice in laboratory research.

2 g of graphite powder and 1 g of sodium nitrate were mixed with 96 ml of
concentrated sulphuric acid. The mixture was kept in an ice bath under vigorous
stirring. 6 g of potassium permanganate was gradually added to this mixture. After
removing the ice bath, the mixture was stirred at room temperature for 18 hours. As
the reaction extended, the mixture turned out to be pasty and had a brownish colour.
Thereafter, 150 ml of distilled water was slowly added to the paste. After further
dilution with 240 ml of water, Sml of 30% hydrogen peroxide was added to the
mixture. Then, the colour of the diluted solution changes to brilliant yellow along with
bubbling. After continuous stirring for 2 hours, the mixture was filtered and washed
with 10% aqueous HCI solution, water and ethanol. The resulting thick liquid is well-

sonicated and dried to obtain graphene oxide (GO).
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2.2. Materials and Methods Used

2.2.1. Materials Used

Methods and Experimental Techniques

Table 2.1. The materials used in the thesis.

SI. No.  Name of Chemicals Purity and manufacturer
1. Graphite flake 99.8%, Alfa Aesar
2. Potassium permanganate 98.5%, Emplura, Merck
3. Sodium nitrate 99%, Avra
4, Hydrogen peroxide 35 % w/w aq. solution, Alfa Aesar
5. Conc. sulphuric acid 98%, Merck
6. Con. hydrochloric acid 35% Qualigen
7. Sodium hydroxide 98% Qualigen
8. Activated Carbon Avra
9. Methylene blue dye Spectrochem
10.  Rhodamine B dye Alfa Aesar
11.  Congo Red dye Spectrochem
12.  L-Ascorbic acid 99% Emplura, Merck
13.  Tetrachloro auric acid 49%, Spectrochem
14.  Trisodium citrate dihydrate 99%, Spectrochem
15.  Ferric chloride 96% Emplura, Merck
16.  Potassium ferricyanide 98% SRL
17.  Uric acid 99% Nice chemicals

2.3 Experimental techniques

In material science,

the characterisation of materials

is crucial to

understanding their structural, morphological, thermal, optical, and chemical

properties. Graphene oxide (GO) and its derivatives have garnered significant

attention due to their exceptional properties, which are dependent on their synthesis

methods. This chapter provides an overview of the characterisation techniques

employed to analyse graphene oxide and its composites, focusing on their application

to study the modifications introduced during the research. The chosen methods are

instrumental in establishing a correlation between structural attributes and functional

performance in adsorption and sensing applications.
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2.3.1 X-Ray Diffraction Analysis

The atomic molecular structure of crystalline materials can be determined by
an effective technique called X-ray diffraction (XRD) experiments. This involves
exposing a crystalline sample to X-rays to study the atomic structure of crystal lattice
interiors and how X-rays diffract. Chemistry, materials science, geology, and solid-

state physics are just a few of the disciplines that extensively use XRD [2][3].

Theory of X-ray diffraction

atomic
plane

/- & ““~B— )

dsin® /

Figure 2.1 Diagram of X-ray diffraction at the lattices. The diagram adapted
from [4]

XRD is based on the principle of Bragg's law, which states that when X-rays strike a
crystal lattice, due to X-ray waves constructively scattered by atomic planes in the
lattice, they will reflect at specific angles somehow. Braggs law can be expressed

mathematically as follows [5]:
nA = 2dsin(0) 2.1
Where:
o nis the order of the diffraction peak
e A is the wavelength of the incident X-ray
o dis the spacing between crystal lattice planes

o 0 is the angle of incidence between the incident X-ray and the lattice plane
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X-rays interact with the electron clouds of the atoms in the crystal lattice when
they impinge on a crystalline substance. The crystal lattice planes scatter the X-rays,
and constructive interference takes place when the requirements of Bragg's Law are
satisfied for a specific set of crystal planes [5]. The material's crystal structure,
including the locations of the atoms within the unit cell, can be ascertained by

measuring the angles and intensities of the diffracted X-rays [6][7].
Instrumentation:

The following elements are frequently found in XRD instrumentation

[31[8][9]:

J X-ray sources: High-energy X-ray sources, such as sealed tubes or
spinning anode generators, are used by XRD instruments. These sources

emit X-rays with a specific wavelength, typically 0.1 to 2.5 angstroms.

J Monochromator: Wind-blown X-rays have different wavelengths. A
monochromator is used to select a specific wavelength, increasing the size
of the diffraction patterns. Single crystals enriched with graphite and other

materials are used to diffract, and specific X-ray wavelengths are selected.

J Sample holder: A sample holder is attached to a mirror-shaped sample,
allowing for precise rotation and orientation adjustment. The sample

holder can be rotated to different angles to collect diffraction data.

J Goniometer: The goniometer is a mechanical device that holds the sample
holder and allows for precise rotation and rotation. This allows for accurate

control of incidence and lateral distortion.

J Detection: Scattered X-rays are captured by X-ray detectors such as
scintillation counters or solid-state detectors. These detectors record the

intensity of diffracted X-rays as a function of diffraction angle.

J Data Collection Systems: Modern XRD machines often use state-of-the-

art data collection systems that digitally interpret information from
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diffraction patterns. These systems allow for rapid data collection and

analysis.

J Computer software: Computer software is used to verify the crystal
structure, and a variety of software programs are employed to analyse the
data gathered. These methods take the diffraction pattern and apply
statistics and Fourier transformation to create a three-dimensional electron
density map. From there, atomic locations inside the crystal lattice can be

ascertained.

Figure 2.2 Image showing different components of the XRD machine. The image is
adapted from [13].

Applications of XRD

X-ray diffraction (XRD) has a huge range of applications throughout

numerous medical and industrial fields. Here are some splendid utilities of XRD

. Material Characterisation ! : The crystal structure and segment
composition of materials are frequently studied using XRD. It aids in finding
various crystalline stages, comparing their purity, and revealing lattice
characteristics. Chemistry, geology, and substances technology all depend on

this.

. Pharmaceuticals 'l ; X-ray diffraction (XRD) is used to analyse the crystal

structures of therapeutic compounds. This leads to a better understanding of
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medication polymorphism, which affects medication stability, solubility, and

bioavailability.

Mineralogy and Geology 2! : XRD is crucial for identifying and determining
minerals' crystal structures. It encourages geological research, resource

exploration, and the study of Earth's dynamics.

Crystallography 31 : X-ray diffraction (XRD) is the fundamental technique
in crystallography that identifies atomic and molecule structures. It is essential

to understanding the arrangement of atoms in complex molecules.

Thin Films and Coatings '*1 : The semiconductor and optical sectors use
thin films and coatings, which XRD aids in characterising. It gives details

about the texture, orientation of crystals, and thickness of the coating.

Catalyst Research 'l : By examining changes in the crystal structures of
catalysts during chemical reactions, XRD is used to investigate catalysts and

their activity. It facilitates comprehension of catalytic processes.

Archaeology and Art Conservation 9 : In the fields of archacology and art
conservation, XRD is used to examine historical objects and artworks to

ascertain their age, composition, and preservation requirements.

Nanomaterials '] : The size, crystallinity, and structure of nanoparticles and
nanomaterials can be determined with the aid of X-ray diffraction (XRD),

which is essential for modifying their characteristics.
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Figure 2.3 Image of X-ray diffractometer at Department of Physics, University of
Calicut.

Figure 2.4 Image of X-ray diffractometer at CSIF, University of Calicut.

We used a Rigaku Miniflex600 X-ray diffractometer with Cu-Ka radiation
(1.5406 A) in 6/20 mode with a step size of 0.005° and scan speed of 4 degrees/minute
from department of physics, University of Calicut and X’pert? Powder, Floor
Standing Multi-Purpose X-ray Diffractometer from CSIF, Calicut University for

investigations in this thesis.
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Information from XRD

An abundance of information regarding the crystallographic structure of
materials can be found in X-ray Diffraction (XRD) patterns. By comparing the
positions and intensities of the diffraction peaks to established crystal structures, an
analysis of these patterns can identify the phases that are present in a sample [3][8].
Furthermore, information on the crystal structure, including symmetry and lattice
characteristics, can be ascertained. Peak broadening in XRD allows one to assess the
size of the crystallites and whether microstrain exists in the crystal lattice. It is also
possible to infer information about the preferred orientation or texture in
polycrystalline samples. The method makes quantitative phase analysis easier and
sheds light on the relative abundances of various phases. Broad humps, which are
indicative of amorphous or weakly crystalline phases, can be found in XRD
patterns. Additional topics that can be investigated by careful examination of XRD
data include stress analysis inside the crystal lattice, temperature-dependent
investigations, assessment of particle size in nanomaterials, measurement of thin
film thickness, and identification of defects and dislocations [9][18][19].
Complementary techniques may be employed to thoroughly understand material

properties and crystallographic expertise is frequently required for interpretation.
2.3.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique for studying
vibrational, rotational, and other low-frequency molecule modes. It provides

illuminating data on molecular structure, relationships, and composition of chemicals.

The foundation of Raman spectroscopy is the Raman scattering phenomenon,
which occurs when monochromatic light—typically from a laser—interacts with a
sample and causes frequency shifts in the scattered light due to molecular
vibrations.[20][21] The majority of light falling on a transparent sample in a Raman
experiment will transmit; the remaining portion of light will scatter in two ways: either
as Raman scattering (inelastic scattering) or as Rayleigh (elastic scattering)[22].
Generally speaking, Stokes lines—comparatively more intense than Anti-Stocks

lines—form the Raman spectrum [23]. Light that has been inelastically dispersed is
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gathered and plotted as a Raman spectrum. The intensity of inelastically scattered light
as a function of wave number makes up the spectrum. One of the crucial variables in
the Raman spectrum is the wave number shift or dv. The difference in wave number
between the radiations measured and the radiation from the source is known as the

Raman shift [21].
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Figure 2.5 Schematic representation of the origin of Raman lines - adapted from [23]

In order to identify chemical compounds and investigate molecular
interactions, information on the vibrational modes of the sample's molecules can be

obtained from the energy shifts in the scattered light—-Raman shift [24].
Instrumentation

The following elements are commonly found in the Raman spectrometer

[21,25-28]:

1. Laser Source: The sample is illuminated using a monochromatic, coherent
light source, usually a laser. Gas, diode, and solid-state lasers (such as

Nd:YAGQG) are frequently utilised types of lasers.

2. Sample Interaction Region: The laser light interacts with the sample in a
predetermined area. The molecular vibrations of the sample control the

intensity of the dispersed light.
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Monochromator or Filters: A monochromator or filters are utilised to
separate the excitation laser line from the Raman scattered light. This keeps
the laser light from interfering, and only the Raman-shifted frequencies can

reach the detector.

Detector: The scattered light spectrum is recorded by a sensitive detector,
such as a charge-coupled device (CCD) or photomultiplier tube (PMT). The
energy shifts (also known as Raman shifts) in this spectrum indicate the

sample's vibrational modes.

Spectrometer: A Raman spectrum can be produced by dividing the Raman-

scattered light into various wavelengths using a spectrometer.

Sample Stage: A sample stage or holder enables exact sample positioning and

manipulation during analysis.

Optical Components: The laser light is focused and directed onto the sample
using mirrors, lenses, and beam splitters. The scattered light is then collected

for examination.

Data Analysis Software: Sample identification and structural analysis are
made possible by employing specialised software to analyse the Raman

spectrum and detect distinctive peaks that correspond to molecule vibrations.
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Figure 2.6 Schematic of a micro-Raman spectrometer [29]
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Raman spectroscopy's capacity to offer insightful details on molecular
vibrations and the structural properties of materials makes it useful in a wide range of

scientific domains. Raman spectra are often used for the following purposes:

1. Chemical Identification 1*): Raman spectroscopy is a non-destructive
technique to identify and characterise chemical substances. It is conducive to

differentiating between various organic and inorganic chemical kinds.

2. Pharmaceutical Analysis B!l: Raman spectroscopy is used in the
pharmaceutical industry to analyse drug formulations, spot fake medications,

and monitor the crystalline structure of pharmaceutical components.

3. Materials Science 1*2I: Polymers, nanomaterials, and ceramics are among the
materials whose characteristics are studied by researchers using Raman
spectroscopy. It is helpful for researching flaws, phase transitions, and

characterising structural changes in materials.

4. Geological Analysis 33: Geologists use Raman spectroscopy to identify and
categorise minerals and geological samples. It can shed light on rocks and

minerals' structural characteristics and composition.

5. Biomedical Research 13¥: Raman spectroscopy can be used to examine
biological materials, such as tissues and cells. It can support biomolecular

interaction analysis, cancer diagnosis, and cellular change monitoring.

6. Environmental Analysis 1351: Raman spectroscopy is utilised in ecological
monitoring, including soil composition analysis, atmospheric gas research,

and pollution detection in air and water.

7. Forensic Science *¢l: To help solve crimes, forensic scientists use Raman
spectroscopy to analyse traces of evidence, such as narcotics, explosives, and

fibres.

8. Conservation of Art and Cultural Heritage 37: Raman spectroscopy helps

art historians and conservators analyse the materials, pigments, and dyes used
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in artworks and cultural artefacts. It supports efforts at restoration and

preservation.

Figure 2.7 Image of Raman Spectrometer used. (photo of the micro-Raman set up at
the Department of Physics, University of Calicut).

JASCO nrs 4500 Spectrometer was used for performing Raman measurements
with 2sec exposure and accumulation 40 under a 532 nm laser source throughout the

thesis work.
2.3.3 UV-visible Spectrophotometer

UV-visible spectroscopy is a basic analytical method that measures the
amount of ultraviolet (UV) and visible light molecules absorbed by the sample. This
technique offers insightful information on the concentration, electrical structure, and

chemical characteristics of the materials being studied.

UV-visible spectroscopy measures the amount of light absorbed at particular
wavelengths by passing a UV or visible light beam through a material. The resulting
spectrum, sometimes referred to as an absorption spectrum, illustrates the connection
between the light's wavelength and level of absorption. Usually, it comprises peaks

and troughs representing the electrical changes happening within the molecules.
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Electrons are promoted from lower-energy (valence) orbitals to higher-energy

(conduction) orbitals during these transitions [38-39].

In several scientific domains, such as chemistry, biochemistry,
pharmaceuticals, and materials science, UV-visible spectroscopy is extensively
employed for chemical analysis, concentration measurement, and molecular property

research [40-41].

The basis of UV-visible spectroscopy is the observation that various molecules
absorb light at different wavelengths, namely in the visible and UV portions of the
electromagnetic spectrum, that fall between 190 and 900 nm. The resulting absorption

spectrum offers essential details regarding the molecules' electrical structures, such as

1. Concentration Determination 42I: The concentration of a particular analyte
in a sample is frequently ascertained using UV-visible spectroscopy. This is
accomplished by measuring the sample's absorbance at a certain wavelength

and comparing the results with the calibration curve.

2. Chemical Identification 1431: Chemical analysis and compound identification
can be aided by the distinctive absorption patterns in UV-visible spectra,
which can be used to determine the existence of particular functional groups

or chromophores in molecules.

3. Quantitative Analysis 1*4: UV-visible spectroscopy is used to quantitatively
study the concentration of analytes in various samples, such as liquids, gases,

and solids.

4. Kinetic Studies “31: By tracking variations in absorbance over time, it is
possible to get insights into reaction rates and mechanisms through the study

of reaction kinetics.

5. Quality Control 81: UV-visible spectroscopy is used in the pharmaceutical
industry, among other industries, to assess product quality and batch-to-batch

uniformity.
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6. Research on Biological and Biochemical Processes #7l: Understanding
biomolecules such as proteins, nucleic acids, and enzymes requires the use of
UV-visible spectroscopy. It is useful for researching enzyme kinetics,

estimating protein concentrations, and evaluating the purity of nucleic acids.

7. Environmental Analysis “8: To help with environmental monitoring and
regulatory compliance, environmental scientists employ UV-visible
spectroscopy to identify and measure contaminants in samples of water, air,

and soil.

8. Material Characterisation [*l: UV-visible spectroscopy is used in materials
research to look at the electrical characteristics of materials, such as polymers,

semiconductors, and nanoparticles.

Generally speaking, UV-visible spectroscopy is a broad and flexible method
that offers crucial details regarding the electrical characteristics and concentrations of

molecules, making it a vital resource in both academic and commercial contexts.
Beer-Lambert Law

A foundational idea in the spectroscopy study is the Beer-Lambert Law,
sometimes referred to as Beer's Law or the Lambert-Beer Law. It explains the
connection between a solution's solute concentration and the amount of light it can
absorb. August Beer and Johann Lambert, two scientists who made separate

contributions to establishing the law, are honoured in the law's name.
Beer-Lambert Law can be expressed mathematically as follows:
A = gcl 2.2)
Where:
e A is the absorbance of the solution.

e ¢ (epsilon) is the molar absorptivity or molar extinction coefficient, a constant

characteristic of the substance being analysed.
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c is the concentration of the solute in the solution, usually expressed in moles

per liter (Molarity).

1 is the path length of the sample through which the light passes, typically

measured in centimeters.

According to the rule, a solution's absorbance is directly proportional to the

concentration of the absorbing species and the sample's path length. By measuring a

solute's absorbance at a certain wavelength, scientists can utilise this connection to

calculate the concentration of the solute in a solution, which is helpful in quantitative

analysis.

Instrumentation

The following elements are commonly found in UV-visible spectroscopy

instrumentation [50-58]:

Light Source: Deuterium Lamp (UV): Produces light with an ultraviolet
wavelength of 190-380 nm. Visible Tungsten lamp: This type of lamp emits
light between 380 and 750 nm.

Monochromator: A monochromator divides light into its distinct
wavelengths after it has passed through the sample. This separation can be

accomplished with a prism or diffraction grating.

Sample Holder: Since quartz is transparent in the ultraviolet spectrum, a
quartz cuvette is typically used for UV-visible spectroscopy. The cuvette is

filled with the sample solution and then put into the spectrophotometer.

Detectors: For measuring light intensity at various wavelengths,
photomultiplier tubes (PMTs) or photodiode array detectors are frequently
employed. The light signal is transformed by the detector into an electrical

signal, which is then processed by the device.
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o Amplifiers: The spectrophotometer's electronics amplify and process the
electrical signal from the detector. For additional investigation, the signal is

frequently digitalised.

e Data Output: Usually, a computer or built-in screen shows the results. The
absorption spectrum, which illustrates how the absorbance changes with

wavelength, could be included in the output.

e Wavelength Selector: This gives the user the option to select the precise light
wavelength that will pass through the sample. This is crucial for choosing the

right wavelength to analyse a certain molecule.

e Control Unit: The user can adjust parameters including wavelength, scan

speed, and other experimental settings using a unit that controls the apparatus.
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Figure2.8 Schematic diagram of instrumentation of double beam UV-visible
spectrometer. Adapted from [59].

Calibration Standard: The equipment is calibrated using calibration standards,
guaranteeing precise and trustworthy measurements. Solutions with established

concentrations of a reference substance are frequently employed as standards.

UV and Visible Region: The electromagnetic spectrum is divided into two separate
parts by UV-visible spectroscopy. The visible spectrum (400—800 nm) includes lower-
energy transitions that give rise to the colours we see, whereas the UV region (usually

190-400 nm) deals with higher-energy transitions involving electronic excitations.
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Baseline Correction: A baseline correction is frequently carried out to acquire
accurate spectra. To remove solvent interference, this entails measuring the
absorbance of a blank (solvent or reference solution) and subtracting it from the

absorbance of the sample.
Limitations of UV-Visible Spectra

Despite being a useful analytical instrument, UV-visible spectroscopy has
many intrinsic limitations. Its primary focus is on electronic transitions, which
restricts its capacity to give in-depth analysis of particular functional groups or
molecular structures. To absorb UV or visible light, compounds need to have
chromophores, which limits the use of the approach to molecules with certain
characteristics. The method may suffer with overlapping absorption bands, be
sensitive only to solvent absorption, and lack sensitivity for trace analysis.
Furthermore, UV-visible spectroscopy is not sensitive enough to distinguish minute
variations in molecule configurations or to provide detailed structural information. Its
limitations are further compounded by its sensitivity to temperature fluctuations and
the difficulties associated with analysing samples containing water. Notwithstanding
these limitations, UV-visible spectroscopy is still widely used in many different
domains, and for a more thorough investigation, researchers frequently combine it

with complementing techniques [60-63].
Mechanism of UV visible spectra

The mechanism behind UV-visible spectra revolves around the absorption of
electromagnetic radiation by molecules, specifically in the ultraviolet (UV) and
visible regions. Molecules capable of absorbing UV or visible light possess
chromophores, such as conjugated double bonds or aromatic rings, with & electrons
that can undergo electronic transitions. The selection rules govern the allowed
transitions, requiring a change in the molecule's dipole moment. When a molecule
absorbs light, its electrons are promoted from a lower energy level (ground state) to a
higher energy level (excited state). The energy difference between these states
corresponds to specific wavelengths of light. The resulting absorption spectrum

provides insights into the electronic structure and composition of the molecules, with
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peaks indicating different electronic transitions. Factors like molar absorptivity,
concentration, and path length influence the intensity of absorption, as described by
the Beer-Lambert Law. Overall, UV-visible spectroscopy offers a valuable tool for
studying molecular electronic transitions and understanding the characteristics of

absorbing species.

Figure 2.9 Image of UV-visible Spectrometer used. (at Laboratory for mesoscopic
sciences and devices, Department of Physics, University of Calicut).

We used JASCO V-550 spectrometer with wavelength ranging from 200 to 900 nm

in our analyses.
2.3.4 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a commonly used method for analysing
the thermal stability and decomposition behaviour of materials in chemistry, materials
science, and other scientific fields. It measures the weight change of a sample as a

function of temperature or time [64].

The basic design of a TGA device consists of a sample pan that is balanced
and heated at predetermined rates. There is a steady change in the sample's weight
with respect to time or temperature. The resulting thermogram provides information

about the thermal reactions occurring in the sample [65].
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Thermal degradation, phase transitions, and reactions can be detected through
TGA. The fundamental principle is based on the fact that as the temperature increases,
the sample undergoes physical and chemical changes, leading to weight loss or gain

[66].
Instrumentation

The instrumentation of a thermogravimetric analysis (TGA) apparatus consists
of several essential parts and features intended to provide accurate control and
measurements during thermal analysis. Typically, the following elements are included

in the extensive instrumentation [65-67]:

o Balance
The highly sensitive balance, or microbalance, is the central component of the
TGA apparatus. Throughout the experiment, this part measures the sample's

mass continually.

o Furnace
The sample must get controlled heating from the furnace. It is intended to
precisely reach and maintain a given temperature. Adjustable heating rates are
a common feature of modern TGA devices, enabling more flexible

investigations.

e Sample Holder
A key component of the TGA setup is the sample pan, which holds the
material being investigated. It needs to be composed of a substance that, at

varying temperatures, doesn't react with the sample.
e Gas Flow System

A gas flow system is built into TGA instruments to regulate the environment
surrounding the sample. Depending on the needs of the analysis, common
gases utilised include nitrogen, air, or other inert gases. This mechanism aids

in stopping unintended interactions with oxygen in the atmosphere.

o Temperature Control System
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Accurate temperature regulation is essential for TGA investigations. Modern
instruments make use of sophisticated temperature control systems, which
frequently include feedback mechanisms to precisely maintain the required

temperature.
o Data Acquisition System

Real-time measurement recording and analysis are made possible by the data
acquisition mechanism built into TGA devices. By gathering information on
the sample's weight variations in relation to temperature or time, this device

creates a thermogram.
o Software

Researchers may set up and manage the experiment's parameters, including
temperature ramp rates, gas flow rates, and other conditions, with the help of
user-friendly control software. It also makes data visualisation and analysis

easier.
Applications of TGA

There are numerous uses for thermogravimetric analysis (TGA) in both
scientific and industrial domains. The capacity of TGA to offer insightful details on
the composition, stability, and thermal characteristics of materials accounts for its

adaptability. Here are a few sophisticated uses for TGA:
o Determination of Decomposition Temperature 8!

TGA is frequently used to determine the temperature at which a material
experiences thermal decomposition. Understanding the temperature stability of

substances like polymers, medications, and chemical molecules depends on this.
o Evaluation of Thermal Stability [6]

The thermal stability of materials under various circumstances can be assessed
with the use of TGA. Researchers can identify the onset of thermal degradation

by examining the behavior of materials at high temperatures.
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o Inorganic Materials and Ceramics 7!

The thermal behavior of ceramics and inorganic materials is examined using TGA.
It facilitates comprehension of reactions, sintering, and phase changes that these

materials undergo.
o Characterisation of Polymers 1]

TGA is widely used in polymer characterisation. It offers details on the
decomposition behavior, composition, and thermal transitions of polymers, which

is crucial for product development and quality assurance.
o Pharmaceutical Applications (%!

In the pharmaceutical sector, TGA investigates the thermal characteristics of drugs
and pharmaceutical formulations. It assists in determining the temperature at
which medications deteriorate, providing vital details for formulation and storage

settings.
e Environmental Evaluation 73!

Environmental scientists use TGA to investigate the breakdown of organic and
inorganic substances in environmental samples. This knowledge is crucial for

understanding the fate of waste materials and pollutants.
e Quality Control in Materials Production 74

During material production, TGA is integral to quality control procedures, helping
manufacturers ensure materials meet specific thermal stability requirements and

identifying potential issues in production.
o Biofuels and Biomass Characterisation 5!

TGA analyses biomass and biofuels to determine their thermal degradation
profiles, which are essential for understanding combustion processes and

optimising energy output.

o Study of Reactive and Explosive Materials (7!
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The thermal behavior of reactive and explosive materials is investigated using
TGA. Understanding decomposition and ignition temperatures is vital for safety

evaluations and developing materials with controlled reactivity.
o Evaluation of Agricultural and Food Products [}

In the food industry, TGA examines the characteristics of agricultural goods,
providing insights into processes like lipid oxidation, dehydration, and

breakdown, which affect food safety and quality.

Figure 2.10 Image of TGA instrument at CSIF, University of Calicut.

We used the Perkin Elmer STA 8000 simultaneous thermal analyser to check
the thermal stability of the samples from the Central Sophisticated Instrumentation
Facility (CSIF) of the University of Calicut.

2.3.5 Brunauer-Emmett-Teller (BET) surface analysis

The Brunauer-Emmett-Teller (BET) analysis is a commonly used method for
finding the surface area of porous materials. The BET method, created in 1938 by
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller, has grown to be a widely
used technique for figuring out a solid's specific surface area, especially in chemistry,

materials science, and catalysis[78].
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The adsorption of gas molecules onto the surface of a solid material is the
foundation of the BET theory. The study is predicated on monolayer adsorption, in
which the energies of the following layers are higher, and the initial layer is
energetically favoured. The BET equation calculates the surface area by comparing
the amount of gas adsorbed at a specific pressure to the amount adsorbed at saturation

pressure [79-82].

The BET equation is given by:

(2.3)

where:
e P is the equilibrium pressure.
e Vs the quantity adsorbed at pressure P.
e Vp is the monolayer capacity.

e (s a constant related to the energy of multilayer adsorption.

Py is the saturation pressure.
Instrumentation

For performing Brunauer-Emmett-Teller (BET) analysis, specific equipment
meant to gauge gas adsorption onto a solid surface is required. The main elements and

capabilities of a typical BET instrument are described below [78-82]:
¢ Gas Adsorption Analyzer

The gas adsorption analyser is the central component of BET instrumentation.
Because of its vast range of applications and inert nature, nitrogen is a frequently used
gas. During the adsorption process, the instrument must give accurate control over the

temperature and pressure parameters.

e Sample Chamber
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The solid under inquiry is placed in the sample chamber. Proper dispersion of
the material—which is often in powder form—is necessary to guarantee precise
measurements. The analysis will take place in a stable atmosphere according to the

chamber's design.
e System of Degassing

The sample is frequently put through a degassing procedure to remove any
impurities or adsorbed gases before BET analysis. The degassing technique usually
entails heating the sample under a vacuum to guarantee that the sample is clean and

stable before the adsorption measurements begin.
e System for Controlling Pressure

To expose the sample to different pressures of the adsorbing gas, the
instrument needs a precise pressure control mechanism. In order to produce precise
adsorption isotherms, the pressure control system makes sure that the adsorption

process takes place under regulated circumstances.
e Detectors

To calculate the amount of gas adsorbed at equilibrium for various pressures,
detectors are necessary. Thermal conductivity detectors and electromechanical
devices are examples of frequently used detectors. Accurately detecting minute

variations in the amount of petrol is essential to getting trustworthy data.
e Temperature Control System

Since BET analysis is often carried out at various temperatures, a temperature
control system is required for the device. This permits temperature fluctuations during
the adsorption process, making it possible to identify the adsorption isotherms at

various temperatures.

e Data Acquisition System
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The data produced during the BET analysis must be recorded and analysed
using a sophisticated data gathering system. This technology makes it easier to
calculate specific surface area using the BET equation by gathering data on gas

adsorption as a function of temperature and pressure.
e Software for Data analysis

Typically, BET devices come with specialised software and a computer
interface. Using the BET equation to determine precise surface area values,
researchers may also do data analysis and alter the experimental parameters while

keeping an eye on the adsorption process in real-time — using a software interface.
e Vacuum system

A vacuum system is incorporated to guarantee appropriate sample degassing.
Before the actual adsorption measurements, it helps clear the sample surface of

impurities and adsorbed gases.
¢ Gas Handling System

The instrument has a gas handling system to introduce the adsorbing gas into
the sample chamber at specified pressures. Throughout the adsorption process, this

system ensures the atmosphere is constant and controlled.
e Sample Holder

The solid sample is intended to be accommodated by the sample holder, also
known as the cell. It must be able to preserve the homogeneity and integrity of the

sample during the adsorption procedure.
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Figure 2.11 Image of BET instrument at CSIF, University of Calicut.

Throughout this research, we used BELSORP-max, an automatic gas
adsorption measuring unit for all adsorption-desorption, surface area and porosity
measurements from the Central Sophisticated Instrumentation Facility (CSIF) of the

University of Calicut.
2.3.6 Scanning electron microscope (SEM)

High-resolution images and comprehensive surface data about samples can be
obtained using the incredibly flexible scanning electron microscopy technique. It is a
kind of electron microscopy that, in contrast to optical microscopy, creates images
with far higher resolution by scanning a specimen's surface with a concentrated
electron beam. A SEM instrument's resolution might be as little as one nanometer or

as high as several [83-84].

A focussed stream of electrons is projected and scanned across a sample's
surface using a scanning electron microscope (SEM), which uses specialised detectors
to gather the various signals that are produced. The interaction between the electrons
in the beam and the atoms in the sample results in a variety of signals that can be
utilised to determine the composition and topography of the surface. Real-time images

can be shown on an external monitor with software that links the position of the beam
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with the intensity of electrons detected by the detector(s). The two most popular types
of detectors utilised for high-resolution imaging in a scanning electron microscope
(SEM) are the secondary electron detector (SED) and the backscattered electron
detector (BSD). Energy dispersive X-ray spectroscopy (EDS) detectors provide

access to microanalysis of the surface composition [84].

SEM can be used for direct analysis of a broad variety of solid materials.
Specialised imaging techniques like low-vacuum or low-kV imaging are frequently
needed for biological materials and insulating samples to lessen surface charge and
beam damage. To reduce charge, insulating samples can have a small layer of gold or

platinum sputter coated on them.

Instrumentation
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Figure 2.12: Schematic of a scanning electron microscope adapted from [85]
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The main components of SEM include [86]:
1. Electron source (gun)
2. Condenser lenses
3. Objective lens
4. X-Y scan coils & scan generator
5. Detectors
6. Sample stage
7. Computer and display to view the images
8. [External vacuum pump(s)
Electron source (gun)

A scanning electron microscope's (SEM) electron source is an essential
component since it has a big impact on the instrument's analytical capabilities. This
component, often known as the "electron gun," must produce a steady, brilliant stream
of electrons that the column's lenses may defocus onto the sample. Tungsten
filaments, solid-state hexaboride crystals, and field emission guns are the three most

common types of electron emitters used in SEMs.
o Tungsten (W) Filament

Tungsten Filament is made of a 100 um-long tungsten wire with an inverted
V form that is heated resistively to release electrons. This is the most basic sort of
electron source, designed for the first generation of electron microscopes. Due to its
low cost, it continues to be the most widely used form of electron source today.
Because of its comparatively broad emission area, tungsten hairpins have the lowest
resolution available. The tungsten eventually evaporates over time due to the
extraordinarily high temperatures (~2800 K) at which they work, resulting in column
pollution. This also means that tungsten filaments are vulnerable to sudden burnout

after around 100 hours of beam-on operation. Due to their sensitivity to temperature
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changes, SEM systems with tungsten sources also need regular beam stigmation and

alignment adjustments.
e Lanthanum Hexaboride (LLaB6) or Cerium Hexaboride (CeB6)

The sources employ a precisely polished LaB6 or CeB6 crystal with a sharp
tip for thermionic emission. Because hexaboride crystals have a smaller work function
than tungsten, they can emit 10 times as many electrons at any accelerating voltage,
resulting in a brighter emission. These sources are well-liked for high-performance
SEM instruments because of their high brightness characteristic. Improved signal-to-
noise and improved resolution are two of their main benefits. They have a working
lifetime that is ten to fifteen times longer and requires less regular stigmation
adjustment due to their substantially higher level of stability as compared to tungsten.
Furthermore, these sources do not burn out but gradually deteriorate over time,
enabling planned source modifications. CeB6 sources have a longer lifespan because

they are more evaporation-resistant than LaB6 sources.
¢ Field emission gun

The FEG source is a tungsten wire with an extremely sharp tip (less than 100
nm) that generates the electron beam using field electron emission. By applying an
electric field to the tip to extract the electrons and using a second field to accelerate
them down the column, the process is known as electron tunnelling. In SEM, Schottky
FEGs are commonly employed. These sources are thermionic emitters helped by the
field. The highest resolutions can be achieved because FEG sources generate electron

beams with maximum brightness and coherence.
Lenses

In a SEM, the electron beam is manipulated by electromagnetic lenses. The
lens is made from a copper wire solenoid. The applied magnetic field strength depends
on the current flowing through the solenoid. A beam crossover forms at a certain
distance from the lens as a result of off-axis electrons being bent towards the optic

axis when they travel through this magnetic field.
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Reducing the diameter of the principal beam that the electron source emits is the
fundamental function of a condenser lens. The electron beam is focused as it travels
down the column from the source by a sequence of condenser lenses. A condenser
aperture can be employed to further lower the beam diameter and keep off-axis
electrons out of the system. The phrase "spot size" refers to the smaller the spot the

beam will have when it contacts the surface, the narrower it is.

The working distance and probe size are determined by focusing the beam
onto the sample surface using the objective lens, which is always the last lens in the
column. Optimising the spatial resolution requires careful adjustment of the objective
lens and objective aperture. Longer working distances (small o)) correlate to a bigger
depth of field and lower spatial resolution than shorter working distances (large o )

because of variations in beam convergence angle (o).
Scanning coils

Scanning coils deflect the beam in the X and Y axes once it has been focused,
allowing it to scan sterically across the sample's surface. Real-time image viewing is
possible by synchronising the scanning coils with the software that operates the

detectors and displays the image on an external monitor.
Sample chamber

Samples are mounted and put into an evacuated chamber. A translation stage,
tilt and rotation mechanisms, electrical feed-throughs to external devices,
temperature-control stages for cryogenic heating or cooling, optical cameras, and a
host of additional tools to aid in sample analysis can all be found in the sample

chamber.
Detectors [87]

When an electron beam interacts with a sample, several things happen in a
scanning electron microscope (SEM). Typically, distinct detectors are required to

differentiate between typical X-rays, backscattered electrons, and secondary
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electrons. The signals have varying penetration depths depending on the accelerating

voltage and sample density.
o Backscattered electron detector (BSD)

Electrons that are elastically scattered are picked up by a backscattered
electron detector (BSD). These electrons come from below the sample's surface and
have a higher energy. As a result, when compared to a picture obtained using a SED,
the resolution of a BSD image will be lower. Lower vacuum levels enable less sample
preparation work and lessen the chance of beam damage when using a BSD. A solid-
state sensor is the component of the most prevalent kind of BSD. In the semiconductor
sensor material, incident electrons pair to produce electron-hole pairs, producing a
current proportional to the backscatter electron yield. Above the sample, a four-
quadrant BSD is arranged in an annulus around the optic axis. Topographic and
elemental contrast (composition) imaging modes are made possible by this
architecture, which also provides unique signals in each quadrant and enables the

acquisition of many backscatter electrons.
e Secondary electron detector (SED)

For scanning electron microscopy, a secondary electron detector (SED)
provides images with a resolution that is not reliant on the material. SED images offer
the highest resolution topographical information and enable visualisation of the
inelastically scattered electrons generated near the sample surface. SED image data

does not provide information on the composition of the substance.

An Everhart-Thornley (E-T) detector finds secondary electrons. The ET
detector is positioned above the sample to one side and consists of a scintillator inside
a Faraday cage. The Faraday cage receives a positive bias to draw low-energy
electrons, which a scintillator converts into light (photons). The final signal is then

obtained by amplifying the photon signals with a photomultiplier tube.
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Working of SEM [88-91]

The electron gun produces electrons at the top of the column, which are then
accelerated through it at a predetermined accelerating voltage (1 keV — 30 keV).
Apertures and condenser lenses work together to decrease the beam diameter. The
objective lens, which focuses the beam on the sample surface, is the last lens in the
column. Depending on the kind of electron cannon, accelerating voltage, and lens
arrangement, the beam diameter in a scanning electron microscope (SEM) can vary

from less than one nanometer to twenty nanometers.

The sample is set up on a stage within the chamber, and a number of pumps
are used to keep the chamber and column vacuum. The microscope's design will
determine the vacuum level. Variable pumping is a feature of certain microscopes that
enables low-vacuum imaging by maintaining the sample chamber at a lower vacuum

level than the remainder of the column.

Scan coils above the objective lens regulate where the electron beam lands on
the sample. These coils make X-Y plane beam scanning of the sample's surface
possible. When the scanned beam hits the sample, it produces a range of signals,
including backscattered electrons, secondary electrons, and distinctive X-rays. Then,

the proper detectors pick up on these signals.

Pixel by pixel, a grayscale image can be viewed in real-time by using the scan
generator and an external computer with specialised software to synchronise the
information obtained by the detector (beam's X, Y position at each time interval) with
the scan generator's intensity readings. The signal-to-noise ratio can be adjusted based
on how long the electron beam dwells at each X,Y point. The magnification depends
on the scanned region's size; smaller scanned areas equate to greater magnifications.
Changing the pixels in a particular scan area is also possible, which may affect the

perceived resolution.

The morphology of the samples was investigated using Scanning Electron
Microscopy (ZEISS GEMINI SEM 300) from the Central Sophisticated
Instrumentation Facility (CSIF), University of Calicut, throughout the thesis.
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Figure 2.13: Image of FESEM at CSIF, University of Calicut

2.4.7 Dynamic Light Scattering Technique (DLS)

Dynamic Light Scattering (DLS) spectroscopy is a scientific method used to
measure the size of particles or molecules that are suspended in a liquid or solution.

It's like using a special light to see how big and tiny things are in a liquid [92].

DLS works by shining a laser beam into the liquid sample containing particles.
These particles scatter the laser light in different directions. By analysing how the
intensity of this scattered light changes over very short periods of time (milliseconds),
one can calculate the size of the particles. The bigger the particles, the slower the
intensity changes, and vice versa. This technique takes advantage of the Brownian
motion, which is the random movement of particles in a fluid, to determine particle

size [93].
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Instrumentation:

To perform DLS spectroscopy, scientists use a special instrument called a DLS

spectrometer or particle size analyser. This device includes [94,95]:
o Laser: A highly focused laser beam directed at the sample.
o Detector: Sensors that capture the scattered light at different angles.

o Computer: Software that analyses the data to calculate particle sizes based on

the intensity fluctuations of the scattered light.

Beam
Splitter

Laser Lens
ﬁ ‘: I, "— = ' ! i = - =
l’ i “

Cross Correlator

Figure2.14 Schematic diagram of instrumentation of DLS instrument. Adapted from

[96]

This method is incredibly useful because it provides precise information about

the size distribution of these particles without disturbing the sample too much.

One of the major benefits of DLS spectroscopy is its non-destructive nature.
This means that scientists can study the particles without altering them or needing to
prepare the sample extensively. They simply shine a laser into the liquid and observe
how the light scatters off the particles. This makes it ideal for studying delicate
substances like proteins or nanoparticles, where maintaining their integrity is crucial

for accurate analysis.
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Moreover, DLS spectroscopy is highly sensitive and versatile. It can detect
particles ranging from just a few nanometers to micrometres. This sensitivity allows
researchers to analyse very small particles that might be difficult to study using other
methods. The technique also provides rapid measurements with high precision,
making it invaluable in both research settings and industrial applications where quick

and accurate data is essential.

DLS spectroscopy plays a key role in research and development in various
fields such as biotechnology, nanotechnology, materials science, and environmental
monitoring. For example, in biotechnology and pharmaceutical industries, scientists
use DLS to understand the size and behavior of proteins and viruses in solutions,
which is critical for developing new drugs and vaccines. In nanotechnology, DLS
helps characterise nanoparticles for drug delivery, electronics, and -catalysis
applications. Additionally, environmental science aids in studying pollutants and

particles in natural waters, providing insights into environmental health.
Applications:
DLS spectroscopy has diverse applications across various scientific fields:

o Biotechnology and Pharmaceuticals °71: Measuring the size of proteins,

viruses, and other biomolecules in solution.
o Nanotechnology *8!: Characterising nanoparticles and their aggregates.

e Materials Science °: Analysing colloidal suspensions, polymers, and

surfactant systems.

o Environmental Science '%I: Studying pollutants and particles in natural

waters.

e Food and Beverage Industry ['°l: Monitoring emulsions and colloidal

stability.

59



Methods and Experimental Techniques

Figure 2.15 Image of DLS instrument at Department of Nanoscience and
nanotechnology, University of Calicut

2.3.8 Fourier transform Infrared spectroscopy (FTIR)

Fourier transform Infrared spectroscopy is a powerful analytical technique
widely used to identify and study chemical compounds and molecular structures based
on their vibrational modes. This technique exploits the interaction of infrared (IR)
radiation with matter, providing valuable insights into the molecular composition and

bonding environment of a sample. [102]

FTIR spectroscopy is based on the absorption of infrared radiation by
molecules, which excites their vibrational and rotational modes. The energy of IR
radiation corresponds to the vibrational energies of chemical bonds, making this
technique highly sensitive to functional groups and molecular environments. The key

regions of the IR spectrum are:

e Mid-IR region (4000-400 cm™): Most commonly used, as it contains

characteristic absorption bands for functional groups.

e Near-IR and Far-IR regions: Less frequently used but provide additional

information about overtone transitions and lattice vibrations, respectively.
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The absorption of IR radiation causes changes in the dipole moment of a molecule,
making polar bonds especially responsive to IR spectroscopy. Nonpolar bonds, while

less responsive, can also exhibit IR absorption if asymmetric vibrations occur.
Instrumentation
The primary components of an FTIR spectrometer include [103-104]:

1. IR Radiation Source: Typically a Globar (silicon carbide) or a Nernst

filament, which emits a broad spectrum of IR radiation.

2. Interferometer: The heart of the FTIR instrument, where a Michelson
interferometer modulates the IR radiation by splitting it into two beams using

a beam splitter. The recombined beams create an interference pattern.

3. Sample Holder: Samples can be analysed in various states—solid (e.g., using

KBr pellets), liquid (e.g., in liquid cells), or gaseous (e.g., in gas cells).

4. Detector: Commonly a deuterated triglycine sulfate (DTGS) detector or
mercury cadmium telluride (MCT) detector records the intensity of

transmitted or reflected IR radiation.

5. Computer System: Processes the raw interferogram using Fourier Transform

to convert it into a readable IR spectrum.
Working
The working of an FTIR spectrometer involves the following steps [102-104]:

1. Emission of IR Radiation: The source emits IR radiation covering a wide

range of wavelengths.

2. Interferogram Generation: The IR beam is split into two paths in the
interferometer. One path reflects off a stationary mirror, the other off a moving
mirror. When these beams recombine, they create an interferogram, a

composite signal containing all IR frequencies.
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Sample Interaction: The IR radiation passes through or reflects off the
sample, where specific wavelengths are absorbed based on molecular

vibrations.

Detection and Transformation: The detector captures the resulting signal,
and the computer applies Fourier Transform to generate an absorbance or

transmittance spectrum.

The FTIR spectrum is a plot of absorbance (or transmittance) versus

wavenumber (cm™). Key information includes:

Functional Group Identification: Peaks in characteristic regions reveal

specific functional groups, such as O-H, C-H, C=0O, and N-H.

Chemical Bonding and Environment: Shifts in peak positions and
intensities indicate variations in molecular interactions, such as hydrogen

bonding or conjugation.

Quantitative Analysis: Peak areas or heights can correlate with specific

components' concentration.

Structural Insights: Patterns of peaks in the fingerprint region (1500400

cm') are unique to individual compounds, aiding in precise identification.

Applications

1.

Material Characterisation %51
e Identifying polymers, composites, and advanced materials.

e Studying functional group modifications in graphene oxide (GO) and

reduced GO composites.

2. Chemical Analysis 1%

e Monitoring reaction progress and studying chemical mechanisms.

e Assessing purity and composition of pharmaceuticals and chemicals.
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3. Environmental Science 1071

e Detecting pollutants and studying adsorption mechanisms in water

treatment.
e Identifying contaminants in air, soil, and water samples.
4. Biological Studies %8l
e Analysing biomolecules, such as proteins, lipids, and carbohydrates.
e Investigating cellular structures and metabolic processes.
5. Forensic and Security Applications [1%1;
e Detecting explosives and illicit substances.

e Analysing paint, fibers, and other forensic evidence.

Figure 2.16 FTIR Spectrometer. Image adapted from [110]

We used the Agilent Cary 660 FTIR Spectrometer Central Sophisticated
Instrumentation Facility (CSIF) of the University of Calicut throughout this research

work.
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2.3.9 Laboratory equipment

For the synthesis process, various laboratory instruments and equipment were
utilised to ensure precise preparation and characterisation of the materials. The
following equipments at the Laboratory for Mesoscopic Sciences and Devices, Dept

of Physics, University of Calicut, were employed:

Magnetic Stirrer: IKA C-MAG HS4 Digital, manufactured by IKA, for

controlled and consistent stirring.

e Ultrasonic Cleaner: Frontline Ultrasonic Cleaner and GT Sonicator are used

for effective dispersion and mixing of materials.

e Ovens: Hot air oven and vacuum oven from Rotek are employed for drying

and thermal treatments.

o Centrifuge: REMI R8C, manufactured by REMI, for efficient separation of

materials during the synthesis process.

The use of these materials, methods, characterization techniques, and
laboratory instruments significantly contributed to achieving the improved results

presented in this thesis.
2.4 Adsorption [111-115]

Adsorption refers to the adhesion of particles onto a surface. To illustrate,
consider a sponge absorbing water. In this scenario, water molecules enter the sponge
and can be found both within its structure and adhering to its surface. If adsorption
were the dominant process, water molecules would solely accumulate on the surface
of the sponge without penetrating its interior. Here, the water molecules act as the

adsorbate, while the sponge serves as the adsorbent.
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The removal percentage in adsorption indicates how effectively an adsorbent removes

an adsorbate from a solution. It is calculated using the formula:
R% = =0 x 100 2.4)
0

The adsorption capacity in adsorption refers to the amount of adsorbate that
an adsorbent can hold or adsorb per unit weight of the adsorbent. It is a key parameter
for evaluating the efficiency of an adsorbent and is typically expressed in units such

as mg/g (milligrams of adsorbate per gram of adsorbent).

The equilibrium adsorption capacity (qe) is calculated using the formula:

qe =%y @.5)

w

where Cp and C; signify the initial concentration of adsorbate and at a definite time ¢,
respectively. w and V are the weight of the adsorbent and the volume of adsorbate

solution, respectively.
Adsorption Kinetics

The study of adsorption rate, including the mechanisms and variables
influencing the adsorption process over time, is known as adsorption kinetics.
Optimising adsorption processes for a variety of applications, such as environmental
remediation, gas separation, and catalysis, requires a thorough understanding of

adsorption kinetics. Based on experimental evidence, several kinetic models have
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been created to explain and forecast adsorption behaviour. Let's examine a few of the

popular kinetic models:
Pseudo-First-Order Kinetic model 1131141

This model assumes that the adsorption process follows a first-order kinetic
mechanism, but the actual rate may deviate from first-order kinetics due to external
factors. Here the rate of change of the adsorption capacity is proportional to the
concentration of active sites per unit mass of adsorbent material. The pseudo-first-

order rate equation can be written as:

dq;__ _
I_kl(qe qr) (2.6)

k
log (9.~¢q:) = logg. — 3:) ot 2.7)

where ¢, is the adsorption capacity at a specific time (¢), g. represents the equilibrium

adsorption capacity and ki is the pseudo-first-order rate constant.
Pseudo-Second-Order Kinetics [113-1141;

Similar to the pseudo-first-order model, the pseudo-second-order model
assumes that the adsorption process follows a second-order kinetic mechanism but
accounts for deviations from ideal behaviour. The rate of change of the concentration
of occupied active sites per unit mass of the adsorbent material is proportional to the
square of the concentration of free active sites per unit mass of sorbent. The rate

equation can be expressed as:

d
—r=kaqe—q)? (2.8)

t 1 1
— +—t 2.9
a: kg% q: (2.9)

where k> is the pseudo-second-order rate constant.
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Elovich Kinetic model [5!;

The Elovich model describes adsorption kinetics by considering the surface
heterogeneity and the presence of active sites on the adsorbent surface. It can be

expressed as:

dq; _ -Bqt
- = ae 1 (2.10)
1 1
q; = Eln(a[}) + Eln(t) (2.11)

where o and [ are the Elovich constants.
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CHAPTER 3

GRAPHENE OXIDE MODIFICATION
USING NaOH TREATMENT

Will the striucture
be Affectede?

Sodium Hydroxide (NaOH) is commonly used in the synthesis of rGO and its composites for tuning pH.
However, the impact of NaOH on the structural integrify and properties of graphene oxide (GO) remains
underexplored. If adverse effects occur, they could significantly alter GO's functionality. We aim to
investigate these potential effects, ensuring that unnoticed changes are thoroughly understood.

Scope of the chapter

* [Investigate the influence of varying NaOH concentrations on the reduction of
graphene oxide (GO) through systematic experimentation.

*  Determine the minimum NaOH amount required to effectively reduce GO,
establishing a threshold value.

*  Assess the significance of pH in the reduction process of GO.

Abstract

Prudent knowledge of the factors in the chemical synthesis of reduced graphene oxide (rGO)
can provide a considerable impetus for the precise repeatability needed for the technological
adoption of graphene nanocomposites. Sodium Hydroxide (NaOH) is a common ingredient
in the synthesis of rGO. This chapter presents a systematic study of the effect of NaOH
concentration on graphene oxide (GO). The threshold value, where NaOH starts acting as a
reducing agent, is proposed in the work. The finding was corroborated based on absorbance
maxima obtained from the UV -visible spectrum (m - m* transitions) and the peak intensity
ratio of Raman spectra. The results indicate that NaOH has a remarkable role in tuning the
functionality of graphene oxide. Furthermore, it is demonstrated that pH is not a critical
factor in GO reduction. All these findings are vital to the NaOH-based pH tuning and
industrial scaling of graphene-based nanocomposite synthesis.







Graphene Oxide Modification Using NaOH Treatment

3.1 Introduction

Reduced graphene oxide (rGO) is a form of graphene with few oxygen-
containing groups. The fewer the oxygen-containing groups, the more similar the rGO
to the graphene. rGO serves as a potential candidate for numerous technological
applications - such as chemical sensors [1], innovative electrodes [2], supercapacitors
[3], photovoltaics [4], biomedical components [5], water remediation [6], etc. At
times, rGO is superior to pristine graphene in applications. For example, Sviridova et
al. [7] reported that rGO-modified organic molecules could store more energy than
their graphene counterpart. Yi et al. found that the NO> sensing capabilities of rGO
are much better than graphene [8]. Recently, there has been a report that the rGO could
also tune the optical properties of perovskites. [9] rGO-based gas sensor achieved a
sensitivity of 27+2x107% per part per billion (ppb), which is much higher than that of
graphene [10]

The chemical synthesis of rGO, other than being a conventional method within
the Top-Down techniques, is a widely explored technique — especially for applications
requiring large quantities of cost-effective rGO. Here, graphite is oxidised to produce
GO using methods such as Hummer's [11], Brodie's [12], Stauden Maier's [13], and
others. There are various routes for the reduction of GO to synthesise rGO and
graphene. Within the chemical approach, Hydrazine hydrate [14], borohydride [15]
and Sodium hydroxide [16] are the widely used reducing agents for GO. However,
the former two reducing agents generate deformations in the carbon backbone of GO
[17] and also release toxic gases like borane. As per reports about the chemical
synthesis of rGO and rGO-nanocomposites, NaOH is used to tune the pH of the media

and make the reaction environment suitable for forming nanocomposites.

The chemical route is promising for industrially scalable synthesis of rGO and
graphene. We frequently notice discrepancies in characteristic properties reported on
chemically synthesised rGO within the available literature. For example, the XRD 26
value of rGO prepared using NaBH4 as a reducing agent shows variation from 21 to
25 degrees, and the peak position of UV-visible spectra of these rGO varies from 233
to 268 nm. [18], [19], [20]. The Raman peaks of hydrazine-reduced samples ranged
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from 1331 to 1352cm’! for the D-band and 1585 to 1592 cm™ for the G-band. [21],
[14]. Therefore, it is essential to understand the effect of all the chemical ingredients
for the precise repeatability of the characteristics valid for technological applications.
There have been some noteworthy attempts to study the impact of NaOH on rGO
synthesis— for example, the theoretical investigations by Chen et al. 2014 [22] need

special mention.

In this chapter, we systematically explore the effect of NaOH on the synthesis
of GO from GO. Our findings give an insight into the molecular architecture of GO
when treated with NaOH, including the intermediate stages in the journey. We have
also formulated a mass threshold ratio of NaOH required to acquire the GO reduction.
The obtained results are corroborated with micro-Raman and UV-visible

spectroscopic analysis.
3.2 Experimental details
Synthesis

Graphite oxide was prepared using the Hummers method [9], as detailed in
section 2.1. The resultant product, graphite oxide, was exfoliated to graphene oxide

(GO) using an ultrasonic bath.

8g of NaOH pellets were dissolved in 100 ml of distilled water to prepare a
stock solution of 2M sodium hydroxide. The stock solution was introduced to GO in
steps of 0.05ml, and the resultant samples were named GNX - where X = 1 to 8 for
0.05 ml to 0.4 ml of NaOH. Samples were kept in an ultrasonic bath for 30 minutes

to ensure uniform dispersion.
3.3 Results and Discussion

Figure 3.1 shows the XRD plot of the GO sample coated (drop-casting
technique) onto a glass substrate. The prepared GO is a single phase. It's worth noting
that a minor peak around 20° can be attributed to the glass substrate. The obtained 26
value (10.776°) agrees with the reported values [23] [14] [24]. The interlayer spacing
calculated using Bragg's law is found to be 8.2A.
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Figure 3.1: XRD pattern of GO obtained via Hummer's method

Figure 3.2 shows the UV-visible spectra of all the as-prepared samples. The
peaks in the spectra were separated by curve fitting with the Gaussian model (Figure
3.3). The results propose that the UV-visible spectra of all our GO samples contain (i)
a major peak located near 230nm (designated as P230), which is assigned to the © - ©*
transition in the C=C bonding [14] and (ii) a shoulder peak near 300nm (P300),
attributed to n - * transition of the carbonyl groups (C=0) [25].

Absorbance (A.U)

200 300 400 500 600
Wavelength (nm)

Figure 3.2: UV plot of NaOH-treated samples. As told in the text, samples were
named GNX - where X = 1 to 8 for 0.05 ml to 0.4 ml of NaOH. The observed peak
at ~ 200cm™ - for samples beyond GN4 - suggests the presence of NaOH in the
samples. The NaOH peak intensity is maximum for GN8. The inset shows the
zoomed image of the UV plots in the wavelength range of 200 — 400 cm™. Peak
positions are listed in Table 3.1
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Table 3.1 Peak shift in UV-visible spectra with respect to NaOH addition

Amount of NaOH (ml) Peak Position of P230(nm)
0 226.79
0.05 227.61
0.1 230.00
0.15 232.92
0.2 23495
0.25 23495
0.3 236.08
0.35 237.24
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Figure 3.3: Fitted curves for UV-visible spectra for NaOH-treated GO samples. Peak
1 arises from the w-n* transitions of the C=C bond. The IR region influences peak 2,
while peak 3 corresponds to the n-n* transition of carbonyl groups (C=0), and Peak
4 is due to the presence of NaOH in the samples. Our focus is on Peak 1.

UV-visible spectra show a bathochromic shift for peak position corresponding
to m - m* transition (wavelength corresponding to maximum peak intensity is

designated as Amax). Its dependence on NaOH concentration is shown in Figure 3.4.
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Figure 3.4: The bathochromic shift in peak position corresponding to maximum
absorbance for Peak 1.

It can be inferred from Figure 3.4 that the Amax shows a regular increase as the
NaOH amount increases. Generally, in the literature, the redshift in the peak position

of UV-visible spectra is linked to the GO reduction. [14] [26] [27] [28].
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Figure 3.5: Variation of absorbance maxima of P23 with NaOH dose. The lines
connecting the points are just drawn as guidance to the eye.
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Absorbance maxima is another reduction parameter (detailed in section 3.2),
and it initially decreases up to GN3, and increases thereafter. According to this plot,
the effective reduction of graphene oxide happens only with GN6. These two plots
are contradictory in the initial few drops of NaOH. Further investigations are done to

understand better the reduction of GO samples on addition of NaOH.
3.3.1 Raman Spectra

Figure 3.6 shows the Raman spectra of the samples. The peak near 1580cm™!
is commonly known as G Band, and it originates from C-C bond stretching, which is
common to all sp? carbon systems and can be used to investigate any modifications in
graphene structure. [29]. Another essential band in the Raman spectra of GO located
at ~1350 cm™!, known as the D band, is ascribed to disorders in GO sheets. The ratio
between the D band's intensity and the G band's intensity (ID/IG), as depicted in Table
3.2 and Figure 3.6, indicates the measure of the disorder in the graphene sheets. [30].

The 2D band located near 2700 cm™! originates from a two-phonon double resonance

process.
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Figure 3.6: Raman spectra of GNI to GN§
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Table 3.2: Table showing ID/IG ratio of Raman spectra.

SI.No Sample Name Amount of ID/1G Error
NaOH (ml)
1 GN1 0.05 0.688 0.002
2 GN2 0.1 0.692 0.016
3 GN3 0.15 0.681 0.006
4 GN4 0.2 0.685 0.012
5 GNS5 0.25 0.715 3.3E4
6 GN6 0.3 0.743 0.010
7 GN7 0.35 0.742 0.020
8 GN8 0.4 0.7560 0.007

It is generally found that vigorous chemical reduction can destroy the
hexagonal plane of carbon atoms. Our samples exhibit D, G, and 2D bands, implying
that NaOH treatment has not significantly modified the parent material or carbon

backbone. [29].

068{ O | é—

0.66 T T T
0.0 0.1 0.2 0.3 0.4
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Figure 3.7: ID/IG ratio with the amount of NaOH
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In conventional systems with carbon in sp? hybridisation, such as graphene or
graphite, a lower ID/IG, suggests a lower defect concentration. Defects like vacancies,
edge effect, development of wrinkles, disruption in the sp? bonding caused by
heptagon and pentagon rings and the existence of functional groups are the different
sources of origin of the D band [31]. In the case of GO, which is not purely an sp?
system, it also has (i) a significant amount of sp> carbon — in proportion to the
functional groups and (ii) other structural defects. Thus, the GO can be assumed to
have a higher value of ID/IG compared to rGO. However, in situations where 2D
peaks are discernible — indicating a low amount of structural defects — the reduction
of GO to rGO can increase the ID/IG ratio. The increase derives from the disruption
of the system due to the restoration of the pi-conjugated system and deformations
created by thermal, chemical or any other means. [30-33] [39-47]. Even though
reduction recovers the graphitic backbone, it reduces the lateral size of the graphene
sheet, contributing to the measure of defects. [19] [38] Here, in our samples, the ID/IG
plot shows an S-shaped behaviour with a rising phase from GN4, culminating in
saturation beyond the GN6 sample (Figure 3.7, Table 3.2). The saturation beyond
GN6 is the outcome of structural defects and the defects due to the removal of

functional groups.
3.3.2 Absorbance maxima in UV-visible spectra

Figure 3.4 shows the variation of absorbance maxima of the GO peak, P230,
with the amount of NaOH. The absorbance maximum of P23 directly depends on 1)
the intensity of & - n* transitions in GO and ii) the number of chromophore units such
as C=C, C=0, and C-O bonds. [34]. In the initial introduction of NaOH, the
mechanism involves forming OH groups that replace the epoxy groups. This
substitution reduces the pi-pi* transition, consequently leading to a decrease in
absorbance up to GN3. Further addition of NaOH reduces GO by detaching oxygen
functional groups from the GO surface. As demonstrated in Figure 3.8, GO reduction
leads to the formation of an electron cloud and, hence, an enhancement in the « - n*
transition. The enhancement in m - @* transition results in the deviation at the GN4

sample.
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Figure 3.8: The UV-visible absorbance directly depends on the intensity of m - n*
transitions and chromophore units in GO. An electron cloud is formed when GO is
slightly reduced, keeping the pi-conjugated system intact. The electron cloud
enhances © - w* transitions and thereby increases absorbance (P:30).

3.3.3 Concentration-dependent effect of NaOH

As noted in Figures 3.1 to 3.4, our samples shed insight into the varying role

of NaOH at different concentrations.

GO contains many polar oxygen-containing groups, epoxy and hydroxyls
being some of them. According to [22], an external field or presence of a strong cation
(like the Na" generated in NaOH solution — as in our experiment) helps in breaking
the C-O bonds by enhancing the polarity and weakening the bond strength, which
initially leads to ring-opening of epoxy groups as depicted in reaction (1). According
to [35], the binding energy of epoxy and hydroxyl groups is similar. So, epoxy groups
are energetically suited to be replaced by hydroxyl groups. The Na* breaks an epoxy
group in GO, facilitating the -OH groups (from the medium) bonding into the nascent
carbon valency arising from the fractured epoxy groups. The new bonding process
works until most epoxy moiety is replaced by hydroxyl, creating a graphene hydroxide
structure. The formation of Na>O in reaction (1) results in the absence of Na* in the

solution. The Na* could have separated -OH from the basal carbon.
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GO + 2NaOH - GO —20H + Na,0

Adding more NaOH drops will lead to GO reduction- as depicted in reaction
(2). Here, the NaOH can be identified to adorn the role of a catalyst for forming rGO.
This idea agrees with the general equation for GO reduction with NaOH proposed by
Chen et al. 2014 [22] through their density functional theory-based theoretical

simulation.
GO —20H + 2NaOH - GO —20" + 2Na‘* + 2H,0
GO — 20 + 2Na* + H,0 - rGO + 2NaOH

Further addition of NaOH (beyond that in reaction (2)) can initiate further
reduction. Simultaneously, the amount of sodium metallic oxides in the solutions will
also escalate. This leads to effective basicity in the GO-NaOH solution. The basic

solution creates a hindrance to the dispersion of GO into the solution, which results in

agglomeration.
o) OH
OH
Initial drops .
of NaOH + Na,O
1
OH
OH Higher conc. of NaOH
= rGO *+ NaOH

2

(In equations 1 and 2 a single hexagonal ring from graphene oxide is considered for
illustration purpose)

Therefore, based on the data in Figures 3.1 to 3.4 and the above-inferred
mechanism, one can conclude that an effective reduction of GO happens only at
a threshold amount of NaOH — which, in our case, is represented by the sample

GNG6.
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3.3.4 Effect of pH on the reduction of GO

Traditionally, it has been reported that adding NaOH changes the pH and
reduces GO [23],[36]. So, it will be remarkable to recognise the effect of pH on GO
reduction. For this purpose, we compared the reduction capabilities of NaOH with
other well-known reducing agents of GO, sodium borohydride (NaBH4) and sodium
carbonate (Na;CO3).

0.4 ml of NaOH in GO leads to a solution pH of 11.37. The corresponding GO
reduction was evaluated based on UV-visible spectra (Figure 3.9). An equal reduction
of GO was achieved using 0.2ml of NaBH4, but the solution pH, in that case, was only
9.60. (Table 3.3). Similar is the case with NaxCOs as a reducing agent. This result

demonstrates that solution pH does not have a decisive role in reducing GO.

Table 3.3 pH variation with respect to addition of reagent to GO

Amount of Sample Sample Sample
reducing agent | (GO + pH (GO + pH (GO + pH
(ml) NaOH) NaBHy) Na:COs3)
0 GNO 7.33 GNBO 7.33 GNCO 7.33
0.05 GNI1 9.55 GNBI1 7.61 GNC1 8.61
0.1 GN2 10.06 | GNB2 7.86 GNC2 9.85
0.15 GN3 10.48 | GNB3 8.43 GNC3 10.27
0.2 GN4 10.77 | GNB4 9.22 GNC4 10.32
0.25 GNS5 10.92 | GNBS5 9.60 GNCS5 10.35
0.3 GN6 11.05 | GNB6 | 10.03 | GNC6 10.39
0.35 GN7 11.18 | GNB7 | 10.11 | GNC7 10.41
0.4 GN8 11.37 | GNB8 | 10.55 | GNC8 10.47
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Figure 3.9: Variation in pH with the addition of NaOH to GO solution (left-axis).
Normalised absorbance maxima with respect to NaOH addition(right-axis).
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Figure 3.10 A The study involved assessing pH fluctuations resulting from the
introduction of various reducing agents to GO.

Figure 3.10 B The alterations in peak positions observed in UV-visible spectra upon
the introduction of different reducing agents served as a valuable indicator of the
extent of reduction achieved.

Figure 3.10 represents the pH variation with the addition of NaOH to GO,
compared with absorbance maxima for NaOH addition (an indication of reduction).
Figure 3.10A compares the pH variation of different reducing agents introduced to

GO and Figure 3.10B gives the peak shift in UV-visible spectra of GO by introducing
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various reducing agents. Our presented in this chapter rules out the assumption that

solution pH decides the extent of GO reduction.

3.3.5 Comparing Peak Shift and Absorbance Maxima: Their Relative

Significance

Figure 3.3 suggests a regular increase in Amax or a regular peak shift.
Absorption wavelength depends on m - m* transition and conjugation. [37]. As told
earlier, the 7 - * transition results from two factors: i) sp? clusters and ii) the number
of chromophore units. [33]. In our case, NaOH addition led to the breaking of the
chromophore groups — resulting in the shift of P23. However, the breaking out of
groups leading to replacement with hydroxyl groups cannot be identified as reduction
(or oxidation). On the further increase of NaOH, sodium takes away the hydroxyl
groups, resulting in rGO formation. Due to the increased formation of sp? clusters, the

230nm peak will continue to show a redshift.

This problem does not arise when the absorbance maxima is considered. An
increase in UV-visible absorbance originates from the abundance in the m - n*
transition, which depends on electron cloud formation. Therefore, the absorbance

maxima is the significant parameter for analysing GO reduction.
3.3.6 The threshold amount of NaOH for the reduction of GO

Based on the above discussions, it was demonstrated that a minimum amount
of NaOH is needed for NaOH to act as a reducing agent for the synthesis of rGO or
related composites. Therefore, we propose a mass ratio of NaOH to GO to achieve a
minimum level of GO reduction. Based on our experimental investigations on 10ml
of GO (0.02939g/ml of GO concentration), we identified that a minimum of 0.3ml of
2M NaOH (6mg of NaOH) is required for attaining reduction in GO (Here designated
as GN6 sample). It corresponds to a mass ratio of 5.45 for NaOH to GO to achieve
reduction using NaOH. As the ratio increases, the level of reduction will also increase

till agglomeration.
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3.4 Comparative Analysis with Literature

Numerous studies have explored the use of NaOH in the reduction of graphene
oxide (GO). Some reports, with NaOH quantities falling below our recommended
threshold ratio of 5.45, have indicated partial reduction or ineffectiveness [23,51-53].
This variability in outcomes is attributed to the NaOH quantity used. Interestingly,
successful reduction has been achieved in cases exceeding our suggested threshold

(mass ratio of 5.45) [16].

Consistent with our manuscript proposal, it's noteworthy that excessive NaOH
usage can have unintended consequences. For instance, as demonstrated by Feng in
2013 [54], excessive NaOH led to sample agglomeration, aligning with our
manuscript's findings. Thus, maintaining a delicate balance in NaOH quantity is
essential to achieve desired outcomes while preventing adverse effects like

agglomeration.

In the report by Lesiak et al. in 2021 [55], they noted a significant increase in
the thickness of the reduced graphene oxide (rGO) sheets. This change was attributed
to the presence of functional groups in rGO, where NaOH was used as the reducing
agent in the GO reduction process. It is reasonable to associate this result with a less
efficient reduction of GO, primarily because they employed a mass ratio of 3 - below

the threshold value we have proposed, 5.45.

These observations underscore the critical importance of precise control over
NaOH dosage in GO reduction processes, significantly influencing final results and

reduced graphene oxide material quality.
3.5 Conclusion

In this chapter, we have studied the effect of NaOH on GO samples,
recognising the importance of identifying the exact role of common chemical
ingredients in the chemical synthesis of graphene and graphene composites. We found
a threshold value where NaOH starts acting as a reducing agent. The finding was

corroborated based on absorbance maxima of the UV-visible spectrum and ID/IG ratio
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of Raman spectra. All these results indicate that NaOH has a remarkable role in tuning
the functionality of GO. The obtained results were explained based on the
fundamental idea of dependence of @ - ©* transitions on the reduction of GO. The
enhanced m - ©* transitions can be linked to the electron cloud formation in the
reduction path. The threshold concentration of NaOH for the reduction of GO in
weight ratio was found to be 5.45:1 (NaOH: GO). We discovered that pH is not the
vital factor responsible for GO reduction. All these findings are critical for the NaOH-
based pH tuning and synthesis of graphene-based nanocomposites. A clear
understanding of the effect of concentrations of various ingredients used to synthesise
rGO will open up a new horizon for the industrially scalable chemical synthesis of

graphene-based nanocomposites.
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CHAPTER 4

GRAPHENE OXIDE MODIFICATION USING
ACTIVATED CARBON - COMPOSITE
FORMATION

Graphene oxide tends to agglomerate in water; limiting its effectiveness. To address this, incorporating
materials like activated carbon can prevent agglomeration while enhancing adsorption capabilities.
This part of the chapter explores the use of activated carbon to improve GO's performance in aqueous
environments.

Scope of the Chapter

* Investigate the adsorption capabilities of the GOAC composite towards
various dyes including methylene blue, rhodamine B, mixture of dyes, and
ciprofloxacin antibiotic.

» To find the reaction kinetics of the adsorption processes involving the GOAC
composite and different dye molecules as well as the antibiotic ciprofloxacin,
to understand the underlying mechanisms of the interactions.

Abstract

This chapter centres on crafting an environmentally sustainable and cost-efficient
nanocomposite tailored for chemical adsorption applications. Employing a one-step synthesis
approach, we successfully developed a Graphene Oxide-Activated Carbon (GOAC) composite
that meets these criteria. Graphene oxide aggregates in water. We strategically introduced
activated carbon (AC) unaided by a linker molecule through a facile synthesis route to
overcome this issue. In this study, maintaining the structural integrity of constituent
materials is a crucial element that guarantees the efficacy of adsorption. The GOAC composite
demonstrated exceptional thermal stability, amplifying its prospects for practical
applications. In adsorption studies, the composite exhibited notable efficacy in removing dyes
like methylene blue, rhodamine B, congo red, their mixtures and ciprofloxacin antibiotic. This
removal resulted in remarkable maximum adsorption capacities, achieved in minimum time.
The observed adsorption behaviour aligned with the pseudo-second-order kinetic model. This
study highlights the successful development of a versatile nanocomposite with promising
attributes for environmental remediation. Combining graphene oxide and activated carbon
addresses agglomeration challenges and imparts structural stability and high thermal
resilience to the composite, making it a compelling candidate for cost-effective and efficient
adsorption-driven applications.
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4.1 Introduction

Graphene oxide (GO) is the oxidized form of graphene, containing many
oxygen-functional groups such as carbonyl, epoxide, hydroxyl, and carboxyl groups
is explored as a versatile industrial adsorbent. Due to the abundance of active groups,
GO is chemically more reactive and is easier to modify. [1]. GO has attracted attention
in wastewater treatment due to its high negative charge density, strong n-m stacking
interactions with aromatic compounds and large specific surface area. However, when
introduced to water, the GO agglomerates and adsorption efficiency drastically
reduced [2]. To address this limitation, coupling another material alongside GO

becomes crucial.

Activated Carbon (AC) is a widely employed adsorbent material due to its
exceptionally porous structure, large surface area, and adequate adsorption capacity.
The pores and surface functional groups in AC are responsible for the adsorption of
pollutants. [3]. However, the adsorption kinetics of AC is relatively slow [4,5], and
its regeneration involves complex thermal or chemical treatments that may not fully
restore the original adsorption capacity [6]. Consequently, combining AC with other

adsorbent materials could synergistically enhance the adsorption efficiency.

The GOAC composite exhibits enhanced adsorption capacity, selectivity and
kinetics, mechanical and thermal stability, and regeneration capability. [7-14]. The
adsorbent material must function effectively at higher temperatures, as industrial
effluents often reach temperatures above 300K. The thermal stability of the GOAC
composite [15] makes it suitable for the treatment of industrial wastewater. However,
most of the current literature on GOAC is concentrated on linker-based GOAC
composite. The linker can block the pores of AC and, in turn, lead to reduced
adsorption [16]. So, developing GOAC adsorbent unaided by linking agent is

necessary.

This chapter aims to synthesize a low-cost adsorbent composite of GO and AC
without any linker molecule. The adsorption property of the composite is studied

using organic dyes and antibiotics. Reaction kinetics are studied, and the mechanism
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behind enhanced adsorption is proposed. A comparison study of GOAC composite

with already established GO and AC-based adsorbents is also presented.
4.2 Experimental details
4.2.1 Synthesis of GO and GOAC composite

Graphene oxide was prepared using Hummer's method (section 2.1). The schematic

preparation procedure of the GOAC composite is shown in Figure. 4.1.
0.1 AC

-
o JEEFJ-e

Sonicate 1Hr Dried at 60° Grind well GOAC Composite

—Z 2

0.4g GO + 100ml Water

o 1 Hr stirring
30min stirring

Figure 4.1: Synthesis of GOAC composite

Initially, 0.4 grams of graphene oxide (GO) is introduced into 100 ml of water
and stirred for 30 minutes. Then, 0.1 grams of activated carbon (AC) is added to the
mixture and stirred for an additional hour. The resulting solution undergoes a series
of processes, including sonication, washing, and drying in a vacuum oven at 60
degrees Celsius. Subsequently, the obtained sample is thoroughly ground to achieve

the final GOAC composite.
4.3 Results and Discussion
4.3.1 Characterization

The synthesized samples were characterized using a Raman spectrometer. The
Raman spectrum shown in Figure. 4.2 depicts two distinct peaks at ~ 1340 cm™! and
~1580 cm™!, corresponding to D (defects) and G (graphitic) bands, respectively. The
ID/IG ratio of 0.999 (Table 4.1) indicates that the GOAC composite has the same
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structural disorders as GO and AC. This finding highlights the preservation of

structural integrity for the individual constituents within the composite material.

—GO
~
=) —AC
<
N’
£
17,]
=
[<P]
N
=
[Semi
——GOAC

Ll Ll Ll Ll
500 1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 4.2 The Raman spectra of graphene oxide (GO), activated carbon (AC), and
the GOAC Composite exhibit distinguishable D and G bands. Table 4.1 provides
detailed information on the peak positions and intensity ratios (ID/IG) for these
bands. The spectra reveal that the structural integrity of both GO and AC is preserved
in the composite, as there is minimal variation in the ID/IG ratios across all three
samples.

Table 4.1: ID/IG ratios of samples

Sample | Position of D band (cm™) | Position of G band (cm™) ID/IG
GO 1340 1572 1.007
AC 1335 1582 0.997
GOAC 1342 1581 0.999

The XRD spectra of GO (Figure. 4.3) showed a sharp peak at 10.54° with an
interlayer distance of 0.839 nm, broad peaks at 23° and 43° for AC, and GOAC

exhibited all these peaks, confirming the structural purity of the composite.
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Figure 4.3 The x-ray diffraction (XRD) spectra of graphene oxide (GO), activated
carbon (AC), and the GOAC composite reveal distinct patterns. In GO, a pronounced
and sharp peak is observed at 10.54°, corresponding to the [002] plane. Conversely,
AC exhibits two broad peaks at 23° and 43°. Remarkably, the composite spectrum
integrates all three characteristic peaks, demonstrating the inclusion of structural

features from both GO and AC.

The nitrogen adsorption/desorption isotherms at 77 K and the pore-size
distribution of samples derived using the Barrett-Joyner-Halenda (BJH) method were
used to measure the specific surface area and porosity of the GOAC composite.

(Figure.4. 4, Table 4.2)
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Figure 4.4 Adsorption - desorption isotherm of the samples.
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Table 4.2; BET analysis parameters

Sample Specific su;‘face Total P0r3e Mean Pore
area (m-/g) volume (cm°/g) diameter(nm)

GO 4.16 0.05 46.48

AC 922.31 0.53 2.31

GOAC 289.09 0.22 3.11

The presence and abundance of functional groups in the material were

obtained using FTIR spectra. FTIR spectra demonstrate a higher number of oxygen

functional groups for GO. AC also possesses similar functional groups. GOAC

composite exhibited functional groups from both GO and AC. (Figure. 4.5, Table 4.3)
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Figure 4.5: FTIR Spectra of GO, AC and GOAC.
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Table 4.3: FTIR Spectra analysis

GO AC GOAC
Wavenumber Reason Wavenumber | Reason | Wavenumber Reason
(cm™) (cm™) (cm™)
454.96 - 606.72 - 480.69 -
C-0
1205.58 C-O stretching 1160.67 stretching 1097.287 C-O stretching
alcohol

C-H bendin O-H OH bendin
1384.13 & 1383.08 bending 1383.58 &

alkane phenol

phenol
- . Cc=C C=C

1575.04 C=C stretching 1570.51 stretching 1634.64 stretching
1719.668 | ©-O stretching 36772 | ©O€ 2040.83

carboxylic acid stretching

C-H bending C=0=C
1986.47 aromatic 2349.665 stretching

compound strong

C=0=C Strong broad
2367.83 stretching 3377914 O-H stretching

C-H stretching
2763.30 from aldehyde
3421.59 Strong broad O-

H stretching

The thermal decomposition behaviour of the samples was investigated by

TGA and is given in Figure. 4.6. Three distinct degradation stages characterize the

thermographic analysis of graphene oxide (GO). The initial stage involves a weight

loss occurring within the temperature range of 32°C to 84°C, attributed to the

evaporation of water and moisture in the graphite oxide structure. It is followed by the

decomposition of COOH in the temperature span of 227°C to 318°C. AC showed

higher thermal stability than GO. The thermal stability of GO was greatly improved

by the introduction of AC to the GO matrix, resulting in enhanced thermal stability in

the range of 100 to 500°C for GOAC composite.
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Figure 4.6 TGA analysis of GO, AC and GOAC

SEM images indicate the evolution in surface morphology as GO and AC combine to
form the composite. Figure 4.7a shows the exfoliated nanosheets of GO, Figures 4.7b
and 4.7d the porous, smooth nature of AC, and Figure 4.7c indicates that the GO

sheets are distributed between larger activated carbon structures, preventing GO

sheets' agglomeration.

Figure 4.7 FE-SEM images of (a)GO, (b)AC, (c)GOAC and (d)porous nature of AC
in lower magnification.
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4.3.2 Methylene-Blue adsorption experiment

T
M GO-AC Composite /L5~ ey

ethylene Blue

on
" Adsorption /
Mechanisu

QIB Solution MB solution + GOAC Pure water /

All investigations on dye adsorption were carried out while maintaining
ambient conditions. 0.010 g of the adsorbent (GO, AC, and GOAC) was introduced

into 100 mL of methylene blue (MB) solution with an initial concentration of 10 ppm.

The concentration of the MB solution was regularly assessed at one-minute intervals,
employing UV-visible spectrometry within the wavelength range of 400 to 800 nm.
The experimental protocol was repeated using 0.005 g of the adsorbent under ambient
conditions. Specifically, for 0.01 g of adsorbent, the time intervals ranged from 1 to
14 minutes, while for 0.005 g of adsorbent, they spanned from 5 to 80 minutes. The

corresponding UV-visible plots are given in Figure 4.8 and Figure 4.9.
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Figure 4.8. UV-visible spectrum plots of MB dye adsorption by 0.01 g of a) GO, b)
AC, and ¢) GOAC.
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Figure 4.9. UV-visible spectrum plots of MB dye adsorption by 0.005 g of a) GO, b)
AC, and ¢c) GOAC
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Figure 4.10 Variation of removal efficiency with contact time for MB using (a) 0.01g
of adsorbent, and (b) 0.005g of adsorbent
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The removal efficiency is calculated from eq. 2.4. In identical experimental
settings, the GOAC composite exhibits greater removal efficiency than GO and AC
separately, as shown in Figure 4.10. This suggests a synergistic enhancement in

pollutant adsorption when GO and AC are combined.

4.3.2.1 MB calibration

Calibration of the adsorbate, in this case methylene blue, is the first step
towards examining the specifics and kinetics of adsorption. Predefined methylene
blue concentrations were prepared to do this calibration, and the absorbance was
measured using UV-visible spectroscopy. The data absorbance was fitted and found
to follow a straight-line equation. The link between concentration and absorbance that

this analysis produces provides vital groundwork for further adsorption research.

Table 4.4 Calibration for MB
. Concentration | Absorbance
5™ (ppm) (A.U)
< 201
g 0 0
g 1.5
§ 101 0.5 0.14
= A sorbance
<o —II\J/lilje:: Fitb 1 0 22
03 5 10 15 20
Concentration (ppm) 5 0.90
Figure 4.11 Calibration curve for MB 10 1.72
20 3.12

The corresponding straight-line equation is
Abs = 0.1552*Conc + 0.0743.

This equation can convert any given absorbance to the corresponding

concentration for MB dye.
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4.3.2.2 Adsorption kinetics

Understanding adsorption kinetics is crucial as it provides insights into the rate
and mechanism of pollutant removal, aiding in designing and optimizing adsorption

processes for efficient water treatment.

The experimental adsorption kinetic data were quantitatively modelled and
fitted using pseudo-first-order and pseudo-second-order kinetic models (section 2.5),
detailed in Figures 4.12 and 4.13. The corresponding parameters are given in Table
4.5. qe direct indicated the adsorption capacity obtained from eq 2.5 and e kinetic, the
adsorption capacity obtained after fitting the data.

54 () 0.01g of Adsorbent 54 (a) 0.005¢g of Adsorbent
i
4 4 i
=3 = 3
= =
1 1
:;"‘) 2{ = GO g‘) 2
~ -~ 1 Go
= ® AC = 14 e ac E
= 14 4 coac - A GoAC x
—— Linear Fit GO Linear Fit GO
—— Linear Fit AC 0 Linear Fit AC [
04 ——Linear Fit GOAC Linear Fit GOAC
T T T T T T T -1 T T T T T T T
0 2 4 6 8§ 10 12 14 0 10 20 30 40 50 60 70 80
Time(min) Time(min)

Figure 4.12 Pseudo first order kinetic model for the adsorption of MB onto (a) 0.01g
of adsorbents, (b) 0.005g of adsorbents.

0.5
H GO 0.84 ® GO
® AC ® AC
044 A GoaC 0.74 A GOoAC
Linear Fit GO Linear Fit GO
b Linecar Fit AC o0 0.69 — Linear Fit AC
g 034 Linear Fit GOAC g 0.5 — Linear Fit GOAC
= .
& o
g 0.2 £ 047
é E 0.31
& 0.1 -
g g 024
0.1+
0.0+ (a) 0.01g of Adsorbent (b) 0.005g of Adsorbent
T T T T T T T T 0.0 T T T T T T T
0 2 4 6 8 10 12 14 0 10 20 30 40 50 60 70 80
Time(min) Time(min)

Figure 4.13 Pseudo second order kinetic model for the adsorption of MB onto (a)
0.01g of adsorbent, (b) 0.005g of adsorbent.
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Table 4.5 Adsorption kinetic parameters

Pseudo-first-order Pseudo-second-order

kinetics kinetics
Adsorbent | Sample

amount name | 7¢ direct ki Ge kine k2 Ge kinet
)| o | | e | | g

g8 min) g/'g
0.01g GO 34.29 |0.20 2942 10.86|0.013 |3647 |0.96
AC 98.69 | 0.25 68.71 | 091 ]0.012 |105.26 | 0.98
GOAC | 116.55|0.31 84.09 | 097 |0.006 |120.92 |0.99
0.005¢g GO 98.39 |0.04 7447 1096 | 0.001 107.64 | 0.99
AC 193.97 | 0.07 251.56 | 0.94 | 0.0003 | 209.20 | 0.99
GOAC |[271.71 | 0.04 255.52 [ 0.88 | 0.0002 | 274.70 | 0.98

The equilibrium adsorption capacity g. obtained from the fitted data qekinetic
(120.9mg/g for 0.01g composite and 274.7mg/g for 0.005g composite) for the pseudo-
second-order model (Figure.4.13) is similar to the g obtained from equation (2.2), ge
direct, suggesting that the adsorption process of MB onto GOAC follows pseudo-

second-order kinetics and is mainly controlled by chemisorption [17].
4.3.2.3 Regeneration

In sustainable environmental remediation, recyclable materials are crucial.
The regenerated adsorbents were dried at 60 °C for eight hours after being washed
many times with distilled water. Adsorption studies were carried out again using the
regenerated adsorbents for four more adsorption/regeneration cycles, and samples

showed efficiency above 50% even in the 5™ cycle, as shown in Figure 4.14.
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Figure 4.14: Percentage removal efficiency of the regenerated GOAC composite in
consecutive cycles

4.3.2.4 Mechanism

GO shows a good affinity towards cationic dye. The deprotonation of surface
functional groups present in GO can explain the enhanced affinity. The deprotonation
facilitates MB interaction with negatively charged GO surfaces [13]. Literature
suggests that GO's abundant oxygen-containing functional groups play a crucial part

in the improved adsorption capacity towards MB [14].

The dimension of MB is reported as 1.43, 0.61, and 0.4 nm, respectively, by
[15]. These proportions make it possible for this dye to enter into the mesoporous

structure of AC quickly.

The interaction of methylene blue with GOAC composite can be attributed to
three primary routes: 1) Electrostatic interaction, 2) Hydrogen bond formation and 3)
7 - ¥ interactions — as represented in Figure 4.15. The main contributors responsible
for MB adsorption are the electrostatic/ionic interactions between the positively
charged MB structure and the negatively charged functional groups in GO and AC
[14-16]. The oxygen functionalities present at the edges of the composite induce
Hydrogen bond formation with MB. When two entities have compatible geometry and
extended 7 systems, they create m - ©* interactions between them. [18]. Both GOAC

composite and MB have extended m systems, hence the possibility for & - =*
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interactions. All three interactions contribute to GOAC composite's superior

adsorption of MB or, in general, a cationic dye.

Methylene Blue interaction with GO-AC composite

Figure 4.15: Interaction of the GOAC composite with methylene blue.
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4.3.2.5 Comparison with other adsorbents

Table 4.6; Comparison of methylene blue dye adsorption by various adsorbents in
literature.

SI. Adsorbent Time Qe_(lm € | Reference
No g)

1 | PANI/GO 270 min 14.2 [19]

2 | GO-EDTA-CS 180 min 141 [20]

3 | G/Fe304 - 43.82 [21]

4 | GO—Fe304 hybrid 150 min 167.2 [22]

5 | GO/magnetic cyclodextrin 50 min 228.5 [23]

6 | Magnetic chitosan/GO (MCGO) 90 min 95.16 [24]

Magnetic cyclodextrin— .

7 chit%)san/G(};(MCCG) 80min | 84.32 23]

8 | Exfoliated graphene oxide 120 min 17.3 [26]

9 | Alg/GO 12 hours 12.64 [27]
10 | Graphene oxide/gluten - 214.29 [28]
11 | MGO 3500min 64.23 [29]
12 | GNS/Fe304 60min 35.73 [30]
13 | CS/Fe304/GO - 30.10 [31]
14 | NiFe204-GO 250min 48.15 [32]
15 | Fe304/GO-NH> - 236.97 [33]
16 | GOAC 14min | 11655 | Fresent

work
17 | GOAC 80min | 27172 | Fresent
work

4.3.3 Rhodamine-B adsorption experiment

10ppm RhB adsorption by GO, AC and GOAC composite
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Adsorption investigations on Rhodamine B dye involving GO, AC, and
GOAC were conducted by stirring an aqueous dye solution with the respective
adsorbents over defined intervals. Specifically, for 0.01 g of adsorbent, the time
intervals ranged from 1 to 60 minutes. (Figure 4.16). The resultant removal percentage
is presented graphically in Figure 4.17, emphasizing the rapid adsorption kinetics

observed (achieving 95.4% removal within 60 minutes for the composite).
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Figure 4.16 UV-visible plots of RhB dye adsorption by 0.01 g of a) GO, b) AC, and
¢) GOAC
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Figure 4.17 Removal percentage of RhB dye adsorption by 0.01 g of a) GO, AC, and
GoAC

4.3.3.1 RhB Calibration

The calibration curve for RhB, fitted to a straight line, is given in Figure 18.

Table 4.7 Calibration for
2.0 RhB
A RhB Absorbance
S os{ Linear fit Concentratio | Absorbanc
2 n (ppm) e (AU)
-5}
§ 1.0 0 0
=
S 05
2" 2 0.36
<
0.0- 4 0.74
o 2 4 6 8 10 6 1.11
Concentration (ppm)
. . 8 1.48
Figure 4.18 Calibration curve for RhB.
10 1.85
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From this plot the equation connecting absorbance and concentration is

obtained as

Abs = 0.1850*Conc

This equation can be used to convert any given absorbance to the

corresponding concentration for RhB dye.

4.3.3.2 Adsorption Kinetics

The pseudo-first-order and pseudo-second-order kinetic models, along with
the Elovich model (section 2.5) have been employed to elucidate the adsorption

behaviour of RhB on GOAC.

a) Pseudo-first order kinetic model

5
4 —— Linear Fit GO n —— Linear Fit AC

In(qe-qt)
In(qe-qt)

0 10 20 30 40 50 0 0 20 30 40 50
Time(min) Time(min)

4.5

4.0

3.51

3.0

2.5

In(qe -qt)

2.0

1.54

0 10 20 30 40 50
Time(min)

Figure 4.19 Pseudo-first-order kinetic fit
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Table 4.8 Pseudo-first-order kinetic variables of RhB adsorption onto GOAC
composite

Pseudo-first-order kinetics

Adsorbent amount | Sample name | qe direcr ot (minY) ‘Z:nklgn/egtl)c R
GO 78.09 0.11 45.15 0.97
0.01g AC 79.36 0.05 36.64 0.94
GOAC 90.77 0.05 57.17 0.98

b) Pseudo Second Order Kinetic Model

0.74| —— Linear Fit GOAC 0.74 | — Linear Fit GO
064 0.6
= 051 = 05
o 0.4 o 044
£ 03 = 03
£ £
< 0.2 = 0.2
= 014 g 0.1
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Time(min) Time(min)

071 [ m coac
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0.5
0.4 1
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004 =
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Figure 4.20 Pseudo second-order kinetic fit
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Table 4.9 Pseudo-second-order kinetic variables of RhB adsorption onto GOAC
composite

Pseudo-second-order
Adsorbent Sample Kinetics
qe direct
amount name k2 Ge kinetic | p)
(min™") | (mg/g)
0.01 GO 78.09 0.20 80.64 | 0.998
e AC 79.36 0.25 7874 | 0.997
GOAC 90.77 0.31 90.91 | 0.997

Tables 4.8 and 4.9 provide a concise overview of the variables characterizing
the adsorption kinetics of Rhodamine B on GOAC. Notably, the calculated qekinetic
values derived from the pseudo-second-order model closely align with the
experimental data, suggesting that the adsorption process of rhodamine B onto GOAC
may be primarily governed by chemisorption, as indicated by Arias et al. (2017)[17].

¢) Elovich kinetic model

—— Linear fit GO —— Linear fit AC
701 70-
~ 601 _
> = ]
gy £
5z T 504
= 40 =)
304 40
n
20 T 30 T
0 1 2 3 4 0 1 2 3 4
Int Int

m GOAC
901 | — Linear Fit GOAC .

qe(mg/g)
g

0 1 2 3 4
Int

Figure 4.21 Elovich kinetic model fit

Table 4.10 Elovich kinetic variables of RhB adsorption onto GOAC composite
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Adsorbent qedivece | Elovich Kinetics Model
amount Sample name
B (min™) | a(mgg) | R
0.01g GO 78.09 0.07 116.07 0.93
AC 79.36 0.09 382.21 0.98
GOAC 90.77 0.06 71.81 0.98

The significantly better fit of the pseudo-second-order model for GOAC
suggests a chemisorption mechanism and strong interaction between RhB molecules
and the GOAC composite surface. This can be attributed to the presence of functional
groups on both graphene oxide (GO) and activated carbon (AC), enhancing adsorption

sites and chemical interactions.

The Elovich model, characterized by parameters a and 3, describes adsorption
as a multilayered, chemisorptive process evaluated and plotted in Figure 4.21. The a
values for GO, AC, and GOAC are determined to be 116.075, 382.214, and 71.8115,
respectively. These values reflect the initial adsorption rate and suggest that AC
exhibits the highest initial adsorption rate, possibly due to its extensive porous
structure. The Elovich model provides insight into the kinetics of surface reactions
during adsorption and complements the information gained from the pseudo-first and

pseudo-second-order models.
4.3.3.3 Mechanism

The enhanced dye absorption on graphene oxide (GO) can be attributed to its
higher specific surface area. This absorption process can be broken down into three

distinct consecutive steps.

Firstly, the dye molecules migrate towards the outer surface of the adsorbent
nanomaterial. Secondly, these dye molecules penetrate the tiny pores within the
particles of the adsorbent nanomaterial. Lastly, the actual adsorption of the dye

molecules onto the surface of the nanomaterial takes place.

During this chemisorption process, electrostatic interactions and hydrogen
bonding are at play. These interactions occur between the « electrons of the graphene

oxide and the cationic dyes.
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Rhodamine B (RhB), a planar molecule, readily adheres to the GO surface due
to m-m interactions. These interactions result from the aromatic backbones of the dyes

aligning and binding to the hexagonal structure of GO.

The presence of oxygen functional groups within graphene oxide (GO)
positively impacts the GOAC composite's capacity to eliminate organic molecules in

the form of contaminants.
4.3.3.4 Comparison with other adsorbents

Table 4.11: Comparison of rhodamine B dye adsorption by various adsorbents in the
literature.

Maximum
SI No Adsorbent adsorp flon T".ne Reference
capacity (min)
(mg/g)

1. Activated sugar-based carbon

(ASC) 123.46 12 [34]
2. Zeolite (Ze) 6.964 15 [35]
3. Three—('ilmensmnal layered double 496 30 136]

hydroxide
4. Banana peel 211.9 30 [37]
5. L—Serme'capped magnetite 6.82 60 38]

nanoparticles
6. RGO-Ni nanocomposite 47.62 60 [39]
7. Graphene oxide/Beta zeolite 64.67 60 [40]
8. Paper waste 75 60 [41]
9. Iron oxide/carbon nanocomposites 93.35 60 [42]
10. | ABL@ZnCl, 190.63 120 [43]
11. | Zinc oxide-loaded activated

carbon(Zn0O-AC) 1282 140 [44]
12. | Uranyl coordination polymer 10 270 [45]
13. | Natural Moroccan Clay 83.95 270 [46]
14. | Grass-Waste 54 400 [47]
15. | ZnFe204 nanocomposite 9.83 1440 [48]
16. | Zeolitic imidazolate frameworks

(ZIF) 85 1440 [49]
17. GOAC 90.77 60 | Present

work
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4.3.4 Congo-Red adsorption

Adsorption investigations on Congo Red (CR) dye, involving GO, AC, and
GOAC were conducted by stirring an aqueous solution of 100ml, 10ppm dye with
0.01g of the respective adsorbents over defined time intervals. (Figure. 4.22). The
resultant removal percentage is presented graphically in Figure. 4.23, and it
emphasizes the slow adsorption kinetics observed (achieving only 51.77% removal

within 60 minutes for the composite).
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AC —— Smin 0.4 GO ——Smin
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Figure 4.22 UV-visible plots of CR dye adsorption by 0.01 g of a) GO, b) AC, and c)
GoAC
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Figure 4.23 Removal percentage of CR dye adsorption by 0.01 g of GO, AC, and
GoAC

GO, AC, and GOAC are ineffective adsorbents for congo red dye. This can be
attributed to the fact that these adsorbents carry a negative charge, while congo red is
also an anionic dye. As a result, there is a lower affinity for adsorption due to
electrostatic repulsion between the negatively charged adsorbents and the dye

molecules.

4.3.5 The mixture of dyes

Adsorption Experiment

The experimental procedure involves utilizing a solution comprising 100ml of
10ppm concentration for each dye (Methylene Blue, Rhodamine B, and Congo Red).
To this solution, 0.01g of the adsorbent (GOAC) is introduced and stirred. Note that
the concentrations are just the same as their single pollutant counterparts. The UV-
visible absorbance of the solution is consistently monitored during the experiment.
This process is replicated with a mixture containing all three dyes to investigate the

adsorption impact within the dye mixture.
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The assessment of individual dye and tertiary system percentage removal (from the
equation) has been depicted graphically in Figure 4.24. Moreover, Table 4.12 provides
a tabulated representation of the experimental data's removal percentage (equation

2.1). and equilibrium adsorption coefficient (qe, equation 2.2).

100

BV | 9376
- RhB : 87.26

80 - -CR

60+ 53.18

CR

Figure 4.24 Removal percentage of methylene blue, rhodamine B and congo red dye
and the mixture of these three dyes with 0.01g of GOAC composite. Compared to
individual dyes, the GOAC shows excellent adsorption towards the tertiary dye
system.

40-

201

Percentage Removal

RhB

MB+RhB+CR

Table 4.12 Removal percentage and adsorption capacity of methylene blue,
rhodamine B and congo red dye and the mixture of these three dyes with 0.01g of
GOAC composite

Dye Single system Tertiary System
Removal Adsorption Removal Adsorption
percentage Capacity percentage Capacity
Ri1 Q1 (mg/g) R; Qs (mg/g)
MB 99.81 120.90 90.61 17.28
RhB 95.42 90.77 93.76 38.80
CR 69.65 58.47 87.26 36.76
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The adsorption experiment on three different dyes, namely MB, RhB, and CR,
both individually and in combination, during activity with a GOAC composite,
yielded intriguing results. Individually, MB exhibited an impressive removal
percentage of 99.8%, showcasing the high affinity of the GOAC composite for this
dye. RhB followed closely behind with a removal percentage of 95.4%, indicating its
strong interaction with the composite material. However, CR displayed a
comparatively lower removal percentage of 69.65%, suggesting a lesser affinity for
adsorption onto the GOAC composite. A notable trend emerged when these dyes were
combined in a tertiary system. The removal percentages for MB and RhB experienced
a decrease to 90.61% and 93.76%, respectively, whereas CR showed an increase in
removal in the tertiary system compared to individual systems. This phenomenon can
be attributed to competitive adsorption, where the presence of multiple dye molecules
hinders the adsorption capacity of the GOAC composite for each dye individually.
The differences in the molecular structures and properties of the dyes may contribute
to variations in their adsorption behaviour within the composite material. Overall,
these results underscore the complex interplay between dye molecules and the
adsorbent surface, offering insights crucial for optimizing the efficiency of wastewater

treatment processes.

4.3.5.1 Regeneration
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Figure 4.25 Consecutive cycles of dye mixture removal

128



Graphene Oxide Modification Using Activated Carbon - Composite Formation

Following each cycle, the GOAC composite underwent a regeneration
procedure involving washing with distilled water and drying in a vacuum oven at 60
degrees Celsius for 12 hours. Across five cycles, the removal percentages of each dye
within the tertiary system were tracked, revealing a notable trend depicted in Figure
4.25. MB and CR exhibited consistent removal percentages throughout the cycles,
suggesting a stable interaction between these dyes and the composite material.
Conversely, RhB displayed a distinct pattern of gradual decrease in removal
percentage after each cycle. This divergence in behaviour may stem from differences
in the dye molecules' affinity for the composite surface and their susceptibility to
changes induced by the regeneration process. While MB and CR likely form strong
and stable bonds with the composite, RhB's decreasing removal percentage hints at
potential alterations in the composite's surface properties or the dye's interaction

mechanisms over successive cycles.
4.3.6 Ciprofloxacin antibiotic adsorption

Following the methodology employed in previous dye adsorption
experiments, graphene oxide (GO), activated carbon (AC), and the GOAC composite
were evaluated for their effectiveness in removing the antibiotic ciprofloxacin from
wastewater. Similar to the previous tests, 0.01g of each adsorbent was introduced into
a solution containing 100 ml of 10 ppm ciprofloxacin (CF), and absorbance
measurements were taken at regular 5-minute intervals. The corresponding UV-

visible absorbance plots can be found in Figure 4.26.
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Figure 4.26 UV-visible absorbance spectra of CF adsorption onto a) GO, b) AC and
¢) GOAC composite
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Figure 4.27 Percentage of removal of CF with time for GO, AC and GOAC composite

The percentage of CF removal within a 35-minute duration is illustrated and

provided in Figure 4.27. This plot demonstrates the remarkable efficacy of CF
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removal by the GOAC composite. Notably, the GOAC composite achieved a removal
rate of 99% for 10ppm CF within 35 minutes, whereas GO and AC individually

removed only less than 40% of CF within the same timeframe.
4.3.6.1 Ciprofloxacin calibration

The calibration curve for CF, fitted to a straight line, is given in Figure 4.28.

Table 4.13 Calibration for CF

1.4

- Concentration Absorbance
~ 10 (ppm) (AU)
2 0 0
3 0.8
:‘% 0.6 2 0.258
T 047 4 0.512
2 oy 6 0.753

e 8 0.976

0 2 4 6 8 10
Concentration (ppm) 10 1.205
Figure 4.28 Calibration curve for CF

From this plot, the equation connecting absorbance and concentration is obtained as
Abs = 0.120*Conc + 0.016

This equation can convert any given absorbance to the corresponding concentration

for CF.
4.3.6.2 Adsorption kinetics

The adsorption behaviour of CF on GOAC has been investigated using the
pseudo-first-order and pseudo-second-order kinetic models to understand the kinetics

involved in the process.
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Figure 4.29 [A] Pseudo First order kinetic model for adsorption of 10ppm CF onto
GO, AC and GOAC composite. [B] Pseudo Second-order kinetic model for adsorption
of 10ppm CF onto GO, AC and GOAC composite.

Table 4.14 Adsorption kinetic parameters for pseudo-first and pseudo-second order
kinetics for the adsorption of CF onto GO, AC and GOAC composite.

Pseudo-first-order Pseudo-second-order
Sample Ye direct kinetics kinetics
name (mg/g)
qe kinetic (mg/ g) R? qe kinetic (mg/ g) R?
GO 28.29 33.31 0.93 30.09 0.994
AC 42.84 52.77 0.91 46.48 0.995
GOAC 122.73 113.75 0.97 129.53 0.999

The pseudo-first-order and pseudo-second-order models were fitted to the data
and are shown in Figure4.29, and the corresponding kinetic parameters obtained are
tabulated in Table 4.14. The best fit is observed with the pseudo-second-order kinetics
model, indicating the chemical interaction between the composite and CF. This
provides valuable insight into the mechanism of adsorption. The pseudo-first-order fit
also matches well, suggesting physical interactions between CF and the adsorbents.
Pore filling, a key mechanism in physical adsorption, plays a significant role in

adsorption.

Furthermore, the maximum adsorption efficiency was determined to be 123

mg/g for GOAC in CF adsorption, which aligns with the pseudo-second-order fit.
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These data indicate that the adsorption capacity of the GOAC composite
surpasses that of its individual components, namely GO and AC, highlighting its

exceptional adsorption capabilities as a composite.
4.3.6.3 Mechanism

The adsorption removal mechanism of ciprofloxacin by GOAC primarily
involves four concurrent pathways: (a) m-n interaction, (b) hydrogen bonding, (c)

electrostatic interaction, and (d) pore filling [SO][51].

Numerous studies have highlighted n-n electron donor-acceptor interaction as
a significant driving force for the sorption of organic compounds containing benzene
rings onto carbon surfaces. The presence of residual -OH groups on the graphene
surface renders the benzene ring m-electron-rich, facilitating n-mt electron donor-

acceptor interaction [50].

Previous research has revealed that ciprofloxacin molecules, featuring two -
C=0 and one -OH groups, can establish hydrogen bonds with the surface oxygen of
carbon materials and functional groups on the surface. Functional groups found in
organic chemicals, like -NH and -OH, act as donors for hydrogen bonding, enabling
the formation of hydrogen bonds with graphene oxide sheets and AC, with benzene
rings serving as acceptors for hydrogen bonding. Similarly, polar functional groups
within ciprofloxacin can also function as acceptors for hydrogen bonding, facilitating
the formation of hydrogen bonds with -OH groups on graphene. The cumulative effect
of multiple hydrogen bonds between ciprofloxacin and adsorbents further enhances

adsorption affinity [50].

The charged groups in ciprofloxacin molecules, such as the quinolone ring,
can interact with oppositely charged functional groups on the surface of the graphene
oxide-activated carbon composite through electrostatic interactions, facilitating

adsorption.

The porous structure of the graphene oxide-activated carbon composite allows
ciprofloxacin molecules to diffuse into the pores and get trapped through physical and

chemical interactions with the internal surface of the composite material.
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Overall, the adsorption of ciprofloxacin antibiotic using a graphene oxide-
activated carbon composite is a complex process involving a combination of physical

and chemical interactions between the composite material's surface functional groups

and ciprofloxacin's molecular structure.

4.3.6.4 Comparison with other adsorbents

Table 4.15 Comparison table showing the adsorption parameters of various
adsorbents towards ciprofloxacin antibiotic.

Removal
Sl 1 Adsorbent Quax percentage Adsorbent Ref
No, (mg/g) (%) Dosage/time
(1]
1 20 mg, time
MGO@PANI 106.4 97 30 min [52]
2 | Diatomaceous earth 105.1 97 2mg [53]
3 | Fe-based MIL-88B .
MOF 102.5 240 min [54]
4 | sodium
alginate/graphene
oxide hydrogel beads 100 480 mg 72h [33]
(GSA)
5 | nickel oxide 120min, 0.04—
nanoparticles 9981 99.8 0.14 g/L [56]
6 | Metal organic 0.05 g to
frameworks 98.20 ) 0.1 g, 540 min [57]
7 | CoFexOq4/activated 12-100 mg/L,
carbon(@chitosan 93.50 93.3 30 min [58]
8 | banyan aerial roots 86.58 96.93 120 mg, 48 h [59]
9 0.3-3.0
AC from hazelnut 73.64 - o/L.60min [60]
10 | Aluminum-Pillared
Kaolin Sodium 0.1 g/50 mL,
Alginate Beads 68.36 i 1440 min [61]
11 | metal organic 1 and
framework MIL-101 63.28 ) 15 mg,90 min [62]
12 | Biochar 42.90 12 h, 50 mg [63]
13 Egg;boo char- 36.02 9-0 0.1g, 48 h [64]
14 | carbon nanofibers 10.36 - 300 mg,4 h [65]
15 | schorl 8.49 75 120min [66]
16| coac 123 99 0.01g. 60min | ' resent
work
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4.4 Conclusion

In this study, we successfully synthesized a graphene oxide-activated carbon
(GOAC) composite employing a single-step mixing approach. The composite
effectively adsorbed different dyes and antibiotics, with considerably high adsorption
capacities, from contaminated water. Incorporating activated carbon (AC) into the
graphene oxide (GO) matrix notably bolstered the composite's thermal stability.
Furthermore, the propensity of GO to agglomerate upon water exposure was
effectively mitigated through the strategic inclusion of AC. Of paramount importance
for adsorption applications, the structural integrity of both GO and AC remained
unaltered following composite formation. This aspect underpins the composite's

suitability for practical implementation.

Adsorption studies using Methylene Blue (MB) dye demonstrated the
exceptional performance of the GOAC composite, with adsorption capacities of 120.9
mg/g and 274.7 mg/g achieved at adsorption durations of 14 and 80 minutes for 0.01g
and 0.005g of adsorbent respectively, resulting in 100% dye removal. Similarly,
experiments with Rhodamine B under comparable conditions showed a removal
efficiency of 95.4% within 60 minutes, corresponding to an adsorption capacity of
90.9 mg/g. Congo Red, an anionic dye, exhibited relatively lower adsorption on the
GOAC composite. However, in mixed-dye systems, the adsorption of all dyes,
including congo red, significantly improved, indicating potential synergistic
interactions. For the pharmaceutical pollutant ciprofloxacin, the composite achieved
an impressive 99% removal within 35 minutes, with an adsorption capacity of 123
mg/g. All adsorption processes were found to conform to pseudo-second-order
kinetics, suggesting that chemisorption is the dominant mechanism involving electron

sharing or exchange between the adsorbent and adsorbate.

Even after multiple regeneration cycles, the GOAC composite maintained
high adsorption efficiency, highlighting its durability and sustained performance.
Additionally, our analysis of contaminant interactions with the GOAC composite

offered valuable insights into the complex adsorption mechanisms.
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CHAPTER 5

GRAPHENE OXIDE MODIFICATION USING
GOLD NANOPARTICLES - COMPOSITE
FORMATION
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Scope of the Chapter
o  rGO-Au nanocomposite boosts uric acid detection sensitivity significantly
o Detection sensitivity aligns with uric acid levels in bodily fluids.

o Composite's enhanced sensitivity aids reliable biosensing applications

Abstract

This chapter presents a facile method for biosensing uric acid using reduced graphene
oxide-gold (rGO-Au) nanocomposite. Uric acid serves as a crucial biomarker for
various pathological conditions, including gout, metabolic syndrome, type-2 diabetes,
kidney malfunctions and cardiovascular diseases. Therefore, facile techniques for
monitoring uric acid in the blood serum levels (2 - 10 mg/dL) are in demand. Here,
we demonstrate uric acid sensing with a 2 mg/dL detection limit and 1mg/dL
sensitivity. The synthesized graphene oxide (GO), gold nanoparticles (AuNPs), and
the rGO-Au nanocomposite were studied based on UV-visible spectroscopy- varying
the levels of uric acid (1 to 20 mg/dL). Our findings reveal that the uric acid exhibits
significantly higher UV-visible absorbance (five times) when combined with rGO-Au
nanocomposite. The enhancement is attributed to the synergistic effect of surface
plasmon resonance (SPR) and the unique properties of the nanocomposite. This work
provides valuable insights into designing highly sensitive and cost-effective uric acid
biosensors with potential applications in clinical diagnostics and health monitoring.
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5.1 Introduction

Uric acid (UA) is a metabolic end-product of human purine nucleotides. It
serves as a crucial biomarker for various pathological conditions, including gout,
metabolic syndrome, type-2 diabetes, kidney malfunctions and cardiovascular
diseases [1]. The upper concentration limits for uric acid are 7 mg/dL in men and 6
mg/dL in women [2]. Accurate and timely detection of uric acid levels is critical for

effective clinical management and early intervention in various health issues.

The phosphotungstic method is one of the earliest techniques for uric acid
(UA) detection [3]. However, this method has several drawbacks, including the
toxicity and instability of cyanide solutions, the tendency for final reaction mixtures
to become cloudy, and poor reproducibility and operability [4]. Conventional methods
for detecting wuric acid (UA) include chemiluminescence, fluorescence,
spectrophotometry, high-performance liquid chromatography (HPLC) paired with
mass spectrometry, ion chromatography, and capillary electrophoresis combined with
either amperometry or chemiluminescence detection. Colorimetric methods and
enzymatic assays are also commonly employed for UA detection [5]. To enhance
detection performance, researchers often combine two or more detection techniques.
The traditional methods for uric acid detection usually suffer from limitations such as
complexity, high cost, and lack of portability - underscoring the urgent need for

innovative and efficient sensing platforms.

In recent years, nanotechnology has emerged as a promising avenue for
developing sensitive and selective biosensors due to its inherent properties, such as
high surface area, excellent conductivity, and tunable surface chemistry [6]. Gold
nanoparticles (AuNPs) have garnered significant attention for their electronic and
surface properties among various nanomaterials. The surface plasmon resonance
(SPR) makes AuNPs highly sensitive to changes in their local environment, enabling
the detection of biomolecular interactions at very low concentrations. [7]. Reduced
graphene oxide (rGO), a two-dimensional carbon nanomaterial, has demonstrated
exceptional potential in enhancing the performance of biosensors through its large

surface area, excellent mechanical strength, and facile functionalization capabilities

[8].
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Lee et al. developed a gas sensor based on rGO that demonstrated high
selectivity for detecting dinitrotoluene (DNT), a compound commonly associated
with explosives [9]. Sharma et al. observed that incorporating rGO significantly
enhanced gas sensing performance [10]. Du et al. reported improved sensitivity in

NO:> detection when using rGO-based composites [11].

rGO enhances the electron transfer rate at the sensor surface, improving
sensitivity [12][13]. rGO-based composites have been reported to be attractive for
detecting DNA, RNA, and proteins [14].

This study explores the utility of a novel nanocomposite comprising gold
nanoparticles and reduced graphene oxide (rGO-Au) to detect uric acid. The
synergistic combination of AuNPs and GO is expected to exploit the advantages of
both materials, leading to improved sensitivity, selectivity, and stability of the sensing
platform. Investigating UV-visible spectra absorbance intensity as a readout
mechanism attempts a simple and cost-effective means for quantifying uric acid

concentrations with high precision and accuracy. [15]

Herein, we elucidate the synthesis process of the rGO-Au nanocomposite and
investigate its physicochemical properties using various analytical techniques.
Subsequently, the performance of the developed biosensing element is evaluated
through systematic characterization of its sensing capabilities, including sensitivity,
selectivity, response time, and stability. Finally, we discuss the potential applications
of the rGO-Au nanocomposite in clinical diagnostics, point-of-care testing, and
biomedical research, highlighting its significance in advancing the field of uric acid

sensing and beyond.
5.2 Experimental Section
5.2.1 Gold nanoparticle synthesis

Gold nanoparticles were prepared using the modified Turkevich chemical
reduction technique using gold (II) chloride dihydrate solution and trisodium citrate
dihydrate [16].
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5.2.2 Graphene Oxide Synthesis

GO was synthesized using the Hummers method [17] and is detailed in section
2.1

5.2.3 rGO-Au nanocomposite synthesis

The GO aqueous dispersion was diluted to achieve a final concentration of 0.4
mg/mL and then subjected to ultrasonication until achieving a homogeneous
dispersion. For synthesizing the rGO-Au nanocomposite, 20 mL of gold (IIT) chloride
dihydrate solution (1 mM) in double distilled water was heated to its boiling point

under vigorous stirring on a magnetic hot plate.

Subsequently, 2 mL of GO dispersion (0.3 mg/mL) in a solution of trisodium
citrate dihydrate (1% w/v) was added to the gold solution to obtain wine-red coloured

rGO-Au nanocomposite [18].

5.3 Results and Discussion

5.3.1 Characterization

—GO

Intensity (A.U)

) ) ) ) m
10 20 30 40 50

20(degree)

Figure 5.1: X-ray diffraction pattern of GO with a single intense peak at 11.04°
indicating [001] plane of GO. The slight hump near 20° corresponds to the peak of
the glass substrate.
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Figure 5.1 shows the synthesized graphene oxide (GO) X-ray diffraction
pattern, featuring a peak at 20 = 11.04°. This peak corresponds to an interlayer spacing
(d) of approximately 8.01 A, consistent with previously reported values for GO [19].

This interlayer spacing suggests a well-oxidized sample.

232 — Au nano particles
—GO
= rGO-Au nanocomposite

Normalised Absorbance

400 500 600 700 800
Wavelength (nm)

300

Figure 5.2: UV-visible absorbance spectra of gold nanoparticles (Au-nanoparticle),
graphene oxide (GO), and the reduced graphene oxide-gold (rGO-Au)
nanocomposite.

Figure 5.2 shows the UV-visible absorbance spectra for gold nanoparticles,
GO, and the reduced graphene oxide-gold (rGO-Au) nanocomposite. Localized
surface plasma resonance (LSPR) of gold nanoparticles results in a strong absorbance
band in the visible region at 526.06 nm. GO has an absorbance peak at 232 nm with a
shoulder peak at 300 nm. In the rGO-Au composite, instead of the peak of GO at 232
nm, a new peak appears at 253.45 nm, indicating the formation of rGO in the
composite. The heating process during the synthesis of Au is responsible for the
formation of rGO in the composite. The peak of gold nanoparticles at 526.06 nm shifts
to 530.66 nm in the rGO-Au nanocomposite, further confirming the integration of
rGO with gold nanoparticles - which can also indicate a change in particle size of gold

nanoparticles in those two samples.
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Figure 5.3: DLS spectra for Au nanoparticles and rGO-Au nanocomposite. DLS
spectra give the average particle size of the materials.

Dynamic Light Scattering (DLS) (Figure 5.3) analysis reveals that the average
particle size is 17.04 + 0.8 nm for gold (Au) nanoparticles and 24.85 £ 0.5 nm for the
reduced graphene oxide-gold (rGO-Au) nanocomposite. The increase in particle size
for the rGO-Au nanocomposite can be attributed to several factors. Firstly, integrating
rGO sheets with gold nanoparticles leads to composite structure formation, which
inherently increases the overall particle size. Secondly, rGO can provide a platform
for the gold nanoparticles to anchor, potentially causing slight aggregation and
contributing to a larger hydrodynamic diameter, as observed in DLS measurements.
Additionally, the functionalization and reduction processes involved in forming the
rGO-Au composite may induce slight changes in morphology and size distribution,
resulting in a larger average particle size than gold nanoparticles alone. These
observations suggest that the composite formation with rGO effectively modifies the
physical characteristics of the gold nanoparticles, as observed in an increase in the

measured particle size.

5.3.2 Uric acid sensing

Different concentrations of uric acid, ranging from 1 mg/dL to 20 mg/dL
(considering the healthy uric acid level in the human body fluid [2]), were mixed with
graphene oxide (GO) solution, and the UV-visible absorbance spectra were recorded.

This experiment was repeated by replacing the GO solution with a gold nanoparticle
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(Au) solution and subsequently with a reduced graphene oxide-gold (rGO-Au)

nanocomposite solution. The resulting UV-visible spectra are presented in Figure 5.4.
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Figure 5.4: UV-visible absorbance spectra when varied concentrations of uric acid (1 mg/dL
to 20 mg/dL) interact with a solution of (a) GO - the inset of the figure shows the UV vis
spectra of uric acid solution at 5 mg/dL concentration resulting in absorption maxima at 0.33
A.U, (b) Au nanoparticles (c) rGO-Au nanocomposite and (d) magnified image of the peak ~
285 nm with rGO-Au nanocomposite (e) absorbance maxima of UV vis spectra peak at ~285
nm for the sensing elements in contact with Smg/dL solution of uric acid. It can be observed
that the uric acid absorbance peak at ~ 285 nm showed a five-fold increase when combined
with rGOAu nanocomposite. The peak at ~ 285 nm originates from T — n* transitions in its
conjugated double bonds and aromatic ring structure, and at ~530 nm corresponds to the
SPR effect of the gold nanoparticles.

Uric acid exhibits a strong absorbance peak around 285 nm and a less intense
peak near 234 nm. When combined with graphene oxide (GO), the absorbance of uric
acid at a concentration of 20 mg/dL is 0.5, with no additional peaks observed beyond
those of uric acid. It indicates that GO does not significantly alter the absorbance
characteristics of uric acid. In contrast, when uric acid is combined with gold
nanoparticles, the intensity of its peaks remains unchanged, but a new peak appears
near 530 nm, corresponding to the SPR effect of the gold nanoparticles. However,
when uric acid is combined with the rGO-Au nanocomposite, there is a significant
increase in the absorbance intensity, as seen in Figure 5.4 and Figure 5.5. At a
concentration of 20 mg/dL, the intensity rises dramatically to 2.49, nearly a fivefold
increase compared to the other cases. This substantial enhancement highlights the

synergistic effect of the rGO-Au nanocomposite, which is not observed with GO or
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gold nanoparticles alone when combined with uric acid. This remarkable increase in
intensity underscores the importance of the rGO-Au composite in enhancing the

absorbance properties of uric acid.

3.0

m GO-UA
254 @ Au-UA

i g

Ez.o_ A rGO-Au UA s A
EAN N

£ 0 42

AU

0.0-—iii T T T T

0 5 10 15 20
Uric acid concentration (mg/dL)

Figure 5.5: Variation of absorbance maxima with analyte concentration,
corresponding to the 285 mm peak of uric acid, with graphene oxide, gold
nanoparticles, and rGO-Au nanocomposite as the biosensing element. The points are
drawn based on the data shown in Figure5.4, and the error bar is based on the data
from the repeated set of experiments. The detection range of 59.48 to 1189.6 uM with
a LOD of (2 mg/dL) and sensitivity of 1 mg/dL, as demonstrated in the figure, is
particularly noteworthy as it aligns with the human serum levels.

The increase in UV-visible absorbance of uric acid when combined with rGO-
Au nanoparticles (Figures 4 & 5) can be attributed to the synergistic interaction
between uric acid and the composite material. The rGO-Au nanoparticles provide a
large surface area and functional groups for strong interactions with uric acid
molecules. These interactions, including n-x stacking and hydrogen bonding, bringing
uric acid molecules closer to the nanoparticles, enhancing their absorbance properties.
Additionally, the unique electronic properties of rGO, such as its high electrical
conductivity, large surface area, and defect-rich structure, facilitate better charge
transfer between the nanoparticles and uric acid, further boosting the absorbance

signal.
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Surface plasmon resonance (SPR) plays a significant role in this increased
absorbance. Gold nanoparticles exhibit SPR, where conduction electrons oscillate in
resonance with incident light, enhancing the local electromagnetic field. When uric
acid molecules are in proximity to Au nanoparticles, the amplified field increases their
absorbance by enhancing electronic transitions. However, in our case, no significant
increase in absorbance is observed when only gold nanoparticles interact with the uric
acid solution. It highlights the importance of rGO in the rGO-Au composite. The rGO
in the nanocomposite provides a high surface area to ensure a stable dispersion of gold
nanoparticles, preventing reasons that can quench the SPR effect, such as the
aggregation of gold nanoparticles, contributing to maximizing the SPR effect, leading
to a more substantial increase in the absorbance peak in the case of rGO-Au sensing

element.

Compared to other nanocomposite-based uric acid detection methods, using
gold-reduced graphene oxide (rGO-Au) nanocomposites in UV-visible spectroscopy
offers several advantages. Unlike electrochemical or fluorescence-based techniques,
UV-visible spectroscopy allows for a non-destructive, rapid, and cost-effective
analysis without the need for complex equipment or calibration. The detection range
aligns well with physiological uric acid levels, making this approach highly relevant

for clinical diagnostics.
5.4 Comparison of uric acid sensing with reports from the literature

Compared to existing electrochemical methods for uric acid detection, this
work involving an rGO-Au nanocomposite stands out due to its novel use of UV-
visible-based sensing. Unlike traditional approaches that employ cyclic voltammetry
[20-22], differential pulse voltammetry, or amperometry [23, 24], this study provides
a straightforward alternative for detecting uric acid. The detection range of 59.48 to
1189.6 uM with an LOD of 2 mg/dL in the present work is particularly noteworthy,
aligning with physiological levels in body fluids (Male: 4.0-8.5 mg/dL, Female: 2.7—
7.3 mg/dL, Child: 2.5-5.5 mg/dL, Newborn: 2.0-6.2 mg/dL [2][25])—making it

highly relevant for medical diagnostics.
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Although specific electrochemical sensors demonstrate ultralow LODs, such as 33.3
nM reported by Hu et al. (2021) [26] and 48 nM by Hadi & Ghanbari (2022) [22],
these methods face significant challenges. For example, the single-atom cobalt-based
electrochemical method reported by Hu requires specific conditions, such as a high-
pH environment (NaOH at pH 13), which limits its versatility for broader applications.
Additionally, the synthesis of single-atom catalysts like A-Co-NG involves labour-
intensive steps, including ball milling, freeze-drying, and high-temperature pyrolysis,
making it both complex and costly. Similarly, enzyme-based sensors, such as the
uricase/CNT-CMC-based system discussed by Fukuda et al. (2020) [27], exhibit a
linear range of 0.02—2.7 mM with an LOD of 2.8 uM. However, enzymatic approaches
often suffer from stability issues due to enzyme degradation, making them less robust
for practical, long-term applications. Another example is the CuO-based
electrochemical sensor reported by Buledi et al. (2021) [28], which demonstrates a
wide detection range of 0.001-351 mM with an LOD of 0.6 uM. However, its
performance is highly influenced by environmental and operational conditions, such
as sensitivity to interfering agents like urea, and requires a specific pH (phosphate
buffer at pH 7.4) for optimal functioning. Furthermore, its fabrication involves high-
temperature annealing at 500°C, adding complexity and cost to the production

process.

In contrast, the UV-visible approach presented in this study provides
significant advantages in simplicity, accessibility, and cost-effectiveness. Unlike
enzymatic or high-complexity electrochemical methods, this method eliminates the
need for stringent conditions, such as controlled pH, temperature, or intricate
synthesis processes. Additionally, the innovative use of rGO-Au in this context, to the
best of our knowledge, is being reported for the first time, distinguishing it from
enzymatic and non-enzymatic electrochemical sensors. This development points out
the potential of UV-visible spectroscopy as a practical diagnostic tool for uric acid

sensing, particularly in resource-limited settings.
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5.5 Conclusion

The study reported in this chapter demonstrated a novel approach to uric acid
detection in body fluids using reduced graphene oxide-gold (rGO-Au)
nanocomposite, resulting in a potential sensing element with 2 mg/dL detection limit
and 1mg/dL sensitivity. The synthesized graphene oxide (GO), gold nanoparticles
(AuNPs), and the rGO-Au nanocomposite were characterized using X-ray diffraction,
UV-vis spectroscopy and dynamic light scattering techniques. Our findings based on
varying uric acid levels (1 to 20 mg/dL) reveal that the analyte exhibited significantly
higher UV-visible absorbance (five times) when combined with rGO-Au
nanocomposite. The enhancement is attributed to the synergistic effect of surface
plasmon resonance (SPR) and the unique properties of the nanocomposite aided by
rGO. rGO provided a platform for the gold nanoparticles to anchor, potentially
causing reduced aggregation and a larger hydrodynamic diameter, as observed in DLS
measurements. Unlike traditional approaches that employ cyclic voltammetry,
differential pulse voltammetry, or amperometry, this study provides a straightforward
alternative for detecting uric acid. The detection range in the present work is
particularly noteworthy, as it aligns with physiological levels in human body fluids.
The insights gained from this work pave the way for developing susceptible and cost-
effective uric acid sensors, offering significant promise for use in clinical diagnostics

and routine health monitoring.
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CHAPTER 6

GRAPHENE OXIDE MODIFICATION BY TIME-
VARYING REACTION
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Scope of the Chapter

* Investigate the impact of modification time variation on graphene oxide
oxidation, functional groups, and subsequent adsorption properties.

*  Optimise the system to achieve the highest adsorption capacity within
experimental constraints.

*  Analyse the kinetics and mechanism of the reaction for deeper understanding.

*  Exploit the adsorption capacity for ascorbic acid sensing.

Abstract

A critical aspect of GO synthesis is the time, which governs the degree of oxidation and the
concentration of functional groups. Despite its importance, the synthesis of GO
predominantly focuses on highly oxidised states or fixed synthesis durations, often neglecting
the intermediate stages. Exploring these intermediate modification times can provide a
comprehensive understanding of how they impact GO's structural and chemical attributes,
paving the way for better control over its properties. The stirring time could directly influence
the oxidation level and the distribution of oxygen-containing functional groups, determining
GO's chemical reactivity and adsorption capabilities. In our study, we synthesised four GO
samples with varying stirring durations: GO2Hr (2 hours), GO4Hr (4 hours), GO8Hr (8
hours), and GO18Hr (18 hours). These GO samples were well-characterised using advanced
techniques to thoroughly understand the effects of varying stirring times on their structural
and chemical properties. We then evaluated their adsorption performance using methylene
blue dye and naphthalene as test adsorbates. GO2Hr sample showed exceptional adsorption;
within 4 minutes, 100% MB dye was adsorbed, and we achieved the highest adsorption
capacity of 1285mg/g for any GO samples in the literature. High adsorption capacity was
observed for naphthalene pollutant as well. We conducted additional evaluations of the GO
samples for ascorbic acid sensing using UV-visible spectroscopy and confirmed their
suitability for sensing applications
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6.1 Introduction

Graphene oxide (GO), a chemically modified form of graphene, is
characterised by oxygen-containing functional groups, including hydroxyl (-OH),
epoxy (-O-), carboxyl (-COOH), and carbonyl (C=O) groups. These groups are
primarily located on its basal plane and edges, imparting hydrophilicity and enhancing
dispersion in water and other solvents. The presence and distribution of these
functional groups significantly influence GO's electronic, mechanical, and chemical

properties, making it a versatile material for advanced applications [1].

A critical aspect of GO synthesis is the time, which governs the degree of
oxidation and the concentration of functional groups [2]. Despite its importance, the
synthesis of GO predominantly focuses on highly oxidised states or fixed synthesis
durations, often neglecting the intermediate stages. Despite its importance, research
predominantly focuses on either highly oxidised states or fixed synthesis durations,
often neglecting the intermediate stages. Exploring these intermediate modification
times can provide a comprehensive understanding of how they impact GO's structural

and chemical attributes, paving the way for better control over its properties.

The functional groups in GO, such as hydroxyl and carboxyl, enhance its
adsorption capabilities [3,4], while epoxy groups contribute to catalytic performance
[5]. Understanding the influence of modification time on the distribution and
composition of these groups allows precise tuning of GO properties, enabling its
effective use in fields such as sensing, environmental remediation, and biomedicine.
Therefore, systematic studies on modification time variations can unlock new

possibilities for optimising GO's functionality in targeted applications.

Rapid adsorption of pollutants from water bodies is critical for minimising
environmental and health hazards caused by contaminants such as dyes and other
organic compounds. High adsorption capacities are essential for ensuring efficient
pollutant removal, even at low adsorbent dosages, reducing the overall cost and
environmental footprint of water treatment processes. Developing a single adsorbent

capable of removing multiple pollutants is particularly noteworthy, as it simplifies
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treatment systems, enhances operational efficiency, and offers a versatile solution for

addressing complex pollution scenarios sustainably and economically.

In this chapter, we explore the adsorption properties of GO samples
synthesised with varying modification times, ranging from 2 hours to 18 hours. The
adsorption capability is studied using methylene blue and naphthalene as model
pollutants. The impact of the adsorption capability driven by variation in modification

time is explored with the chemical sensing potential of the GO samples.
6.2 Experimental details
6.2.1 Synthesis of GO

In this study, graphene oxide (GO) was synthesised via Hummer's method
[section 2.1], utilising different stirring times to yield four distinct GO samples:
GO2Hr, GO4Hr, GO8Hr, and GO18Hr. Each sample was produced under specific
stirring conditions, with GO2Hr corresponding to a 2-hour stirring time, GO4Hr with
a 4-hour stirring time, GO8Hr with an 8-hour stirring time, and GO18Hr with an 18-
hour stirring time after the addition of KMnO4 which now onwards we call as the GO
modification time. The variation in stirring time was implemented to investigate the
impact of synthesis duration on the structural and chemical properties of the resulting
GO and, subsequently, to discern how these alterations influence the adsorption

capability of the synthesised GO materials.
6.3 Results and Discussion
6.3.1 Characterisation techniques

The X-ray diffraction (XRD) pattern of the (GO) samples, as depicted in Figure
6.1, reveals distinct 20 value shifts, correlating with variations in interlayer spacing,
as shown in Figure 6.2. The variation in interlayer distance can be linked to the
oxidation levels of the samples. Thus, it can be indirectly concluded that the

modification time of GO influences the oxidation levels of the samples.

162



Graphene Oxide Modification by Time-Varying Reaction

— GO — GO4Hr
=
=) S
< <
) &
z £
= =
S =
= 3
= =
L -
10 20 30 4 50 60 0 20 30 4 3 6
20(degree) 20(degree)
— GOSHr — GOISHr
) o
: -
< 4
e =)
< 5]
= =
=1 -
10 20 30 40 50 60 Io 20 30 40 S0 60
20(degree) 20(degree)

Figure 6.1 XRD patterns of graphene oxide samples synthesised under different
modification times [GO2Hr, GO4Hr, GOSHr, and GO18Hr]. The sample variety
is related to the stirring time after adding KMnQOy termed modification time.
GO2Hr corresponds to a 2-hour stirring time, GO4Hr with a 4-hour stirring time,
GOS8Hr with an 8-hour stirving time, and GO18Hr with an 18-hour stirring time
after adding KMnOy.
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Figure 6.2 Effect of modification time on the variation of 26 and d-spacing.
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Figure 6.3 illustrates the Raman spectra obtained from all the samples,
providing crucial insights into the material properties. Notably, the plot correlating
the ratio of the D band to the G band (ID/IG) against the modification time (Figure
6.4) reveals a distinctive trend. The sample synthesised with the minimum
modification time exhibits the highest ID/IG ratio, indicating a greater abundance of
oxygen functional groups, particularly in sample GO2Hr. Conversely, samples
GO4Hr and GO18Hr exhibit similar ID/IG ratios, suggesting a comparable level of
oxygen functional groups within these samples. These findings stress the intricate
relationship between the reaction duration and the resulting oxygen functionalities,
thereby emphasising the critical role of modification time in tailoring the structural

and chemical characteristics of the produced graphene-based materials.
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Figure 6.3 Raman spectra of graphene oxide samples [GO2Hr, GO4Hr, GO8Hr, and
GOI18Hr].
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Figure 6.4 Variation of ID/IG ratio of Raman spectra for each set of GO samples.
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Figure 6.5 FTIR spectra of different GO samples [GO2Hr, GO4Hr, GOS8Hr, and

GOI8H].
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The characteristic peaks identified in the Fourier transform infrared (FTIR)
spectra analysis of GO samples (Figure 6.5) provide valuable insights into their
molecular structure and functional groups. The peak at around 3400 cm™! corresponds
to the stretching vibration of hydroxyl (-OH) groups, indicating the presence of
hydroxyl functionalities on the GO surface. The peak near 2354 cm™ is that of CO,.
The peak at approximately 1720 cm™ and 1590 cm™ is attributed to the stretching
vibrations of carbonyl (C=0) groups, which are typically associated with carboxyl,
epoxy, and ketone functionalities. Additionally, the peak observed at 1050 cm™ and
1220 cm! signifies the C-O stretching vibration, suggesting the presence of oxygen-
containing functional groups such as epoxy and alkoxy [6,7]. The appearance of these
characteristic peaks validates the successful oxidation of graphene, leading to the
formation of graphene oxide. Moreover, the relative intensities and positions of these
peaks provide valuable information regarding the degree of oxidation, the abundance

of functional groups, and the structural integrity of the GO sheets.

The Fourier transform infrared (FTIR) spectra of GO2Hr, GO4Hr, and GO8Hr
exhibit noticeable similarities, suggesting comparable molecular structures and
functional groups. However, a distinct observation emerges in GO2Hr, where certain
peaks appear more intense and well-defined than the other samples. This heightened
intensity in GO2Hr implies a higher abundance of specific oxygen functional groups
within its structure. Conversely, GO18Hr displays a markedly different FTIR
spectrum, characterised by the highest intensity observed for the OH peak,
consequently suppressing the visibility of other functional groups. This finding
suggests a pronounced prevalence of hydroxyl groups in GOI18Hr, indicating

variations in the degree and nature of oxidation across the different samples.
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Figure 6.6 FESEM images of sample GO2Hr

The SEM images presented in Figure 6.6 offer a comprehensive visual
depiction of the GO samples. These images distinctly reveal the presence of sheet-
like layers of GO, providing valuable insights into the morphological attributes of the
material. Notably, the individual, single sheets of GO are conspicuously discernible
within the micrograph, confirming the successful exfoliation and isolation of these
ultra-thin GO layers. The visual evidence of individual GO sheets within the samples
emphasises the remarkable exfoliation achieved during the synthesis process,
highlighting the unique two-dimensional nature of GO, which is paramount for its

diverse applications in the realm of adsorption-based applications.
6.3.2.1 Adsorption Experiment

In this study, we conducted adsorption experiments using GO samples of
varied modification time - labelled GO2Hr, GO4Hr, GO8Hr, and GO18Hr. The
adsorption tests were performed with a 10ppm methylene blue dye solution in 100 mL
volumes, utilising 0.01 g of the respective adsorbent. UV-visible absorbance was
continuously monitored at 30-second intervals throughout the adsorption process. The
resulting adsorption curves, depicting the changes in absorbance over time, are

presented in Figure 6.7.
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Figure 6.7: UV-visible absorbance plots of MB dye adsorption by 0.01 g of GO2Hr,
GO4Hr, GO8Hr and GOI18Hr. The absorbance of 10ppm MB is 1.8914, and after
adsorption, the absorbance became 0.0038, 0.0075, 0.3506 and 1.3108 for GO2Hr,
GO4Hr, GOSHr and GOI18Hr samples respectively.

The adsorption reactions were characterised by exceptionally rapid adsorption
kinetics exhibited by the GO materials. The remarkable adsorption performance of
sample GO2Hr is of particular significance, wherein a notable 100% adsorption of the
10 ppm MB dye was achieved within an unprecedented time frame of merely 4
minutes. To the best of our knowledge, this notably brief duration represents the
shortest reported time for the efficient adsorption of dyes by GO-based materials.
These findings highlight the exceptional adsorption efficiency and rapid kinetics of
the synthesised GO samples, showcasing their potential for addressing pressing
environmental challenges through efficient wastewater treatment and pollutant

removal applications.
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6.3.2.2 Adsorption kinetics

In-depth investigations were conducted to analyse the adsorption kinetics of
MB on GO samples. The kinetics study involved an examination of both the pseudo-
first-order and pseudo-second-order kinetics. Remarkably, the adsorption process of
MB onto the GO samples was observed to conform to the pseudo-second-order
kinetics model. Notably characterised by rapid reactions, the adsorption capacity and
associated parameters have been comprehensively documented and are presented in

detail in Table 6.1 and figure 6.8.

This analysis offers valuable insights into the intricate adsorption dynamics
governing the interaction between MB and GO, further elucidating the underlying

mechanisms that dictate the adsorption behaviour and capacity of these materials.
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Figure 6.8 Pseudo-second-order kinetic model fit
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Table 6.1 Summary of the kinetics variables for MB adsorption onto GO samples

Pseudo-first-order Pseudo-second-order
) Kinetics Kinetics
Sample qe direct
name (mg/g) I.Cl {q ekinetic R? k2 ) qe kinetic R?
(min™") | (mg/g) (g/mg min) | (mg/g)

GO2Hr 120.9 2.61 205.05 0.95 0.04 127.23 0.99
GO4Hr 117.6 0.55 28.29 0.77 0.04 120.19 0.99
GOS8Hr 96.5 0.85 113.68 0.85 0.02 100.60 0.99
GO18Hr 34.5 0.46 42.03 0.79 0.01 39.92 0.95

Aimed at higher adsorption capacities, the experimental procedures were
meticulously replicated, using 20 ppm, 30 ppm, and 35 ppm MB solutions. Notably,
this set of analyses observed a remarkable surge in adsorption capacity. To maximise
the adsorption potential, adjustments were made by tuning the pH to the basic end and
reducing the amount of the adsorbent. Intriguingly, when employing 0.0025 g of
GO2Hr sample for the 35 ppm MB solution in basic pH, an unprecedentedly high
adsorption capacity of 1285 mg/g was achieved. This staggering value represents an
unparalleled milestone in the field of graphene oxide adsorption and, to the best of
our knowledge, stands as the highest adsorption capacity for graphene oxide with dye
reported to date in the existing literature for any GO. These ground-breaking findings
highlight the immense potential of graphene oxide in revolutionising the landscape of
high-capacity adsorption materials, fostering new avenues for environmental

remediation and water purification technologies.
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Table 6.2 Comparison of adsorption capacities of GO for different dyes in the
literature

Adsorption
SI.No Sample Specification capacity References
' (mg/g)

1 GO 30ppm MB 180min 300 (8]
30mg

2 GO 30mg GO MB 354.84 [8]
0.02g GO

3 GO Malanchite green 384.62 [9]
25ml 300g/L
0.015 g of GO

4 Modified GO | 600 mg dm > 100cm? 570.4 [10]
MB
200 mg/L MB

s | AgarGraphene | 5y " GO acrogel 578 [11]

Oxide. AGO | .

into 50 mL solution
60 mg/L 50 ml MB

6 GO 50mg GO 686.6 [12]
300mg/L 100ml MB

7 GO 0.1¢ GO 700 [13]
GO (400 1L, 1.500 g/L)

8 GO 800 1L0.188-1.000 g/L 714 [14]
MB
250MG/L MB

9 GO 15mg GO 833.11 [15]

10 GO - 963 [16]
35ppm MB 100ml Present

11 GO 0.00252 GO2Hr 1285 work

6.3.2.3 Regeneration

Recyclable materials play a pivotal role in sustainable environmental
remediation and sensing applications. Following multiple washes with distilled water,
the regenerated adsorbents underwent a twelve-hour drying process at 60°C.
Subsequently, adsorption studies were systematically conducted using the regenerated
adsorbents across four additional adsorption/regeneration cycles. Remarkably, the
samples exhibited a consistently impressive 100% efficiency throughout each cycle
(figure 6.9), underscoring the heightened effectiveness of the material in these

applications.
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Figure 6.9 The GO2Hr sample was regenerated after each adsorption cycle, and the
adsorption experiment was repeated for four additional consecutive cycles. 100% dye
removal was obtained even after five cycles.

6.3.2.4 Mechanism

The interaction mechanism between methylene blue dye and graphene oxide
can be described as follows. Methylene blue, as a cationic dye, exhibits a benzene ring
structure that engages in pi-pi stacking interactions with the aromatic rings of
graphene oxide, facilitating the initial adsorption onto the graphene oxide surface.
Concurrently, electrostatic attraction comes into play as negatively charged functional
groups on the graphene oxide surface, including oxygen-containing groups like
hydroxyl and carboxyl groups, interact with the positively charged methylene blue
molecules, enhancing the overall adsorption capacity. The porous nature of graphene
oxide further contributes to the adsorption process, with methylene blue molecules
penetrating and filling the pores, resulting in physical adsorption within the porous
network. Additionally, under specific conditions, chemical interactions, such as
hydrogen bonding, may occur between certain functional groups on the graphene
oxide surface and those on methylene blue molecules, thereby contributing to a more
robust adsorption mechanism (figure6.10). This comprehensive interplay of pi-pi

stacking, electrostatic attraction, pore filling, and potential chemical bonding
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underscores the multifaceted nature of methylene blue adsorption onto graphene

oxide.

In our study, the characterisation techniques reveal an elevation in oxygen
functional groups within graphene oxide (GO) samples subjected to a 2-hour
modification time. This observation suggests the initial formation of hydroxyl (OH)
functional groups [17]. As the reaction progresses, additional functional groups
emerge, gradually replacing the initially formed OH groups. This dynamic process is
reflected in the enhanced adsorption behaviour observed in the GO samples with a 2-

hour modification time, denoted as GO2Hr.

-7 interaction Electrostatic interaction

- .%‘
(=
ve

Figure 6.10: Depiction of the four different interaction mechanisms of MB adsorption
by GO sample.

6.3.3Naphthalene Adsorption Experiment

Time-varied synthesised GO samples demonstrated excellent results in dye
removal, prompting further exploration of their adsorption capabilities with another
class of pollutants: naphthalene, a polycyclic aromatic hydrocarbon (PAH).
Naphthalene is highly toxic and significantly threatens aquatic ecosystems by harming
fish, invertebrates, and microorganisms, even at low concentrations. Its persistence in

water bodies is attributed to its chemical stability and low biodegradability, resulting
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in long-term sediment accumulation and water quality degradation. Furthermore,
Naphthalene (NP) has been labelled a harmful pollutant by the US Environmental
Protection Agency (USEPA) due to its carcinogenic and mutagenic impact on
humans. U.S. Environmental Protection Agency 1986 also poses serious health risks
to humans, including skin irritation and liver damage, making its removal from water

bodies a critical environmental and public health priority.[18,19]

In this research, we carried out adsorption trials employing graphene oxide
samples denoted as GO2Hr, GO4Hr, GO8Hr, and GO18Hr. The adsorption
experiments involved a 10ppm naphthalene solution in 100 mL quantities, using
0.005g of the specific adsorbent for each trial. UV-visible absorbance was consistently
tracked at 2-minute intervals during the adsorption procedure. The resultant
adsorption graphs, illustrating variations in absorbance over time, are depicted in
Figure 6.11, and the removal percentage is determined utilising equation 2.4 and

shown in Figure 6.12.
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Figure 6.11 UV-visible absorbance for naphthalene adsorption on GO samples.
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Figure 6.12 Naphthalene removal percentage for GO samples

6.3.3.1 Adsorption Kinetics

The adsorption of naphthalene onto various GO samples was studied using

pseudo-first-order and pseudo-second-order kinetic models. Figure 6.13 presents the

pseudo-first-order kinetic fit, while Figure 6.14 illustrates the pseudo-second-order

kinetic fit. The adsorption kinetic parameters are summarised in Table 3.
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Figure 6.13 Pseudo-first-order kinetic fit for naphthalene adsorption for GO samples
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Figure 6.14 Pseudo-second-order kinetic fit for naphthalene adsorption for GO

samples

Table 6.3 Adsorption kinetic parameters for naphthalene adsorption for GO samples

Pseudo.-ﬁr§t-0rder Pseudo-second-order Kinetics
Sample Kinetics
e _direct
name k1 qe_ kinetic R? k2 fe kinetic R?
(min™") | (mg/g) (g/mg min) | (mg/g)

GO2Hr | 23.88 0.25 23.04 0.99 0.007 25.64 0.99
GO4Hr | 20.04 0.23 22.84 0.98 0.004 26.31 0.98
GO8Hr 17.30 0.18 16.79 0.99 0.009 21.66 0.99
GO18Hr | 12.50 0.19 12.97 0.99 0.006 18.52 0.94

For the GO2Hr sample, corresponding to 2 hours of stirring time, the

adsorption capacity (¢e) determined from direct measurement is 23.88 mg/g. This

value indicates the amount of naphthalene adsorbed per gram of GO under the given
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experimental conditions, highlighting the high adsorption potential of the GO sample

stirred for 2 hours.

The pseudo-first-order kinetic model assumes that the adsorption rate is
proportional to the number of available adsorption sites. For the GO2Hr sample, the
rate constant (ki) is 0.25 min!, and the adsorption capacity from the fit is qe kinetic =
23.04 mg/g, close to qe direct 0f 23.88 mg/g. The high correlation coefficient (R*>=0.99)
suggests that the pseudo-first-order model provides a good fit for describing the
adsorption process for this sample. However, the slight difference between qe_direct and

e kinetic Shows that this model doesn't fully capture the adsorption mechanism.

The pseudo-second-order model assumes that adsorption occurs due to
chemisorption, involving electron sharing or exchange between adsorbate and
adsorbent. For the GO2Hr sample, the rate constant (k) is 0.007 g/mg-min, and the
adsorption capacity is qe kinetic =25.64mg/g. The even higher correlation coefficient
(R?=10.99) indicates that the pseudo-second-order model fits the data more accurately

than the first-order model.

The adsorption of naphthalene onto the GO samples is primarily governed by
pseudo-second-order kinetics, indicating that the process is dominated by
chemisorption, where naphthalene molecules form strong chemical bonds with the
graphene oxide surface, possibly involving electron sharing or exchange. This is
reflected in the higher R? values obtained for the pseudo-second-order model, which
suggests that the adsorption rate is more dependent on the chemical interaction
between naphthalene and GO than on the availability of adsorption sites. However,
the pseudo-first-order model, typically associated with physical adsorption through
weaker forces such as van der Waals interactions, also reasonably fits the
experimental data. This suggests that while chemisorption is the dominant
mechanism, some degree of physisorption occurs, particularly in the initial stages of
the process. The agreement with both models implies that the adsorption process may
begin with faster, weaker physical interactions, followed by slower, stronger chemical

bonding, resulting in the observed adsorption behaviour.
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6.3.3.2 Mechanism

The adsorption mechanism of naphthalene onto graphene oxide (GO) involves
a combination of physical and chemical interactions, primarily driven by n-r stacking
and the presence of oxygen-containing functional groups on the GO surface.
Naphthalene, as a polycyclic aromatic hydrocarbon, possesses m-electrons that
interact with the delocalised m-electrons in the graphitic structure of GO. These n-n
interactions allow naphthalene molecules to adhere to the basal planes of GO through
non-covalent bonding, which is a key factor in the adsorption process. Additionally,
the GO surface may contain various oxygen-containing functional groups such as
hydroxyl (-OH), carboxyl (-COOH), and epoxy (-C-O-C) groups. These groups
potentially enhance adsorption by facilitating hydrogen bonding and dipole-dipole

interactions between naphthalene and the GO surface.

Among the samples tested, GO2Hr, which was subjected to the shortest
oxidation time, exhibited the highest adsorption capacity. This suggests that the
GO2Hr sample retains an optimal balance between functional groups and the integrity
of its graphitic structure. While the oxidation process introduces oxygen-containing
groups that can enhance adsorption through chemical interactions, the relatively intact
graphitic domains in GO2Hr likely contribute to stronger m-m interactions with
naphthalene, making this sample more effective at adsorption. A sufficient number of
functional groups, without excessive oxidation, enables physical adsorption via n-n
stacking and chemical adsorption through hydrogen bonding and electrostatic

interactions.

In contrast, the GO4Hr, GO8Hr, and GO18Hr samples, which underwent
longer oxidation times, may have a higher concentration of oxygen-containing
functional groups. While this increases the potential for chemical interactions with
naphthalene, the prolonged oxidation could disrupt the graphitic structure,
diminishing the extent of m-m interactions. This disruption likely reduces the
adsorption efficiency in these samples compared to GO2Hr. The combined effect of

the increased functional groups and the decreased n-m stacking ability in the more
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oxidised samples illustrates the delicate balance between physical and chemical

interactions that govern adsorption.

In conclusion, the superior adsorption performance of the GO2Hr sample can
be attributed to its preserved graphitic regions, which support strong n-n interactions
with naphthalene alongside a sufficient but not excessive presence of functional
groups. The gradual increase in oxidation time for GO4Hr, GO8Hr, and GO18Hr
leads to a higher degree of functionalisation but at the cost of disrupting the =n-
conjugation, resulting in reduced adsorption capacity. This balance between m-m
interactions and functional group contributions plays a crucial role in the overall

adsorption mechanism of naphthalene onto graphene oxide.
6.3.3.3 Comparison Table

Table 6.4 Comparison table showing the adsorption parameters of various
adsorbents towards naphthalene

SI | Adsorbent Maximum | Parameters Referenc

N adsorptio e

0 n capacity

(mg/g)

1. | Graphene oxide 0.167 ng/g | 0.025 g/100 mL | [20]
, 0.03—10 ppm,
0-24h

2. | Steel slag 0.041 0.1 g/100 mL, [21]
3—10 ppm, 0.5—
5g,048h

3. | Synthetic zeolite (Na-X) 0.067 5-20 ppm [22]

4. | Clinoptilolite 1.63 5-30 ppm, 0— [23]
1h

5. | Kaolin/Fe304 composite 1.70 0.05 g/10 mL, [24]
2-10 ppm, 0—
100 min

6. | Amino-modifed clinoptilolite 1.88 5-30 ppm, 0— [23]
1h

7. | Surfactant-modified 2.60 100 mg/ 20 mL, | [25]

mesoporous silica 2-60 ppm, 0—

48 h

8. | AC from petroleum coke 3.2 0.25-6.5 ppm, [26]
25 °C

9. | Graphene oxide from rice straw | 3.33 0.05-2 g, 25—, [27]
0-1h
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10. | Rice straw 3.58 0.5 g/25 mL, [28]
50-150 ppm, 0—
720 min

11. | Sugarcane bagasse 3.73 0.5 g/25 mL, [28]
50-150 ppm, 0—
720 min

12. | Graphene from rice straw 5.99 0.05-2¢g,0-1h |[27]
13. | Graphene oxide 7.44 2 -25 ppm, [29]
14. | Red clay 9.23 25 mg/50 mL [30]
6.4 to 25.6 ppm,
0-3h

15. | Hydroxyapatite 12.9 0.2g/100mL 5 | [31]
to 100 ppm, 0—
240 min

16. | Metal azolate framework 14 4 mg/50 mL, [32]
0.04-0.14 g, 5-
20 ppm, 0-8 h
17. | AC from coal tar pitch/furfural | 18.75 0.1 g/50 mL, 5— | [33]
20 ppm, 0—
120 min
18. | AC from wood waste 22.33 2—10 ppm, [34]
0.025-0.1 g, 0—
120 min

19. | Hexadecyltrimethylammonium | 22.45 0.05g/50mL, | [35]
-modified bentonite 7.5—20 ppm, 0—
2h

20. | Graphene oxide 22.93 1 -30 ppm, [36]

21. | Modified Graphene oxide 23.88 0.005g/100ml Present
10ppm work

6.3.4 Biosensing with ascorbic acid

With a sense of accomplishment in developing a material boasting an
exceptionally high adsorption capacity, our focus has shifted toward applying
biosensing using these advanced materials. This study aims to detect ascorbic acid by
employing a complex formation involving ferric chloride, potassium ferricyanide, and
the target analyte — ascorbic acid. Specifically, a 50 mL solution containing 5 mM
potassium ferricyanide and another 50 mL solution containing 1 mM ferric chloride
are combined, and then 50 mL of 1 mM ascorbic acid is added. The desired outcome

of this reaction is the formation of Prussian blue, resulting in a distinct colour change.
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A novel approach is employed before introducing ascorbic acid to enhance the
sensitivity of our biosensing system. Before its addition, the ascorbic acid is treated
with graphene oxide samples that have been meticulously prepared. Subsequently, the
treated ascorbic acid is introduced into the reaction mixture containing ferric chloride

and potassium ferricyanide, leading to intriguing and noteworthy results.

[A]

Figure 6.15 [A] FeCls and K3[Fe(CN)s] are mixed in desired concentrations and we
have a light green hue coloured solution. [B] When Ascorbic acid is added to the
mixture of FeCls and K3 [Fe(CN)s] Prussian blue colour is formed. [C] The figure
illustrates the colour variation depending on the concentration of ascorbic acid. At
lower concentrations of ascorbic acid, a light green hue is observed, whereas with
increasing amounts of ascorbic acid in the solution, while keeping other reagent
concentrations constant, the formation of Prussian blue intensifies. (Note that the
experiments in the above figure does not have GO as a reactant).

At the highest concentration of ascorbic acid, we have prussian blue same as
that in figure 6.15[A]. As ascorbic acid concentration reduces, the colour changes
from Prussian blue to light green hue as in figure 6.15[C]. When ascorbic acid is
initially treated with graphene oxide (GO), prussian blue colour is not formed upon
introducing the mixture with FeCl3 and K3[Fe(CN)g]. The colour inhibition can be

attributed to ascorbic acid adsorption onto GO and subsequent utilisation for GO
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reduction. This experiment helps us to standardise the colourimetric evaluation of

ascorbic acid concentration in our further adsorption experiment involving GO.
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Figure 6.16: UV visible spectra of solution with ascorbic acid, GO, FeCl; and
K3[Fe(CN)s], to compare the effect of GO2Hr, GO4Hr, GO8Hr, GO18Hr.

To examine the impact of modified GO based on varying modification times,
ascorbic acid (AA) was treated with each of the graphene oxide samples (GO2Hr,
GO4Hr, GO8Hr, GO18Hr.) before their reaction with FeCl; and K3[Fe(CN)g]. The
GO2Hr sample exhibits high adsorption of ascorbic acid, resulting in the lowest
intensity of the UV-visible spectra among the samples treated with GO, as in Figure

6.16.

The interaction among ascorbic acid (AA), FeCls, and K3[Fe(CN)g results in
the formation of prussian blue dye, as illustrated in Figure 15A. The colour variation
observed in Figure 15C is attributed to fluctuations in the concentration of prussian
blue, directly influenced by changes in ascorbic acid levels within the reaction
mixture. The fundamental detection principle hinges on the capacity of vitamin C

(C6HgOg) to reduce Fem, creating a Prussian blue colloid.

In the initial step, vitamin C (CsHsOs) actively reduces Fe'!! to generate Fe'
[a]. Subsequently, the second step involves the synthesis of Prussian blue

(KFe''[Fe''(CN)s]) as Fe'! reacts with potassium ferricyanide (K3[Fe™(CN)s]) [b].
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This method forms the basis for detecting ascorbic acid, exploiting its role in the

reduction process and subsequent Prussian blue formation.[37]

2Fe!! + C,HgO, — 2Fel! + C;HgOy + 2H* [a]
Fell + K4[Fe"(CN)®] — KFe''[Fe!!(CN)®] + 2K* [b]

A unique approach has been adopted to enhance the sensitivity of the
biosensing system. Before the complex reaction, ascorbic acid undergoes treatment
with graphene oxide (GO) samples. This pre-treatment leads to the adsorption of AA
onto GO, resulting in reduced AA availability for the subsequent reaction with FeCl3

and ferricyanide.

The impact of these interactions is discerned through the intensity of the
produced Prussian blue, as reflected in the UV-visible spectra of the solutions.
Notably, among the graphene oxide samples, GO2Hr exhibits the highest reactivity
with ascorbic acid. This observation underscores the significance of GO samples in
influencing the reaction dynamics and product outcomes, providing valuable insights

for the advancement of biosensing technologies.
6.3 Conclusion

In this chapter, we investigated the synthesis of graphene oxide (GO) synthesis
by varying modification times and systematically analysed its impact on its functional
properties. Our primary aim was to explore how modification time influences the
functional groups in GO and its performance in adsorption and sensing applications.
Through our studies, we were successful in achieving this goal and have made a

valuable contribution to the growing body of research on graphene oxide.

The adsorption experiments with methylene blue and naphthalene as model
pollutants demonstrated the superior performance of GO synthesised with a 2-hour
modification time (GO2Hr) compared to the other samples. GO2Hr exhibited
excellent adsorption capacity in just 4 minutes, which we attribute to the optimal
concentration of functional groups, such as hydroxyl and carboxyl groups, that
facilitate efficient pollutant interactions. We could also achieve the highest adsorption

capacity of 1285mg/g for any GO sample in the literature by tuning the experimental
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conditions. This highlights the importance of modification time in controlling GO's

functional group composition, directly affecting its adsorption efficiency.

Time-varied synthesised GO samples demonstrated excellent results in dye
removal, prompting further exploration of their adsorption capabilities with another
class of pollutants: naphthalene, a polycyclic aromatic hydrocarbon (PAH).
Naphthalene adsorption with GO samples was evaluated, and nearly 100% removal
was observed within 20 minutes. The reaction kinetics was assessed, and found that
it contributed from both pseudo-first and pseudo-second-order kinetics, as physical
adsorption from pore filling and chemical adsorption by various interactions

contributed to the adsorption.

In the ascorbic acid sensing experiment, we utilised a unique approach by
coupling ascorbic acid with ferric chloride and potassium ferricyanide in a specified
ratio, forming Prussian blue dye. This method allowed us to sense ascorbic acid
indirectly using GO as a sensing platform. Once again, GO2Hr outperformed the other
samples, demonstrating the best sensing capabilities. This success further validates
GO2Hr's effectiveness, suggesting that the functional groups formed during the 2-

hour modification time are ideally suited for such applications.

It was observed that when the modification time was too short—specifically
less than 1 hour—graphene oxide (GO) was not formed, which was experimentally
verified. This indicates that a minimum modification time is necessary to induce
sufficient oxidation and the formation of oxygen-containing functional groups.
Conversely, when the modification time was too long, as in the case of 18 hours, the
excessive oxidation led to a reduction in the number of functional groups, which in
turn negatively impacted the adsorption and sensing capabilities of the GO. It further

emphasised the critical impact of modification time to optimise GO's performance.

This chapter represents a significant milestone in graphene oxide research,
especially in understanding how varying synthesis times can tailor GO for specific
applications. By fine-tuning the modification time, we have demonstrated that GO2Hr
is a highly effective material for adsorption and sensing, paving the way for further

advancements in GO-based technologies.
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CHAPTER 7

GRAPHENE OXIDE MODIFICATION USING
MELAMINE SPONGE

High Surface Area High Porosity and
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GRAPHENE OXIDE -
MELAMINE SPONGE
Effective in Saline Simple um.i Cost-
- / Effective
Conditions V .
Synthesis
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Adsorption Easily
Capacity Recoverable
Scope of the Chapter

o Low-cost synthesis with minimal experimental setup.
o Material demonstrated simultaneous oil-water separation and dye removal

o Achieved excellent performance for oil-water separation and dye adsorption,
even in saline conditions.

Abstract

This chapter focuses on developing and characterizing melamine sponge-graphene oxide
(MSGO) composites for environmental remediation applications. By incorporating graphene
oxide synthesized over varying durations (GO2Hr, GO4Hr, GO8Hr, and GO18Hr) into a
melamine sponge, we aimed to enhance its adsorption properties. The primary objective is to
evaluate the adsorption efficiency of MSGO composites using methylene blue dye alongside
their oil-water separation capabilities. The composite exhibited remarkable performance,
achieving over 95% dye removal even in various oil-water mixtures, including almond oil,
coconut oil, diesel, kerosene, olive oil, palm oil, sesame oil, and sunflower oil. The adsorption
kinetics were also analyzed through pseudo-first and pseudo-second-order models to
understand the underlying mechanisms. The results highlight the potential of MSGO,
particularly in saline conditions, for tackling water pollution and oil spills.







Graphene Oxide Modification Using Melamine Sponge

7.1 Introduction

Graphene oxide (GO) possesses abundant surface oxygen-containing
functional groups, a large surface area, and hydrophilicity, making it an effective
adsorbent [1]. It can be easily fabricated from inexpensive graphite through chemical
oxidation routes. While GO sheets can be directly used as adsorbents by dispersing
them in solution, challenges arise in separating and recollecting them after adsorption
due to their high dispersibility, ultra-light nature, and superhydrophilic properties in
aqueous solutions. Additionally, random aggregation or stacking of GO sheets is
inevitable, reducing adsorption capacity and making consistent adsorbent

performance challenging to maintain [2,3].

Recent research has focused on constructing GO-based composites as
adsorbents to address these issues. By incorporating targeted materials to the GO
sheets, the tendency for aggregation in GO-based composite powder adsorbents can
be minimized, simplifying their recollection. However, these nanoparticles block the

adsorption sites of GO, thereby limiting the adsorption capacity [4,5,6].

In comparison, a 3D loading offers distinct advantages as a practical
adsorbent. When produced as a sponge-like adsorbent, it fully exposes the adsorption
sites, prevents agglomeration, and enhances recoverability. Melamine sponge (MS) is
an ideal carrier due to its low density, high porosity, flexibility, and low cost [6,7,8].
With its unique structure, MS can exhibit excellent adsorption capacity when loaded
with a specific adsorbent, making it a promising material for practical applications.
The superb adsorption properties of GO, combined with the 3D porous nature of
melamine sponge, overcome the limitations of each material individually, resulting in

an outstanding adsorbent material.

Several studies have demonstrated the successful incorporation of GO sheets
into melamine sponge (MS), resulting in composite materials with excellent
adsorption performance and oil-water separation [9,10]. However, achieving specific
adsorption often requires species-specific modifications of GO or MS, which can

reduce the available functional groups and decrease GO's adsorption efficiency.
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A recent study [11] employed a direct immersion method to load GO sheets
onto MS for dye adsorption in aqueous solutions. Although this technique is
straightforward, the GO sheets adsorbed onto the MS surface can block the pore
channels, leading to accumulation primarily on the surface and hindering penetration
into the interior. This blockage limits the effective utilization of the MS's porous

structure and, consequently, the composite's overall adsorption capacity [12].

Therefore, further research is necessary to optimize the loading of pure GO
sheets into MS and evaluate the resulting adsorbent's performance for dye removal in

aqueous solutions.

In the present work, we employ a straightforward loading technique to
incorporate GO into MS, achieving uniformly dispersed GO without altering the pores
of the MS. The MSGO samples will be first evaluated for their adsorption efficiency
using methylene blue as a model pollutant. This optimal MSGO sample will then be
subjected to oil-water separation experiments, leveraging the hydrophobic and
oleophilic properties of the composite to assess its effectiveness in environmental

remediation applications.
7.2 Experimental Details
7.2.1 Loading Graphene oxide to Melamine sponge

Graphene oxide samples (GO2Hr, GO4Hr, GO8Hr, GO18Hr) are synthesized
as detailed in section 6.1.1. Melamine sponges are cut into 1x1x1 cm? cubes, washed
with distilled water, and dried in a vacuum oven at 60°C. A 100 ml solution of 0.5 g/L
graphene oxide (GO) is prepared, and 20 melamine sponge cubes are added. The
mixture is sonicated for two hours. After sonication, the GO-loaded sponges are
removed from the solution and subjected to mechanical compressions to remove
excess GO solution, ensuring that the GO does not block the pores of the sponges.

These cubes are then dried in a vacuum oven at 60°C for 24 hours.
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Figure 7.1 Synthesis of MSGO samples

7.2.2 Adsorption experiment

A 100 mL solution of methylene blue (10 ppm) was stirred in the dark. An
MSGO cube was then added to the solution, and adsorption was monitored by
measuring the absorbance at 5-minute intervals for 35 minutes. The adsorption
experiment was repeated using four MSGO samples, each loaded with GO
synthesized at different durations: 2 hours (MSGO2), 4 hours (MSGO4), 8 hours
(MSGO8), and 18 hours (MSGO18). The UV-vis absorbance results are given in
Figure 7.2.
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Figure 7.2 UV-visible absorbance plots of MB dye adsorption using MSGO?2,
MSGO4, MSGOS8 and MSGOIS. Initial absorbance of 10ppm MB is 1.665 and it
reduced to 0.035, 0.139, 0.154 and 0.201 for MSGO2, MSGO4, MSGOS8 and
MSGOI8respectively

The dye removal percentage has been evaluated and presented in a figure7.3.
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Figure 7.3 Dye removal percentage for each MSGO sample. The error bars are
contained within the symbol size.
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When evaluating the dye removal percentage for each MSGO sample, it was found

that MSGO?2 exhibited a slightly higher removal percentage than the others, which

showed similar removal percentages within the experimental limits.

7.2.3 Adsorption kinetics
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Figure 7.4(a) Pseudo first-order kinetic model and (b) pseudo-second-order kinetic
model fit for dye adsorption using MSGO samples.

The adsorption kinetics were evaluated using both pseudo-first-order and

pseudo-second-order kinetic models, and the results are presented in the figure 7.4(a)

and 7.4(b) and tabulated in table7.1

Table7.1 Adsorption kinetic parameters

Pseudo-first-order kinetics

Pseudo-second-order Kinetics

Si:ln[:elge Qe direct . (ekinetic . (ekinetic

ki (min™) (mg/g) R? k2 (g/mg min) (mg/g) R?
GO2Hr 104.36 0.104 77.09  96.9  8.630x 10° 107.64  99.6
GO4Hr 97.03 0.136 130.582 95.6  7.072x10° 11891  90.6
GOS8Hr 95.84 0.147 112.843  99.1  8.893x 10° 106.04 98.5
GO18Hr 93.06 0.115 90.695 952 10.50x 107 97.561  98.9
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The adsorption kinetics of methylene blue dye onto MSGO align more closely
with pseudo-second-order kinetics, but the contribution of pseudo-first-order kinetics
cannot be ignored. Pseudo-first-order kinetics indicate physical adsorption, where the
dye molecules enter the pores of MSGO. In contrast, pseudo-second-order kinetics
represent chemical adsorption involving electrostatic interactions, hydrogen bonding,
and z-m interactions between the dye molecules and MSGO. The porous structure of

MSGO was intentionally designed to enhance dye adsorption.

Now that MSGO has been identified as an excellent adsorbent, we can expand
our discussion and results to include its broader application in two different scenarios:
oil-water separation and dye removal. From all the MSGO variants, we selected the

sample with the best adsorption efficiency, MSGO2, for the application.
7.1.4 Oil-water separation experiment
Methodology

In order to carry out a facile methodology to illustrate oil water separation
experiment we have given different colours to water and oil. Water was coloured with
methylene blue dye and oil with sudan red dye. The oil-water mixture is prepared by
mixing 10ml of S5ppm methylene blue coloured water with 10 ml of sudan red coloured
oil, here in this case its almond oil. The mixture is dropped into a funnel with MSGO
inserted to the small opening. The filtrate is collected into a measuring cylinder and
UV-visible absorbance analysis is done. This experiment is repeated with the almond
oil being tested sequentially with coconut oil, diesel, kerosene, olive oil, palm oil,

sesame oil, and sunflower oil.
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Sudan red-dyed oil

MB dyed water
MSGO

Figure 7.5: (a) Schematic of the experimental setup for oil-water separation. A funnel
loaded with MSGO is connected to a measuring cylinder, allowing a mixture of oil
and water to pass through the material. (b) Oil water mixture top view (c) oil
remaining in the funnel, after the water has been filtered out.

7.3 Results and Discussions

The UV-visible absorbance spectrum of the 5ppm methylene blue (MB)
solution is measured. The absorbance spectra of the oil-water mixtures (for all types
of oils) after passing through the MSGO2 (via the funnel) are also recorded. These
results are then compared with the spectrum of the 5 ppm MB solution and are given

in the figure7.6.
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Figure 7.6: UV-visible absorbance spectra of various oil-water mixtures prepared in
tap water. Initially, a 5 ppm Methylene Blue (MB) solution is prepared in tap water,
and its spectrum is recorded. The oil-water mixtures prepared, are passed through
MSGO?2, and the UV-visible spectra of the filtrates are also recorded.

When introduced to MSGO, the oil-water mixture wets the sponge at first due
to the presence of hydrophilic GO in them, thereby preventing the flow of oil through
it. Consequently, the resultant suspension contains no trace of oil, as evidenced by the
absence of Sudan Red in the filtrate. Additionally, because the melamine sponge is
coated with graphene oxide (GO), the methylene blue (MB) is completely adsorbed
by the GO, leaving the suspension free of MB as well. The dye removal percentage
of MB from each set of oil-water mixture by MSGO?2 is listed in Table7.2. The table
shows that the dye removal percentage is greater than 99% for most of the oil mixtures
tested. This experiment demonstrates the high efficiency of the prepared GO as an
adsorbent and the effective oil-water separation capability of the melamine sponge.
Thus, the combination of MSGO proves to be an excellent solution for dye adsorption

and oil-water separation.
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Figure 7.7: UV-visible absorbance spectra of various oil-water mixtures prepared in
sea water. Initially, a 5 ppm Methylene Blue (MB) solution is prepared in sea water,
and its spectrum is recorded. The oil-water mixtures prepared, are passed through
MSGO?2, and the UV-visible spectra of the filtrates are also recorded.

The purification of water from oil-water mixtures is crucial to addressing spills
in seas and oceans. Therefore, testing this experiment with seawater is essential. To
this end, we collected seawater, measured its salinity, and repeated the experiment

under these conditions.

The salinity of the collected seawater was measured using a salinity
refractometer and was found to be 33g/L, which aligns with the standard salinity range

for seawater [13].

Figure 7.7 shows the UV-visible absorbance spectra of Sppm MB compared
with MB solution in seawater mixed with different oils after passing through MSGO.
The dye removal percentage of MB from each set of oil-water mixture in seawater by
MSGO is listed in Table 7.2. Comparison between the removal percentage of a dye-

oil mixture from tap water and seawater is graphically represented in figure 7.8.
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Table7.2: Absorbance values after adsorption and removal percentage of methylene

blue (MB) for different sets of oil-water mixture in tap water and sea water
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Figure 7.8: Dye removal percentage of methylene blue (MB) for different sets of oil-
water mixture in tap water and sea water.
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When the experiment was repeated using seawater, the removal percentages were
somewhat lower compared to that of tap water, reflecting the more challenging
conditions presented by the saline environment. However, even under these harsh
conditions, the removal efficiencies remained high. Specifically, the removal
percentages for diesel and palm oil are as high as 94 and 93.2%. These results indicate

the robustness of the method even in the presence of salinity.

The slight decrease in the removal percentage observed in sea water compared
to tap water can be attributed to the competitive interactions between salt ions and the
dye molecules. In a saline environment, the presence of dissolved salts increases the
ionic strength of the solution, which can lead to a reduction in the electrostatic
attraction between the adsorbent surface and the dye molecules. This competition
between salt ions and dye molecules can interfere with the adsorption process, causing
a decrease in the overall removal efficiency. Additionally, the high salinity can affect
the surface properties and stability of the adsorbent material, further influencing the
adsorption capacity. Despite these challenges, the method remains highly effective for

oil-water separation, demonstrating its effectiveness even in saline conditions.

7.4 Conclusion

p""" Water "IN i Pure Water ‘
ed and Methylene bl -
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In this chapter, we successfully synthesized melamine sponge-graphene oxide
(MSGO) composites using four different graphene oxide samples, designated as
GO2Hr, GO4Hr, GO8Hr, and GO18Hr, based on their varying synthesis durations.
Each MSGO composite was prepared by incorporating graphene oxide into a
melamine sponge through a simple yet effective loading technique, ensuring uniform
dispersion of GO within the sponge while maintaining the porous structure essential

for adsorption applications.

The adsorption capabilities of the MSGO composites were evaluated using
methylene blue dye as a model pollutant. Among the samples, MSGO?2 exhibited the
most efficient dye adsorption, demonstrating significant removal rates in a short
duration. The adsorption kinetics of these composites were systematically analyzed
using pseudo-first and pseudo-second-order kinetic models. The results suggest that
the pseudo-second-order model better describes the adsorption process, indicating

chemisorption as the dominant mechanism.

Moreover, the MSGO composite's performance in oil-water separation was
thoroughly investigated. The composite demonstrated remarkable -efficiency,
achieving over 95% dye removal in various oil-water mixtures, including almond oil,
coconut oil, diesel, kerosene, olive oil, palm oil, sesame oil, and sunflower oil.
Significantly, we demonstrated that the MSGO composite's effectiveness is extended
to both tap and sea water environments, which is particularly relevant for real-world

applications where oil spills commonly occur in marine ecosystems.
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CHAPTER 8
SUMMARY AND CONCLUSION

The thesis, titled Tuning the Functionality of Graphene Oxide for
Adsorption and Sensing Applications, focuses on modifying graphene oxide to
optimise its functional properties through various approaches and subsequent use in
adsorption and sensing applications. Nearly 100% adsorption of diverse pollutants,
including dyes, antibiotics, and polycyclic aromatic hydrocarbons, was achieved in
all cases. The reaction kinetics were thoroughly evaluated, and mechanisms were
proposed for each set of reactions. Furthermore, this exceptional adsorption capacity
was leveraged for successfully sensing bodily fluids such as ascorbic acid (Vitamin

C) and uric acid.

The thesis is organised into five working chapters, each aligned with the
objectives outlined in Section 1.6. The following paragraphs provide an overview of

each chapter along with its key outcomes.



Summary and Conclusion

In the first working chapter [chapter 3], we explored the critical role of sodium
hydroxide (NaOH) in tuning the functionality of graphene oxide (GO). Our systematic
study revealed a threshold NaOH concentration of 5.45:1 (NaOH: GO by weight), at
which it acts as a reducing agent. This finding was supported by UV-visible
spectroscopy and Raman spectral analysis, where the enhanced n-n* transitions and
the ID/IG ratio highlighted the reduction pathway facilitated by NaOH. We proposed
that UV-visible absorbance maxima, rather than peak shift, is the critical parameter in
analysing GO reduction. Our results also demonstrated that pH does not play a
decisive role in GO reduction. This conclusion was experimentally validated using
NaBH4 as a reducing agent, where both pH and absorbance maxima exhibited a
similar trend, potentially leading to the misinterpretation that pH is a decisive
parameter for GO reduction. However, in the case of NaOH as the reducing agent, the
pH and absorbance maxima trends differed. Absorbance maxima were found to be

more indicative of reduction, as confirmed by Raman ID/IG analysis.

Additionally, our study identified the threshold value for GO reduction using
NaOH, which is strongly supported by a random literature assessment. We found that
in works where GO was reported to be not fully reduced by NaOH, the NaOH: GO
mass ratio was below the proposed threshold in this thesis. Conversely, reduction
occurred when the weight ratio exceeded the threshold, confirming the critical
importance of this ratio. Interestingly, our results demonstrated that pH does not have
a decisive role in GO reduction. These findings have significant implications for the
scalable synthesis of graphene-based nanocomposites, where precise control of
chemical ingredient concentrations can lead to enhanced functionality and industrial

applicability.

The second working chapter [chapter 4] focused on synthesising a graphene
oxide-activated carbon (GOAC) composite using a single-step mixing technique
without any linker molecules. This composite demonstrated exceptional adsorption
capacities for various dyes and pharmaceutical contaminants, including methylene
blue, rthodamine B, and ciprofloxacin antibiotic, achieving up to 100% removal

efficiency under optimised conditions. Including activated carbon not only improved
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the thermal stability of the composite but also mitigated GO's natural tendency to
agglomerate in water. Moreover, the durability of the GOAC composite was
evidenced by its sustained adsorption performance over five consecutive regeneration
cycles, making it a highly promising material for water purification applications. We
also evaluated the adsorption kinetics and proposed possible adsorption mechanisms
for the reaction of GOAC with given pollutants. The adsorption followed a pseudo-
second-order kinetic model indicating chemical interaction between adsorbent and

adsorbate molecules.

In the third working chapter [chapter 5], we synthesised and introduced a novel
reduced graphene oxide-gold (rGO-Au) nanocomposite for uric acid sensing in body
fluids. Dynamic Light Scattering (DLS) analysis revealed the average particle size is
17.04 + 0.04 nm for gold (Au) nanoparticles, and 24.85 + 0.02 nm for the rGO-Au
nanocomposite. The rGO-Au composite exhibited a remarkable fivefold enhancement
in UV-visible absorbance for uric acid compared to GO or gold nanoparticles alone.
This synergistic effect, attributed to the surface plasmon resonance of gold
nanoparticles and the unique anchoring properties of rGO, enabled detection limits
and sensitivity aligned with physiological uric acid levels (experiment done in the
range 1 to 20 mg/dL of uric acid, physiological uric acid levels - male: 4.0-8.5 mg/dL,
female: 2.7-7.3 mg/dL, child: 2.5-5.5 mg/dL, newborn: 2.0-6.2 mg/dL). Unlike
conventional sensing methods, our approach offered a simpler and cost-effective
alternative, paving the way for advanced clinical diagnostics and routine health

monitoring solutions.

The fourth working chapter [chapter 6] detailed the impact of varying
synthesis durations on the functional properties of GO. We prepared four samples by
varying the stirring duration, referred to as the modification time, after adding
KMnOjs. The modification times were set to 2 hours, 4 hours, 8 hours, and 18 hours,
and the resulting GO samples were designated as GO2Hr, GO4Hr, GO8Hr, and
GO18Hr, respectively. We tested the sample interactions with (a) methylene blue dye,
(b) naphthalene and (c) ascorbic acid. GO2Hr stood out among the samples for its

superior adsorption and sensing performance. Its optimal functional group
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composition enabled the highest adsorption capacities for methylene blue and
naphthalene among reported GO materials. For MB adsorption, we achieved the
highest adsorption capacity of 1285mg/g at the best time of 4 minutes. The sample
was regenerated and reused for five additional cycles, consistently achieving 100%
dye adsorption, underscoring the effectiveness of the material. GO2Hr also showed
excellent results in ascorbic acid sensing, validating its utility in both environmental
and biochemical applications. This chapter highlighted the importance of carefully
tuning synthesis time to optimise GO's performance, as excessive or insufficient

oxidation can adversely affect its functionality.

Finally, the fifth working chapter [chapter 7] showcased the successful
integration of GO into a melamine sponge to form MSGO composites by mechanical
compression method without blocking the pores of the sponge to tune the functional
properties of GO. MSGO samples demonstrated exceptional performance in both dye
adsorption and oil-water separation. Among the samples, MSGO2, derived from the
GO2Hr sample, exhibited the highest efficiency in removing pollutants, with
adsorption kinetics favouring chemisorption mechanisms. The performance of MSGO
in oil-water separation was evaluated in both tap water and seawater, using a diverse
range of oils, including almond oil, coconut oil, diesel, kerosene, olive oil, palm oil,
sesame oil, and sunflower oil. The MSGO composites achieved remarkable oil-water
separation efficiencies exceeding 95%, even in saline environments, highlighting their
practical relevance for marine ecosystem applications. This chapter emphasised the
versatility and robustness of MSGO composites, offering concurrent sustainable

solutions for environmental remediation and oil water separation applications.

In summary, we successfully optimised the functionality of GO for targeted
applications in adsorption and sensing through various modification strategies,
specifically (a) NaOH treatment, (b) composite formation, (c) time-varied synthesis
and (d) using a 3D matrix template. Fine-tuning the functionality of GO is crucial for
gaining deeper insights into its structure and composition, which directly influence its
performance in specific applications. Understanding the relationship between

synthesis conditions, functional group distribution, and structural modifications
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enabled precise tailoring of GO for adsorption and sensing. Moreover, this knowledge
is vital when synthesising GO-based composites, as it helps optimise their properties
for enhanced functionality and broader applicability. Notably, in all adsorption
experiments conducted, our material demonstrated superior adsorption performance
compared to those reported in the literature, further highlighting the effectiveness of
our optimisation strategies. These findings offer valuable insights into graphene and
graphene oxide-based synthesis and applications, paving the way for further research

and advancements in these fields.
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CHAPTER 9
RECOMMENDATIONS

The thesis has been focused on tuning the functionality of graphene oxide
(GO) through systematic modifications to enhance its application potential in
adsorption and sensing. Significant milestones have been achieved, including the
successful synthesis and characterization of GO and its composites with varying
synthesis times, functionalization techniques, and material integrations. The
adsorption capabilities of GO and its composites, such as melamine sponge-GO
(MSGO) and GO-activated carbon composites (GOAC), have been demonstrated in
removing pollutants like dyes, oil, and organic contaminants. The sensing capabilities
of reduced graphene oxide-gold (rGO-Au) nanocomposites for uric acid and ascorbic
acid detection using UV-visible spectroscopy have also been explored. The
performance of GO-based materials in specific environmental scenarios, such as oil-

water separation in saline conditions, has also been investigated.

While the present work has contributed significantly to understanding and
advancing the functionality of GO, it has also opened up several avenues for further
research. Addressing these unexplored areas will be crucial for developing GO and its

composites as versatile materials for environmental and biological applications.
Future Work

Future research is recommended to focus on further chemical
functionalization of graphene oxide (GO) using a variety of metals, polymers, and
other materials to enhance its adsorption capacity and selectivity. These
functionalized materials should be tailored for specific contaminants, including heavy
metals, pharmaceuticals, and organic pollutants. Efforts to strengthen the interaction
between GO and target molecules are expected to improve efficiency and expand the

material's application scope in environmental remediation.

To enable industrial applications, it is essential to prioritize the scalability of

GO and its composite synthesis processes. While laboratory-scale synthesis has



Recommendations

demonstrated effectiveness, scaling up the production of GO and its composites, such
as GOAC and MSGO, is recommended. This will require optimizing reaction
parameters, reducing production costs, and ensuring reproducibility to facilitate

large-scale deployment of GO-based materials in real-world environmental settings.

Simultaneous removal of multiple pollutants should also be a key area of
exploration. GO and its composites should be evaluated for their ability to remove
diverse pollutants under real-world conditions, including organic dyes, heavy metals,
and pharmaceuticals. It is recommended that their performance in complex matrices
like wastewater and industrial effluents be investigated to develop GO-based

materials with broader environmental applications.

Special attention should be given to the use of GO-based composites in
marine environments. Research is recommended to focus on their application in
separating oil-water mixtures under saline conditions. Evaluating their durability,
reusability, and environmental impact in challenging marine settings will be critical
for practical implementation and could significantly contribute to addressing marine

oil spills and related pollution challenges.

Additionally, in-depth studies on the biocompatibility and potential
environmental toxicity of GO and its composites are essential. Emphasis should be
placed on their use in biological and environmental applications, such as water
purification. Understanding the long-term effects of these materials on living

organisms and ecosystems is crucial to ensure their safe and sustainable utilization.

These recommendations aim to guide future research toward developing
advanced GO-based materials for environmental and biological applications. The
anticipated outcomes include enhancing the practical applicability of GO in water
treatment, pollution management, and sensing technologies while contributing to
global efforts to mitigate environmental pollution and ensure access to clean water.
By addressing these research directions, the potential of graphene oxide as a versatile
and impactful material can be fully realized, paving the way for sustainable

technological advancements and solutions to pressing environmental challenges.
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