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Abstract

Emerging pollutants (EPs) provide a new global water quality concern, potentially posing a major
damage to human health and the surrounding. Pharmaceuticals, extensively used in both human and
veterinary medicine, have become pervasive environmental contaminants due to their continual
release into sewage systems and subsequent ubiquity in various ecosystems. In the ambient matrix,
they are often present in small amounts (ng/L to g/L) due to their stable composition and slightly
elevated polarization. Traditional methods for detecting pharmaceutical compounds in water have long
been hindered by their expense and complexity, making widespread implementation challenging.
However, electrochemical sensors offer a promising solution to this problem. These sensors provide
a cost-effective, portable, and user-friendly alternative to traditional analytical techniques. This
research focuses on the development an electrochemical sensor using a screen-printed manganese
oxide electrode platform for the potential-dependent analysis of multiple drugs, including
sulfamethoxazole, carbamazepine, metoprolol, and ibuprofen. These substances are critical to
monitor due to their widespread presence and potential health implications. The study leveraged the
unique properties of MnO; nanopatrticles, such as their electrochemical activity, large surface area,
and catalytic qualities, to enhance the sensitivity and functionality of screen-printed electrodes for the
detection of these drugs. The MnO; nanoparticles were characterized using a suite of techniques
including Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), UV-visible spectroscopy, small-angle X-ray scattering (SAXS), and Raman
spectroscopy. The optical properties of MNO2NPs were investigated using UV/Vis spectroscopy,
covering a wavelength range from 280 to 800 nm. This analysis revealed crucial information about the
behaviour of MnO2NPs in response to light across different wavelengths. Specifically, the band gap
of the MnO;NPs was determined to be 1.14 electron volts (eV) suggests that these nanoparticles
possess favourable electrical and optical characteristics. A band gap of this magnitude indicates that
MnO;NPs can effectively absorb light within a certain energy range, making them potentially useful in
various applications such as photocatalysis, photovoltaics, and optical sensing. Electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) were employed to investigate the
electrochemical behavior of both bare and MnO;NPs-modified screen-printed electrodes. A
comparison between the two revealed significant differences in electron transfer kinetics. In the case
of the bare electrode, EIS and CV analyses indicated slower electron transfer kinetics, as evidenced
by a peak potential separation of 0.249 V in the CV curve. This separation reflects the energy barrier
that electrons must overcome during the redox process. Conversely, for the MnO;NPs-modified
SPCE, the peak potential dispersion was reduced to 0.269 V, suggesting faster electron transfer
kinetics. This reduction in peak potential separation indicates a more efficient and rapid reaction
occurring at the electrode surface, likely facilitated by the presence of MnO:NPs. The study
investigated the influence of pH, scan speed, and electrolytes to identify optimal experimental
conditions. Subsequently, under these ideal circumstances, the electrochemical characteristics of
carbamazepine, sulfamethoxazole, ibuprofen, and metoprolol were assessed using differential pulse
voltammetry. Calibration curves were constructed for each analyte of interest, enabling the
determination of limit of detection. The results revealed limit of detection 0.0005 uM for CBZ, 0.0002
uM for SMX, 0.0004 puM for IBU, and 0.005 uM for MP. These values were derived from the
extrapolation of calibration curves, which demonstrated linearity within the range of 0.010 to 0.006
uM. These limits of detection signify the lowest concentrations of each analyte that can be reliably
detected and quantified using the DPV technique under the specified experimental conditions.
Furthermore, the study conducted stability and interference investigations to evaluate the performance
of the MnO:NPs/SPCE sensor under optimal conditions. These investigations demonstrated
satisfactory performance, indicating the sensor's robustness and reliability in real-world applications.
The effectiveness of the suggested sensor was validated through its successful application in
analysing wastewater samples. This practical testing confirmed the sensor's ability to detect multiple
drugs, highlighting its potential accurately and selectively. In conclusion, the study successfully
developed an extremely accurate, precise, and selective MnO>NPs/SPCE sensor for the multidrug
detection. By combining the advantages of MnO. nanoparticles and screen-printed electrode
technology, this sensor offers a cost-effective and efficient solution for environmental monitoring and
pharmaceutical analysis.
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Chapter 1: Introduction

Summary

This section provides a review of new pollutants: medicines, as well as how they infiltrate the
environment. The negative consequences of this medicine on both humans and aquatic life. The
negative implications of this medicine on both human health and the surrounding. A quick description
of the four medications of importance in this investigation, namely carbamazepine, sulfamethoxazole,
ibuprofen, and metoprolol, as well as the concentrations recorded in the water bodies. The section
also includes the issue description and motivation, goals and objectives, and the thesis summary.

1.1 Emerging pollutants: pharmaceutical pollutants

Emerging pollutants (EPs) provide a new worldwide water safety concern, potentially posing a major
damage to human health and the surrounding [1]. EPs are organic and inorganic substances prevalent
in the surrounding that may be detrimental to the health of people and animals and are not controlled
[2,3]. Insecticides, pharmaceuticals, and personal care products are all examples for developing
contaminants [4]. Pharmaceuticals (Pharm) play a crucial role in maintaining human and animal
health. However, their widespread use and consumption patterns have resulted in their presence in
the aquatic environment [5]. Pharm enter aquatic ecosystems through various pathways, including
treated sewage effluent discharge, landfill leaching, and direct discharge from pharmaceutical
manufacturing plants as shown in Figure 1.1. Due to their high solubility in water, as well as their
chemical stability and low biodegradability, many Pharm persist in the environment once released [6].
The spectrum of Pharm found in aquatic environments is diverse, encompassing antibiotics,
antipyretics, analgesics, anti-inflammatories, antimicrobials, and hormones [7]. These contaminants
pose risks to both human health and the aquatic environment [8]. For instance, antibiotics can
contribute to the development of antibiotic-resistant bacteria, while hormones may disrupt the
endocrine systems of aquatic organisms, leading to infertility and developmental issues [9]. The
presence of these pollutants in water is typically detected at low concentrations, ranging from pg/L to
ng/L [10].

Traditional wastewater treatment methods often fail to fully eliminate pharmaceutical pollutants,
leaving them to persist in the environment over time [11]. To address this issue, various quantitative
analytical strategies have been developed for the identification of specific pharmaceuticals like
carbamazepine, sulfamethoxazole, metoprolol, and ibuprofen in environmental samples [12]. These
approaches encompass a range of techniques including spectrofluorimetry, gas chromatography
(GC), spectrophotometry, planar chromatography, electrokinetic chromatography, liquid
chromatography-tandem mass spectrometry (LC-MS/MS), and high-performance liquid
chromatography (HPLC). However, many of these methods rely on expensive instruments, involve
high costs, and utilize environmentally unfriendly and toxic solvents [13]. In response to these
limitations, there has been a growing emphasis on the development of innovative, cost-effective, and
environmentally friendly techniques for identifying and quantifying pharmaceutical contaminants in the
environment [14]. Electrochemical sensors have emerged as a promising alternative to traditional
methods for pollutant identification, including pharmaceuticals [15]. These sensors offer several
advantages, including affordability, portability, ease of use, and the ability to detect contaminants in
real-time, making them well-suited for environmental monitoring applications [16].

A promising strategy for enhancing the capability of electrochemical sensors to detect pharmaceutical
contaminants in the environment is their modification [17]. This involves incorporating novel materials
or altering the sensor's surface to improve its strength, specificity, and responsiveness[18].
Manganese oxide nanoparticles have emerged as a potential modification for electrochemical sensors
in the identification of pharmaceutical contaminants [19]. MnO2NPs offer several desirable properties
for use in such sensors, including a large surface area, chemical resistance, and excellent conductivity
[20,21]. Overall, the aim of this research is to develop a sensor that can quickly and accurately identify
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the presence of pharmaceuticals in wastewater samples. Such a sensor could significantly contribute
to the improved management and treatment of wastewater, ultimately helping to mitigate the impact
of pharmaceutical contaminants on the environment and human health [22].
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Figure 1.1: The manner in which medications enter the environment. Reprinted with permission
[16].

1.2 Negative impact of pharmaceuticals on the health of human and aquatic life.

The simple fact that South Africa is considered a country with a water scarcity exacerbates the
problem because the country has so few water resources [23,24]. Wood et al. (2017) state that South
Africa faces significant difficulties such as poor wastewater treatment, a high prevalence of
tuberculosis, drug resistance to the disease, and restricted access to drinkable water, especially in
rural areas [25]. Pharmaceuticals may exist in aquatic ecosystems in low concentrations, but because
to their broad usage, high biological reactivity, continual release, and relatively slow breakdown, they
are pseudo-persistent in aquatic environments [6]. One of the most enduring categories of
environmental pollutants, pharmaceuticals have the potential to seriously endanger both aquatic life
and human health [26]. The first of the biggest risks to global health and food security is the high
potential of antibiotic emergent pollutants posing antibiotic resistance [27]. Bacteria resistance can
cause medications to fail in both people and animals [28]. Furthermore, bacteria can ingest antibiotics
and impact biological approach, resulting in ecological consequences when soil is treated with
antibiotic-containing dung. As a result, the growth of seeds and output yield can be dramatically
influenced [29]. Table 1.1 lists numerous antibiotic leftovers discovered in different water matrix,
involves their health effects [16]. Beta-blockers are a hormone disruptive chemical that has been
demonstrated to affect androgen levels in male creatures [30,31]. Furthermore, metabolic buildup in
marine organisms can change the functioning of their circulatory systems [32]. Bioaccumulation
studies, for example, have shown that these chemicals reside in a range of fish tissues, including the
brain, liver, blood plasma, gills, muscles, and gills [16]. Long-term exposure to these substances
encourages antibiotic resistance, which has a significant impact on public health. Even though
pharmaceuticals are present in lower concentrations in diverse water matrix [4]. Resistance to
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antibiotics genes, which reach the surrounding via wastewater treatment plants and manure, are
expected to have an indirect but significant impact on human health. It is difficult to determine the
over-time impacts of medications on the surrounding and human health because there is still a dearth
of knowledge about their behaviour and hazards/ecological threats [33].

Table 1.1: Pharmaceutical pollutants and their toxicity effects.

Chemical

Adverse effect

Reference

Anti-biotics (e.g
sulfamethoxazole, Penicillin)

Anti-epileptics (e.g
carbamazepine, gabapentin)

Beta- Blocker (e.g
Metoprolol)

Analgesics (e.g Ibuprofen,
naproxen)

Humans can develop
antibiotic resistance; though
healthy people may be at a
lesser risk.

causes of bacterial
pathogen resistance that
change the makeup of
microbial communities in
nature and have an impact
on the higher food chain.
Using organic fertilizers
(sludge or manure) high in
antibiotics can impede plant
growth because they
interfere with root formation.
Carcinogenicity in mice
Reduces thyroid, hormones,
oestrogen, and testosterone,
which reduces fertility by
impairing the endocrine
system and people and
aquatic  creatures  may
experience developmental
problems.

Drowsiness and  visual
difficulties

are just two of the negative
impacts on the neurological
system that have been
recorded.

They also reduce the amount
of testosterone and the rate
at which aquatic species
reproduce.

Zooplankton and benthic
creatures may be impacted
by beta-blockers.

Kidney and gill injury in fish,
such as rainbow trout

Toxic to

phytoplankton and

benthos

[34,16,24]

[35,16]

[16]

[36,16]




1.3 Pollutants from pharmaceutical products

Pharmaceuticals often include over the counter (OTC) or prescription pharmaceuticals for humans,
animals, and plants, as well as nutraceuticals used for prophylaxis, therapy, and health supplements
[6]. Antibiotics, painkillers, anti-allergic pharmaceuticals, hormones, non-steroidal anti-inflammatory
drugs, beta-blockers, cholesterol regulators, and antiepileptics discovered in aquatic habitats at
amounts ranging from (usually ng/L to pg/L) [24].

1.3.1 Carbamazepine

Carbamazepine (5 H-dibenzo [b, f] azepine-5-carboxamide), (CBZ), is a prevalent anti-epileptic
medicine with a high durability in the surroundings and insufficient removal by typical sewage
treatments, as illustrated in Figure 1.2 [24]. When other medications have failed to control bipolar
disorder, carbamazepine may be administered. It affects the brain's aberrant electrical activity by
lowering it. Depression, psychological disorders, illicit substance departure, PTSD, disorder of the
legs, mellitus insipidus, certain painful disorders, and chorea among kids are all controlled by
carbamazepine [37]. According to Madikizela et al.,2017, the maximum detected value of
carbamazepine in South African wastewater was 2.2 g/L. Furthermore, wastewater contains up to
0.052 ng/L of two carbamazepine metabolites (carbamazepine-10, 11-epoxide, and carbamazepine-

10, 11-dihydroxycarbamazepine).
OY NH,

N

—
Figure 1.2: Carbamazepine

1.3.2 Sulfamethoxazole

Sulfamethoxazole (4-Amino-N-(5-methylisoxazole-3-yl)-benzene sulfonamide) is a popular antibiotic
involve alleviating illnesses by preventing the synthesis of dihydrofolic acid. (a necessary component
for bacterial proliferation), as shown in Figure 1.2 [38]. Antibacterial resistance genes being
discovered because of chronic exposure to antibiotics is one of the main issues surrounding their
consumption, hence it is important to check for them in environmental samples [37]. Sulfamethoxazole
is a medication used to treat viral illnesses in humans, including urinary tract infections, asthma, and
prostate cancer. SMX is efficient against both involve utilized for relieving ilinesses caused by bacterial
strains that are gram-positive as well as gram negative in the animal husbandry and aquaculture
industries [39]. In African wastewater effluents, sulfamethoxazole concentrations ranged from 0.15 to
10 g/L [40]. According to Madikizela et al.,2020 and Faleye et al.,2018, the antibiotic sulfamethoxazole
has been found to be at higher concentrations in Africa than anyplace else in the globe, with a
concentration of 0.0868 g/L being observed.

HoN
Figure 1.3: Sulfamethoxazole



1.3.3 Ibuprofen

Ibuprofen is an analgesic and NSAID [24]. It can be found in water bodies either completely or partially
as metabolites, such as hydroxy ibuprofen and carboxy ibuprofen as shown in figure 1.4. Ibuprofen
was detected in water samples from South Africa at levels of 278.261, and 170 ng/L [41]. Madikizela
et al demonstrated the detection of the concentration of NSAID compounds such as Ibuprofen, which
was found to be higher in African wastewater than in developing countries such as Europe. This
observation is the result of inadequate hygiene. For instance, ibuprofen was discovered to have an
average level of 111.9 mg/L in the Northern WWTP influent in the Gauteng region and a peak level of
221 mg/L in a WWTP influent in the KwaZulu-Nata region of South Africa. In trials done in Europe, the
highest recorded ibuprofen influent values were 22.8, 1.36, and 20.2 mg/L. As a result, One of the
NSAIDs that is often observed in surface and wastewater in Africa is ibuprofen [34].

OH

Figure 1.4: Ibuprofen

1.3.4 Metoprolol

Metoprolol is the most frequently administered antihypertensive drug in the world, and it belongs to
the beta-blocker ((1)-adrenergic receptor antagonist) family, as illustrated in Figure 1.5. MP involves
medication to treat hyperthyroidism, angina, arrhythmia, hypertension, and myocardial infarction [42].
The beta-blocker metabolites in surface water with the greatest proportions of environmental toxicity
data, according to Letsoalo et al. 2023, suggested a possible over time danger of persistent
contamination and neurotoxic consequences on marine and terrestrial creatures that are not intended
recipients. Furthermore, metoprolol has been determined to be among the drugs most frequently
found in fish specimens from the shores of Europe. [24]. Five ng/L was the most significant amount of
metoprolol identified in Canada. Metoprolol, propranolol, and atenolol—three -blockers—were
identified in Egypt's and Cameroon's water bodies in amounts of less than 17 ng/L. High
concentrations have been recognized as a warning sign that beta-blockers should be evaluated on a
regular basis in developing nations [9].

OH
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Figure 1.5: Metoprolol

1.4 Problem statement
The presence of emergent organic contaminants, particularly pharmaceutical pollutants, in water
sources is a growing concern globally, including in South Africa [43]. These substances, which include
hormones, antibiotics, and various other pharmaceutical compounds, are not effectively removed by
conventional wastewater treatment processes. Their presence in the water cycle poses significant
risks to human health and the environment [44]. For instance, exposure to certain pharmaceuticals in
water can lead to the development of diseases in humans and can disrupt aquatic ecosystems,
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affecting the health and behavior of aquatic organisms [33]. The detection and quantification of these
contaminants in water bodies are crucial for assessing the extent of pollution and for implementing
strategies to mitigate their impacts [43]. Advanced analytical techniques such as Liquid
Chromatography-Mass Spectrometry (LC-MS), High-Performance Liquid Chromatography (HPLC)
with various detectors, Gas Chromatography-Mass Spectrometry (GC-MS), Ultraviolet (UV) detection,
and Capillary Electrophoresis have been employed to identify and measure the concentrations of
pharmaceutical compounds in water. These methods offer sensitivity and specificity in detecting a
wide range of contaminants at low concentrations. However, the application of these techniques faces
several challenges such as specialized personnel, high costs, use harmful solvents, infrastructure
requirements and time-consuming procedures [45]. Given these challenges, there is a pressing need
to develop more accessible, cost-effective, and environmentally friendly methods for detecting
pharmaceutical pollutants in water [46]. Emerging technologies and innovations could offer solutions
that are less reliant on specialized skills and infrastructure, reduce the use of hazardous chemicals,
and provide faster results. Electrochemical sensors emerge as a promising solution to these
challenges, leveraging advancements in material science, nanotechnology, and electrochemistry [47].

1.5 Justification

The justification for developing an electrochemical sensor specifically designed for detecting
pharmaceutical contaminants in water samples is compelling, especially considering the pressing
need for effective, efficient, and accessible water monitoring solutions [45]. The increasing prevalence
of pharmaceutical pollutants in water bodies worldwide poses significant risks to both human health
and environmental sustainability [44]. Traditional methods for detecting these contaminants, while
effective, often come with significant drawbacks, including high costs, complexity, and the need for
specialized equipment and personnel [48]. Electrochemical detection presents a promising alternative,
offering several advantages that align with the needs for broader, more accessible water quality
monitoring such as affordability, dependability, portability, and simplicity of use [49]. The challenge of
electrochemical fouling, where bare electrodes may suffer from reduced sensitivity due to surface
interactions with the sample matrix, is a significant hurdle. However, this can be overcome by
modifying the electrode surface to enhance its sensitivity and selectivity towards specific contaminants
[46].

The use of nanotechnology, specifically the incorporation of MnO. nanoparticles, represents a
sophisticated approach to this problem. MnO- nanoparticles offer several benefits such as enhanced
electrocatalytic reactivity, increased surface area, good selectivity, and sensitivity [50]. The proposed
use of MnO; nanoparticles to modify screen-printed carbon electrodes (SPCE) for the detection of
compounds such as carbamazepine, ibuprofen, metoprolol, and sulfamethoxazole introduces a
method that is not only potentially more effective but also more sustainable and accessible. Transition
metal nanoparticles like MnO, serve as multifunctional catalysts due to their environmental
friendliness, cost-effectiveness, and versatile application across nanoscience fields, including
photocatalysis, energy storage, and now, electrochemical sensing [51]. The unique properties, several
synthesis routes, and applications of MnO2 nanoparticle will be discussed thoroughly in chapter 2. The
use of SPCE represents a significant advancement in electrochemical sensor technology, offering a
platform that challenges traditional three-electrode systems [52]. This shift is motivated by the need
for more accessible, cost-effective, and versatile methods for monitoring water quality, especially
given the increasing concern over pharmaceutical pollutants in aquatic environments [53].

The Mn (VI) of the precursor was reduced by a potassium permanganate utilizing cathodic reduction,
resulting in the formation of MnO;, nanorods [54]. Potassium permanganate (KMnQO,) serve as an
oxidizing agent [55]. A research gap exists in the simultaneous detection using electrochemical sensor
of pharmaceutical determination in application of wastewater samples. Most electrochemical sensors
that have been developed are used in application of serum, urine, and saliva samples [56]. In
summary, the development of an electrochemical detector leveraging MnO. nanoparticles for the
enhancement of SPCE represents a forward-looking approach to water quality monitoring [57]. It
addresses key challenges in the detection of pharmaceutical pollutants, offering a method that is both
practical and aligned with the needs for sustainable, global environmental health initiatives.

Despite the advances in electrochemical sensing, there is a significant gap in comprehensive studies
focusing on the simultaneous detection of multidrug using manganese oxide nanoparticles (MnO,) on
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screen-printed electrodes (SPESs). The existing literature often addresses individual drug detection or
uses other electrode materials, leaving a gap in the exploration of MnO, nanoparticles as a
multifunctional sensing platform for these specific drugs. According to Dawadi et al. (2020), their
review covers the synthesis methods, applications, and challenges associated with MnO,
nanoparticles in various sensing applications, including electrochemical sensors. However, it does not
specifically address the simultaneous detection of multiple pharmaceuticals. Motoc et al. (2013)
explored the use of modified electrodes for the detection of ibuprofen, highlighting the potential of
different nanomaterials but not including MnO, nanoparticles or the simultaneous detection of multiple
drugs. Apetrei et al. (2017) discussed the application of SPEs for detecting various pharmaceuticals
in water, focusing primarily on carbon-based materials and not addressing MnO, nanopatrticles or the
detection of multiple drugs. Addressing this gap could significantly advance the field of environmental
and pharmaceutical monitoring by offering a robust and sensitive method for detecting multiple
contaminants simultaneously.

1.6 Aims and objectives.
Aim

This study focussed on the development of a potential dependent real time multidrug sensor systems
using screen printed manganese oxide electrode platform in water samples.

Objectives of the study
e Synthesis of manganese oxide nanopatrticles (MnO2NPs).
e Characterization of MnO:NPs using FTIR, XRD, SEM, SAXS spectroscopy, UV/Vis
spectrophotometer, Raman spectroscopy, CV and DPV.
e Development, optimisation, evaluation and testing of MnO2NPs on a screen-printed electrode
for sulfamethoxazole, metoprolol, ibuprofen, and carbamazepine.
e Application of the developed MnO>NPs sensors in monitoring target drugs in real- water

samples.

1.7 Outline for a thesis
The research is divided into six chapters:

Introduction to chapter one: This chapter introduces the topic of developing contaminants, with a
particular emphasis on medicines. Describes how drugs reach the environment, which could be
through wastewater discharge, inappropriate disposal, or other means. Describes the negative
consequences of drugs on both human health and the surrounding. The study focuses on four specific
pharmaceuticals: carbamazepine, sulfamethoxazole, ibuprofen, and metoprolol. Provides data on the
reported concentrations of the indicated medicines in bodies of water. The problem or concerns
addressed in the study should be stated. Clearly states the study's goal and objectives. Provides a
summary of how the thesis is organized, as well as a road map for what the reader can expect in the
next chapters.

Chapter two: Literature review; this part is anticipated to provide a detailed summary of recent
electrochemical sensor research. It may cover different types of sensors, their principles of operation,
and their applications, with a specific emphasis on their relevance to the detection or analysis of
pharmaceutical compounds. This section of the literature review would go over several strategies for
creating metal-based nanoparticles. It could involve procedures like chemical reduction, sol-gel, or

7



green synthesis. The review may highlight the benefits and drawbacks of each method, with an
emphasis on their applicability to the setting of your study. This section would likely explore recent
studies and applications of manganese oxide. The review might emphasize any applications related
to sensing or detection, considering the electrochemical context mentioned in the introduction.

Chapter three: Methodology; describes the substances and equipment used in the characterization of
MnQO; nanoparticles. This could include precursor materials, solvents, and other necessary reagents.
Lists the instruments employed for characterization, such as FTIR, Raman spectroscopy, SEM, XRD,
UV/vis spectroscopy, and SAXS. These tools help analyze the physical and chemical features of the
MnO;, nanoparticles. Electrochemical techniques for sensing, CV involve measuring the
electrochemical behaviour of the MnO; nanoparticles. This technique provides information about
redox reactions and can be valuable for characterizing the sensor's electrochemical features. EIS
describes the application of EIS for studying the electrical response of the MnO, nanopatrticle sensor.
Differential pulse voltammetry (DPV) provides information on how this technique is employed in the
study. It is often used for sensitive and selective analysis in electrochemical sensing. Details the
process used to fabricate the MnO2 nanoparticles on a SPCE. This step involves crucial for creating
a functional sensor platform. Describes how the MnO, hanopatrticle sensor is applied in wastewater.

Chapter four: Results and discussion: Summarizes the data obtained from FTIR, SEM, XRD and
Raman spectroscopy, providing insights into the structural and morphological properties of the MnO.
nanoparticles. CV, EIS, and DPV presents the results of electrochemical characterization, including
the detection of carbamazepine and sulfamethoxazole. Discuss the optimization process for
parameters such as pH and scan rate in the context of improving the sensor's performance. Discusses
how the sensor responds to potential interfering substances. Addresses the stability of the MnO,
nanoparticle sensor over time and under various conditions. Describes the application of the MnO>
nanoparticle sensor in detecting specific pharmaceutical compounds in wastewater.

Chapter five: This chapter summarizes the data obtained from UV/Vis spectroscopy and SAXS. This
section provides insights into the optical traits and structural traits of the MnO, nanopatrticles. CV, EIS,
and DPV presents the results of electrochemical characterization, emphasizing the identification of
Ibuprofen and metoprolol. Discusses the electrochemical behaviour of MNO2NPs concerning these
pharmaceutical compounds such as Ibuprofen and metoprolol. Interference and stability studies
evaluates how the sensor responds to potential interfering substances and its stability over time and
varying conditions. These studies contribute to assessing the sensor's reliability and specificity.
Describes the application of the MnO. nanoparticle sensor in detecting specific pharmaceutical
compounds (Ibuprofen and metoprolol) in wastewater.

Chapter six: This section draws insights from the research study's overall outcomes and gives
suggestions for further research.
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Chapter 2: Literature review

Synthesis and application of metal oxide-based
nanoparticles in sensors

Summary

The section addresses recent research that is deemed significant to the current study. This could
include findings, methodologies, or advancements in the field that have direct relevance to the ongoing
investigation. Various synthesis techniques used to create metal-based nanoparticles are mentioned.
Metal-based nanoparticles may involve the use due to the importance of synthesis procedures in
modifying their properties and features. A brief overview of conventional detection techniques is
provided. This could include traditional methods used for detecting certain substances, serving as a
baseline for comparing the performance of the electrochemical sensors under investigation.
Numerous electrochemical sensors that have previously been used to identify pharmaceuticals,
including carbamazepine, ibuprofen, sulfamethoxazole, and metoprolol. This highlights the relevance
of the current study to electrochemical approaches are used to detect these medicinal substances.

2.1 Introduction

Sensors have garnered significant attention in scientific, environmental, and medical fields due to their
extensive use over the years and their remarkable characteristics [1]. In everyday life, a wide variety
of sensors are used, which are classified based on the quantities and qualities they detect [2]. Sensors
come in a variety of forms, including magnetic, chemical, thermal, and radiation sensors [3]. A device
that finds and gauges the concentration of chemical substances in its surroundings is called a
"chemical sensor". Chemical devices are capable of sensing by a range of methods, such as optical,
acoustic, and electrochemical ones [4].. This highlights the versatility of chemical sensors in terms of
the mechanisms they employ for detecting chemical substances [5]. Electrochemical sensors have
been more desirable than other sensors. This preference is attributed to their significant experimental
simplification, detectability, and affordability [6].

The area of electrochemistry has grown to appreciate electrochemical sensors owing to their
exceptional qualities [7]. Electrochemical sensors are a powerful tool and well established to gain real-
time analysis [8]. In addition to simultaneously detecting several analytes, organic, inorganic, neutral,
and ionic molecules are among the many chemicals that electrochemical sensors are frequently able
to detect [9]. Target analytes in an electrolyte on a working electrode are used in electrochemical
sensors to conduct a redox reaction that resulting in variations in an electrical signal proportional to
the amount of the analyte [4]. A voltammetry electrochemical sensor is a type of electrochemical
sensor that operates based on the principles of voltammetry. Voltammetry involve approach of
changing potential is applied to an electrode and measuring the resulting current [7].

The basic principle of an electrochemical sensor involves the use of electrochemical reactions to
detect and quantify the presence of a specific analyte in a sample. Electrochemical sensors operate
based on redox reactions, where electrons are transferred between molecules [10]. These reactions
can involve the oxidation (loss of electrons) and reduction (gain of electrons) of chemical species. The
working electrode is where the electrochemical reaction takes place [8]. The working electrode is often
made of a material that facilitates the redox process. A transducer and a solidified sensing element
(recognition system) make up most of an electrochemical sensor (conversion system) [5]. Figure 2.1
depicts its fundamental design and principles.
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Figure 2.1: Overview basic principle of the electrochemical sensor [11].

When it comes to electrochemical identification techniques, noticing instruments that use SPCE are
preferred across additional electrode forms due to the convenience of preparation, simple of
manufacture, and ability to be readily made from an array of substances, as Figure 2.2 illustrates [9].
These circumstances allow for the mass production of SPEs at minimal production costs. Furthermore,
due to their quick and linear responses, high sensitivity, low power consumption, and capacity to
function at room temperature, SPEs are the most extensive electrochemical sensors to be employed
for in-situ examination [10]. Screen-printed electrodes make progress toward decentralized analysis
by addressing the cost-effectiveness problem as well as the portability need. It is possible to create
extremely specialized and ultimately calibrated electrodes for target analytes by simply modifying the
reference, counter, and working electrodes with different accessible inks. In the realm of research,
screen-printed electrodes' versatility is essential [9].

Counter electrode (CE)

Working electrode (WE)

Reference electrode (RE)

CE connection
WE connection

~—— RE connection
Figure 2.2: Diagram of a screen-printed electrode (SPE) [12].

2.2 Modification of the electrochemical sensor

The impact of the characteristics of the working electrode (WE) on sensor performance in detecting
environmental pollutants [5]. The fabrication of electrodes has become increasingly important due to
the disadvantages of bare electrodes. Bare electrodes refer to electrodes that do not have any surface
modification or coating. These electrodes have several disadvantages, includes superficial
passivation displacement, significant noise levels, uneven surface, non-repeatability of surface act,
excessive potential need, and sluggish rates of electrochemical responses of particular substances
on the electrode's surface [13]. These issues limit their applicability for analytical purposes and
typically result in low sensitivity and selectivity for detecting environmental pollutants. To overcome
these limitations, various surface modifications or coatings can be applied to the electrodes to
enhance their performance. Modified electrodes are an increasingly popular approach to enhancing
the performance of electrochemical sensors. The responsiveness, specificity, and speed of response
of the sensor can be increased by altering the electrode surface with new substances, such as metal-
based nanoparticles [14]. One key advantage of metal-based nanoparticles is their high electrical
conductivity, which can facilitate the transmission of electrons between the desired analytes and
electrode surface [15]. This can lead to more accurate and precise measurements. Additionally, metal-
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based nanoparticles have low charge transfer resistance, which enables the rapid and efficient
transfer of electrons [16]. This property allows for faster response times and measurements that are
more reliable. Overall, using metal-based nanoparticles as mediators for modified electrodes is a
promising approach to improving the performance of electrochemical sensors [17].

2.3 Introduction to the metal oxide-based nanoparticle.

Metal nanoparticles are distinguished by their tiny dimensions and substantial surface area as
counterparts [18]. These traits are outcome of quantum confinement effects, surface plasmon
resonance, and surface energy. Quantum confinement effects arise when the size of the nanoparticle
is smaller than the electron wavelength. In this case, the electronic properties of the particle are no
longer governed by the bulk properties of the metal, but rather by the confinement of electrons within
the nanoparticle [19]. Surface plasmon resonance involve the metal nanoparticles exposed to light.
The high surface area of the nanopatrticle allows for collective oscillations of the electrons, resulting in
strong absorption and scattering of light at specific wavelengths [20]. The high surface energy of metal
nanoparticles involves a significant character in their unique properties. The high proportion of surface
atoms counterparts leads to increased reactivity and catalytic activity, making them useful in a variety
of applications such as catalysis, sensing, and biomedical imaging [21]. Overall, metal-based
nanoparticles have significant potential for use in various fields due to their unique properties resulting
from their nanometer size and high surface area. Metal and metal oxide nanopatrticles, which are non-
toxic inorganic particles. Inorganic nanoparticles are generally more stable and hydrophilic than
organic nanopatrticles [17]. The rapid advancement of hanotechnology has led to the development of
various types of nanoparticles, including metal oxides, for use in various industries. Metal oxide
nanoparticles can be synthesized in various morphologies, including spheres, rods, tubes, and wires,
using a variety of techniques [19]. These techniques include sol-gel, hydrothermal, thermal
decomposition, and co-precipitation methods. Metal oxide nanopatrticles' distinctive characteristics
and diverse morphologies make them appealing for use in a variety of applications, including catalysis,
energy storage, electronics, and medicine. [22].

2.3.1 Synthesis of metal oxide-based nanoparticle

Metal nanoparticles are prepared and stabilized using an array of chemical as well as physical
methods. Some of these methods include electrochemical changes, chemical reduction, and
photochemical reduction [23]. The selection of a metal nanoparticle preparation technique is crucial
because different techniques can affect the stability, physicochemical properties, and morphology of
the nanoparticles. For example, the kinetics of metal ions' interactions with reducing agents and the
process by which stabilizing agents adhere to metal nanoparticles can impact the properties of the
resulting nanoparticles [24]. Approaches for preparing metal nanopatrticles fall into two distinct groups:
bottom-up methods and upward methods. Bottom-up methods involve building up the nanoparticles
from small precursor molecules or atoms, while top-down methods involve breaking down larger
materials into smaller nanoparticles [25]. Examples of bottom-up methods include chemical reduction,
which involves the reduction of metal ions in solution to form nanoparticles, and sol-gel synthesis,
which involves the hydrolysis and condensation of metal alkoxides to form nanoparticles [26].
Examples of top-down methods include laser ablation, which involves the use of lasers to break down
bulk metal into nanopatrticles, and milling, which involves the mechanical grinding of bulk metal to form
nanoparticles. Each of these approaches has its advantages and disadvantages, and the choice of
method depends on factors such as the desired nanoparticle properties and the available resources
[25]. Whereas atoms or molecules are the starting material in bottom-up approaches, top-down
methods start with bulk material and use various physical, chemical, and mechanical processes to
reduce the patrticle size to nanoparticles illustrated in Figure 2.3.
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Figure 2.3: A diagram of top and bottom approaches [26].

The upward technique entails breaking down bulk materials into smaller nanoparticles via various
physical and chemical processes such as thermal, laser, and mechanical milling [27]. Although this
method is simple, it is not ideal for creating very small and irregularly shaped particles, and it can alter
the surface chemistry and physicochemical characteristics of the nanoparticles. In contrast, the
bottom-up approach involves creating nanoparticles from smaller molecules like atoms, molecules, or
small particles [26]. This approach starts by producing nanostructured building pieces that are then
combined to form the final nanoparticle. The bottom-up approach can produce very small and
precisely shaped nanoparticles without altering their surface chemistry or physicochemical
characteristics. Both approaches have advantages and limitations, and the choice of approach
depends on the specific application and requirements [27].

2.3.2 Physical vapour deposition method

The physical deposition method, which involves depositing a material onto a surface as a thin film or
nanoparticle. This process is achieved by vaporizing the material using controlled vacuum techniques,
such as thermal evaporation and sputtering deposition, and then condensing it onto a substrate. The
fabrication of lanthanum strontium cobalt thin films frequently uses physical vapour deposition
techniques, such as pulsed vapour deposition. In this process, a solid target is ablated using a laser,
which creates ablated species in plasma [28]. These ablated species are then deposited onto a
substrate to create a film. Carbon nanotubes are also coated using this technique with thin films and
metal nanoparticles. However, the physical deposition method has some drawbacks. It can be
expensive and generate a low volume of material. Therefore, this method may not be suitable for
large-scale production or applications that require large quantities of material [24].
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2.3.3 Sol-gel method

The sol-gel method is a technique for synthesizing nanoparticles, which involves mixing metal or metal
oxide particles with a pre-hydrolysed silica sol or a sol containing the matrix-forming species, followed
by gel formation [29]. The method can be carried out in different ways, including direct mixing of metal
or metal oxide particles with the pre-hydrolysed silica sol, or mixing prefabricated colloids of metal or
metal oxide with a sol containing the matrix-forming species [30]. The process of synthesizing
nanoparticles using the sol-gel method typically involves four main phases: hydrolysis, condensation,
particle growth, and particle agglomeration. In the direct precipitation approach, silica sol is heated at
a low temperature to precipitate the metal oxide particles. Gelatin and colloidal suspension are used
to create a network in a continuous liquid phase (gel). Silanes, such as tetramethoxysilane (TMS) and
tetraethoxysilane, are commonly used to create silica gel. Metal alkoxides, which are organo-metallic
precursors for numerous metals including titanium, silica, and aluminium, are also used in the sol-gel
method [31]. This approach involves producing a homogeneous solution of one or more chosen
alkoxides and then adding a catalyst to start a reaction at a specific pH. By carefully controlling the
reaction conditions, it is possible to manage the particle size and morphology, making the sol-gel
method a useful technique for synthesizing nanoparticles with specific properties [32]. Bach et al., [33]
produced lamellar type birnessite MnO; from combined, using a sol-gel techniqgue. MnO; gels were
created by reducing water permanganate solutions with biological reducing substances, with fumaric
acid yielding the best results. It was discovered that cations are alkaline interacted with manganese
oxide to form tertiary oxides. Hydrothermal and sol-gel processes were used to create various crystal
states of MnO- nanostructures. The hydrothermal approach was used to create a-MnO,, 3-MnO., and
0-MnO; nanorods, whereas the sol-gel method was used to create y-MnO, [34]. Overall, these studies
demonstrate that different methods can be used to synthesize MnO nanostructures with different
crystal phases and morphologies. The choice of method depends on the desired properties and
applications of the MnO,[27] .The sol-gel process, which is a simple technique used for the synthesis
of oxide films with controlled thickness, morphology, and crystal structure. The sol-gel process
involves the conversion of a liquid "sol" into a solid "gel" phase, which can be further processed into
thin films as shown in Figure 2.4. The sol-gel process's key advantage is its ability to control the
reaction at the molecular level, resulting in very pure products with homogeneous form and structure
as crystals [33]. One of the main drawbacks is the relatively long time required for the synthesis, which
can be a hindrance in large-scale production. Additionally, there is a risk of agglomeration, where the
nanoparticles clump together, leading to reduced purity and uniformity of the resulting oxide films.
Despite its limitations, the sol-gel process remains a powerful tool for the synthesis of oxide films with
controlled properties. Ongoing research continues to refine the sol-gel process and address its
limitations, leading to the development of new and improved techniques for the synthesis of oxide

films [32].
5cCO2
. Gelation drying
Hydrolysis through
(solvolysis) further
& condensation condensation Aerogel
> |go00 E—— \
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Figure 2.4: Schematic representation for the synthesis of sol gel method [33].

2.3.4 Hydrothermal Method

The hydrothermal method is a chemical synthesis technique that involves the reaction of a solid
material with agqueous solution vapour at high pressure and temperature. The process leads to the
deposition of small particles [35]. In this method, cations precipitate in a polymeric hydroxide form,
and these hydroxides further undergo dehydration, which accelerates the formation of metal oxide
crystal structures. The presence of a second metal cation is beneficial in controlling the particle
formation process, as it prevents the formation of complex hydroxides when a base is added to a
metal salt solution [25]. Overall, the hydrothermal method is a useful technique for synthesizing small
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particles with controlled structures and properties, and it has many applications in fields such as
materials science, catalysis, and nanotechnology [36]. The high pressure and temperature conditions
in the hydrothermal process promote the formation of well-crystallized nanoparticles with a narrow
size distribution. Additionally, the process can be carried out in a closed system, which reduces the
risk of contamination and allows for precise control of reaction conditions as demonstrated in Figure
2.5. The resultant nanoparticles may possess particular chemical and physical characteristics that
enable a variety of uses in industries like healthcare, electronics, and energy [35]. Kwak et al. [37]
reported a single-step method for achieving homogeneous and controlled crystal growth, allowing the
phase and product ratio to be controlled. Wei et al. [38] used a hydrothermal process to prepare a-
and B-MnO; nanowires from commercially available y-MnO, and proposed a mechanism for
nanoparticle formation. Wang et al. [34] explored the effects of inorganic cation concentrations on the
reaction media and provided a regulated hydrothermal method for creating a-, 8-, y-, and 6-MnQO.. The
hydrothermal reactions may regulate the chemical response as illustrated by Cheng et al, allowing for
the reasonable formation of manganese dioxide with various geometries and appealing crystal forms.
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Figure 2.5: Schematic representation for the synthesis of MnO; using hydrothermal method.

Reprinted with permission [39].

The following are the chemical processes that are used in this method:

MnSO, _ +2KMnO,  + 2H,0 , — K,SO,.,. + 2H,S0, .. + 5MnO

4 (s) 4 (s) 4(aq) 4 (aq) 2 (s)

Hydrothermal process has become increasingly popular in recent years due to their many advantages
over traditional synthesis methods. One of the primary advantages of hydrothermal processes is their
ability to produce NPs with controlled sizes and shapes. Another advantage of hydrothermal
processes is that they can be used to create uniform, integrated crystal structures. Overall, the
advantages of hydrothermal processes make them an attractive method for the preparation of
nanoparticles, and their use is likely to continue to grow in popularity in the coming years [35].

2.3.5 Chemical reduction method

The chemical reduction method is a popular technique used to synthesize metal nanopatrticles [40].
The process involves the reduction of an ionic salt in an appropriate medium in the presence of a
surfactant using different reducing agents. For example, sodium borohydride can be used as a
reducing agent in an agueous solution to prepare metal nanoparticles. During the process, the formed
metal nanoparticles are capped using a stabilizing agent, such as trisodium citrate (TSC) or sodium
lauryl sulfate (SLS), to prevent their aggregation [41]. The stability of the metal nanoparticles in the
dispersion is monitored by analysing the absorbance. Other reducing agents that can be used to
synthesize metal nanoparticles include glucose, ethylene glycol, ethanol, citrate of sodium, and
hydrazine hydrate, among others. The choice of reducing agent depends on the type of metal being
synthesized and the desired properties of the resulting nanoparticles [42]. For example, sodium
borohydride is commonly used for the synthesis of silver nanoparticles due to its high reduction
potential and ability to produce stable nanoparticles. Chemical reduction methods are often used in
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various fields, including metallurgy, chemistry, and materials science. However, they have several
disadvantages, which include [40]:

e Environmental impact: Many chemical reduction methods require the use of hazardous
chemicals that can be harmful to the environment. The production of these chemicals can also
be energy-intensive and contribute to greenhouse gas emissions.

e Safety hazards: Chemical reduction processes can also pose safety hazards to workers,
especially if they involve the use of highly reactive or flammable chemicals.

e Cost: Chemical reduction methods can be expensive due to the high cost of raw materials and
energy required to produce them.

e Complexity: Many chemical reduction methods are complex and require specialized
equipment and skilled operators. This can make them difficult to implement on a large scale.

e Product purity: Chemical reduction methods may not always produce high-purity products, as
impurities can be introduced during the reduction process.

e Overall, chemical reduction methods have several disadvantages that need to be considered
when selecting a suitable method for a particular application. Alternatives such as
electrochemical or bio reduction may provide more sustainable and safer alternatives [43].

2.3.6 Solvothermal method

The solvothermal method is a chemical synthesis technique used to produce nanoscale materials,
such as nanoparticles or nanocrystals, by using a solvent under high temperature and pressure
conditions [44]. This method is commonly used to prepare inorganic materials, such as metal oxides,
sulphides, and nitrides. The presence of water or organic solvents, such as methanol, ethanol, or
polyols, in the reaction mixture is crucial for the solvothermal method to work effectively. The solvent
plays a critical role in controlling the reaction rate, reducing the particle size, and enhancing the purity
of the resulting nanomaterials. The solvothermal reaction is typically performed in a pressure vessel
that can withstand high temperatures and pressures. The solvent is heated above its boiling point,
and the reactants are added to the mixture [41]. The pressure vessel is then sealed and heated to the
desired temperature and pressure conditions, which can range from a few hours to several days.
Microwave-assisted reactions can be employed to increase the kinetics of crystallization by one to two
orders of magnitude. This is achieved by applying electromagnetic radiation in the microwave
frequency range to the reaction mixture, which can induce rapid heating and enhance the reaction
rate [45]. Microwave-assisted solvothermal synthesis is a promising technique for the rapid and
efficient production of nanomaterials with controlled size, morphology, and composition [41].

2.3.7 Other methods of metal-nanoparticle synthesis

2.3.7.1 Microwave-assisted nanoparticle preparation

Microwave-assisted nanoparticle preparation is a technigue that involves using microwave radiation
to synthesize and prepare nanoparticles [41]. This method is a quick and efficient way to produce
nanoparticles with a narrow size distribution and controlled morphology. The process typically involves
the use of a precursor solution containing the desired metal ions or other chemicals. This solution is
then exposed to microwave radiation, which heats the solution rapidly and promotes the formation of
nanoparticles [46]. By adjusting the amount of each component of the initial solution, microwave
energy, and response time, the dimensions, form, and makeup of the nanopatrticles can be adjusted.
However, as compared to traditional methods of nanoparticle synthesis, microwave-assisted
preparation offers several advantages [25]. It is a fast process, often taking only a few minutes, and
requires less energy and fewer chemicals. The resulting nanoparticles are also more consistent in
size and shape, making them suitable for an array of purposes such as catalysis, biomedical imaging,
and drug delivery [21]. MnO was produced on nickel-based graphene by Bello et al., [47] using a
thermal microwave heating approach. The prepared materials were then investigated for their
electrochemical applications. Zhang et al., MnO; was synthesized using a microwave-assisted reflux
condenser. When the reaction was carried out under neutral conditions, the researchers discovered

19



that the results consisted of both small plates and tiny wires are two types of nanomaterials. fortunately
as the response time increased from 5 to 30 minutes, so did the nanowire-to-nanoplate ratio, as did
the length of the nanowires [48]. The preferential development of crystal planes under specified
conditions explained the change in morphology with microwave irradiation period [47]. Both studies
demonstrate the potential of microwave-assisted methods for the synthesis of MNnO and MnO: with
different morphologies and properties. The use of microwave irradiation can promote rapid and
efficient heating, resulting in the formation of nanoparticles with unique morphologies and crystal
structures. Such methods can offer several advantages over traditional synthesis methods, such as
shorter reaction times and improved product yields [41].

2.3.7.2 Biological method

The biological methods for synthesizing nanoparticles involve the use of biological organisms or their
components, such as enzymes or proteins, to produce nanoparticles. These approaches have a
number of benefits over conventional chemical procedures, including lower costs, softer conditions
for reaction, and lesser environmental effect [29]. One approach to biological synthesis of
nanoparticles involves the use of microorganisms such as bacteria, fungi, and algae. These organisms
produce enzymes and other biomolecules that can be used to reduce metal ions into nanopatrticles.
For example, some bacteria can reduce silver ions into silver nanopatrticles, while certain fungi can
produce gold nanoparticles. Another method involves using plant extracts or proteins to synthesize
nanoparticles. Plant extracts contain a variety of biomolecules such as flavonoids, terpenoids, and
phenolics, which can be used as reducing and stabilizing agents in nanoparticle synthesis [49].
Proteins, such as bovine serum albumin and gelatine, biological can also be used to synthesize
nanoparticles by acting as both reducing and capping agent methods for nanoparticle synthesis have
various possibilities in health, technology, and catalysis. For example, nanoparticles produced by
biological methods have shown promise in drug delivery, imaging, and cancer therapy [41].

2.3.7.3 Electrochemical deposition

Electrochemical deposition (ED) is one such method used to produce metal nanoparticles, which
involves the use of an electrolytic bath containing metal salts and a three-terminal potentiostat [50]. In
this technique, a cathode electrode is used for the deposition of metal nanoparticles, while an anode
electrode and a reference electrode such as Ag/AgCI or calomel are also used. A slight voltage is
applied for a suitable time in the electrolytic bath, which helps in the deposition of the metal
nanoparticles. This technique is widely employed for different purposes such as cyclic voltammetry,
double pulse, and potential step deposition. Other methods like electrodeposition synthesis or
template synthesis are also used to produce nanomaterials, while ion etching is preferred to produce
porous alumina membranes [41]. Manganese oxide is electrochemically deposited from several
manufactured minerals, including manganese chloride, manganese acetate, and manganese sulfate,
and the conditions under which this process is carried out can affect the characteristics of the
substance that is produced. The electrochemical deposition process involves applying an electric
potential to a solution containing the manganese salt and a suitable electrode [40]. Manganese oxide
material performance is largely dependent on its oxidation state, structure, surface area, and other
deposition possibilities and circumstances, including workload cycle, rate, and current density.
Ghaemi and Binder used both quick current and regular direct current to explore the electrochemical
features of manganese dioxide coated. A variety of anode peak current densities, pulse frequencies,
and duty cycles were used throughout the electrodeposition process. The resulting manganese
dioxide material was then characterized to determine its properties and performance [38]. Overall,
electrochemical deposition is a promising approach for the synthesis of manganese dioxide materials
with controlled properties. Better materials for electrodes for use in devices that store energy and
other purposes might result from additional studies in this area of study [49]. There are several ways
to improve the electrode's surface, such as the doping process, which, when referring to metal-based
nanoparticles, is the deliberate addition of impurities or foreign atoms to the particles' crystal lattice.
Doping is a widely used technique to alter the characteristics of nanoparticles for certain uses. Dopant
compounds are added during the synthesis or post-synthesis stages of the doping process.
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2.4 Introduction of the doping method for metal-based nanoparticle

Doping is the process of introducing small amounts of foreign materials (dopants) into a material to
modify its properties. The doping synthesis method for metal nanoparticles involves the addition of
dopants during the nanoparticle synthesis process. One common doping method for metal
nanoparticles is the chemical reduction method. In this method, a reducing agent is added to a solution
containing the metal precursor and dopant precursor. The reducing agent reduces the metal
precursor, forming nanopatrticles, while the dopant precursor is incorporated into the nanopatrticle
structure [51]. The dopant can be introduced in different ways, for example, by adding it to the solution
before or after the metal precursor, or by co-reducing both precursors. Another method is the thermal
decomposition method, where metal precursors and dopants are heated in a solvent or in the
presence of a surfactant, causing the precursors to decompose and form nanopatrticles. The dopant
can be introduced by adding it to the precursor mixture before heating, or by adding it during the
heating process. Doping can also be achieved by surface modification of the nanoparticles. This
involves coating the surface of the nanoparticles with a dopant material [52]. The dopant can be
introduced by adding it to the solution during or after the nanoparticle synthesis, or by using a dopant-
modified surfactant. The choice of doping method depends on the specific dopant and metal
nanoparticle system, as well as the desired properties of the doped nanopatrticles. Careful control of
the doping process is crucial to achieving uniform doping and desired nanopatrticle properties [53].

2.4.1 Chemical reduction method

The chemical reduction method is a commonly used technique for doping metal nanoparticles. In this
method, a reducing agent is used to convert metal ions into their corresponding metal nanopatrticles.
The reducing agent also serves as the dopant source, which is incorporated into the metal
nanoparticles during their formation. One example of this method is the synthesis of silver
nanoparticles doped with copper [52]. In this case, a reducing agent such as sodium borohydride is
added to a solution containing silver ions and copper ions. The reducing agent reduces both the silver
and copper ions to form silver-copper alloy nanoparticles. The amount of copper in the resulting
nanoparticles can be controlled by adjusting the ratio of copper ions to silver ions in the solution. This
method has several advantages over other doping techniques, such as high efficiency, low cost, and
easy control over the dopant concentration. However, it also has some limitations, such as limited
control over the size and shape of the nanoparticles and the need for careful handling of the reducing
agent [7].

2.4.2 Thermal decomposition method

The thermal decomposition method for doping of metal nanoparticles is a technique used to prepare
metal nanoparticles with controlled doping. In this method, a metal precursor is thermally decomposed
in the presence of a doping agent to create metal nanoparticles with the desired dopant concentration
[41]. The process involves the heating of a metal precursor in a solvent, usually a high-boiling point
organic solvent such as oleyl amine or trioctylphosphine (TOP). The doping agent is then introduced
into the reaction mixture, which can either be a metal salt or an organometallic compound. The mixture
is then heated to a high temperature, typically around 200-300°C, which causes the metal precursor
to decompose and form nanoparticles. The doping agent reacts with the metal precursor during the
decomposition process, resulting in the incorporation of the dopant into the metal nanoparticles. The
dopant concentration can be controlled by adjusting the amount of doping agent added to the reaction
mixture [54]. The thermal decomposition method for doping of metal nanoparticles has several
advantages over other doping methods, such as chemical reduction and co-precipitation. It allows for
precise control of the dopant concentration, resulting in nanoparticles with a uniform distribution of
dopants. The method also allows for the preparation of nanoparticles with a wide range of sizes and
shapes. Overall, the thermal decomposition method for doping of metal nanoparticles is a powerful
technique for the preparation of doped nanoparticles with controlled properties for a variety of
applications, including catalysis, electronics, and biomedicine [51].

21



2.5 Stabilising agent for metal-based nanoparticle.

A stabilizing agent for metal nanoparticles is a substance that is added to a metal nanoparticle solution
to prevent the particles from agglomerating or clumping together. Because of their strong sensitivity
and propensity to aggregate, metal nanoparticles may lose some of their special qualities and become
brittle [55]. Stabilizing agents can be organic or inorganic and work by forming a protective layer
around the nanoparticles, which prevents them from encountering each other. This layer can be
formed through various mechanisms, including electrostatic interactions, steric hindrance, and
chemical bonding. Commonly used stabilizing agents for metal nanoparticles include surfactants,
polymers, and inorganic compounds such as silica or gold [35]. The choice of stabilizing agent
depends on the specific properties of the metal nanoparticle being used and the application for which
it is intended. Overall, the use of a stabilizing agent is crucial for maintaining the stability and
functionality of metal nanoparticles, making them suitable for a wide range of applications in fields
such as electronics, biotechnology, and medicine [56].

2.6 Manganese oxide nanoparticle material

Manganese oxide nanoparticles are a type of small particle with diameters ranging from 1 to 100
nanometer. They have unique physical and chemical properties that make them useful in a wide range
of applications [57]. Their enormous area to volume ratio, which makes them extremely reactive and
capable of catalysing a variety of chemical reactions, is one of their essential characteristics.
Manganese oxide nanoparticles are also magnetic and have potential applications in magnetic
resonance imaging (MRI) and drug delivery. They have been studied for their potential use in
environmental remediation, such as the removal of heavy metals and detection of pollutants in polluted
water [58]. Additionally, they have been investigated for their use in energy storage devices such as
batteries and supercapacitors. Manganese oxide nanoparticles can have various oxidation numbers
(+2, +3, +4), resulting in different structural forms such as MnO, MnO., Mn;0s3; and MnzOq
nanostructures. This versatility makes manganese oxide an attractive area of research. MnO;
nanoparticle is of great interest due to its unique properties. It has a low band gap and high optical
constant, which may have potential applications in areas such as solar cells, catalysis, and sensors
[59].

2.6.1 Crystal structure of manganese oxide nanoparticle material

Manganese oxide refers to a family of compounds made up of manganese and oxygen atoms. The
crystal structure of manganese oxide can vary depending on the specific compound, as there are
several different types of manganese oxide with different crystal structures [60]. The various
polymorphic forms of MnO, which include a-, 8-, y-, -, and A-types, and are shown in Figure 2.6.
These different polymorphs are formed by the arrangement of basic MnOg octahedron units with
different connectivity, resulting in layer structures or chain/tunnel structures. For example, the most
common form of manganese oxide is MnO, which has a rock salt crystal structure. This means that
the manganese and oxygen atoms form a regular pattern of alternating layers, like the structure of
common table salt. MnO., on the other hand, has a rutile crystal structure, with the manganese and
oxygen atoms forming a tetragonal arrangement. Other manganese oxide compounds, such as MnOs
and Mn304, have different crystal structures such as cubic and spinel, respectively [61]. These crystal
structures are determined by the arrangement of the atoms in the compound, which can affect its
properties such as its electrical conductivity, magnetic properties, and catalytic activity [62]. MnO6
octahedrons combine with further MnOs octahedra to form links along to the c-axis and holes between
these links. The difference between the polymorphs lies in the arrangements of Mn*" within the
octahedral sites, as each polymorph is comprised of a hexagonally close-packed lattice structure
made up of O% anions and Mn** cations, as shown in the Figure 2.7 [60]. These different polymorphic
forms can exhibit different physical and chemical properties, such as their electrochemical
performance or catalytic activity, due to their unique crystal structures and arrangements of Mn** ions.
Therefore, understanding the synthesis and characterization of these polymorphic forms is important
for tailoring their properties for various applications [63].
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Figure 2.6: Crystal structures of a-, B-, y-, 8-, A-MnO.. Reprinted with permission [56].
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Figure 2.7: MnO2 unit cell model in the form of a ball and stick (manganese atoms are violet, while
oxygen atoms are red). Reprinted with permission [56].
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2.6.2 Different types of manganese oxide nanoparticle

There is a rising interest in synthesizing manganese oxide with appealing forms, including urchin-like,
three-dimensional (3D) helices, and narrow-minded (1D) nanowires, nanorods, and nanotubes, as
well as multifaceted (2D) nanoflakes and nanosheets. These different morphologies can significantly
affect the properties of MnO,, and researchers are exploring various methods to produce these
structures as shown in Figure 2.8 [64]. For example, Yang et al. [65] synthesised different MnO-
crystal structures and investigated their orange methyl binding capabilities. They showed that the
geometries and crystalline structures had a significant influence on the adsorption capabilities, with
amorphous MnO; exhibiting the maximum activity. Using a soft-chemical method, Zang et al. [48]
created 1D a-MnO; nanowires/nanorods and 2D 8-MnO, nanoplates with extremely stable pseudo
capacitance characteristics. produced 2D 8-MnO: nanoplates and 1D a-MnO. nanowires/nanorods.
Baral et al. [56] used the hard template method to create 2D and 3D-MnO- and the hydrothermal
method to create 1D-MnO; nanorods. The 3D MnO; hierarchical structures often produce more active
sites or possess more interesting properties compared to 1D/2D nanostructures. The best performing
polymorphs were found to be those with an open three-dimensional microporous and mesoporous
morphology, which have higher BET surface areas. The improved surface area allowed for more
adsorption of oxygen to lattice oxygen, leading to a higher Oads/Olatt molar ratio and faster
reducibility. Catalytic activity was observed only in certain MnO- polymorphs, specifically those with a
distorted cubic phase containing Mn (lll). These phases include Mn;Os; (bixbyite), MnsO,
(hausmannite), and A-MnO: (spinel). The longer Mn-O bonds between edge-sharing MnO; octahedra
in these phases contribute to lattice distortions due to the Jahn-Teller effect [25]. This effect, combined
with the antibonding electronic configuration of degenerate Mn (lll) electrons, is hypothesized to
contribute to the structural flexibility that is important for catalytic turnover in moist conditions at the
surface. The relationship between the morphology and surface area of MnO, polymorphs and their
catalytic activity, highlighting the importance of specific phases containing Mn (lll) and the role of
lattice distortions due to the Jahn-Teller effect. Therefore, understanding the morphology of
manganese oxide is crucial for designing and optimizing its properties for specific applications [60].
Manganese oxide's morphology can be affected by its manufacturing procedure and environmental
factors like pH and temperature, which can be used to modify and customize the material's
characteristics for a range of uses [21].
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Figure 2.8: a a-MnO; nanotubes, b a-MnO; nanowires, ¢ B-MnO,, d y-MnO;, e 8-MnO;, f Mn;03, g
Mns;O4 and h A-MnO; for SEM pictures. Reprinted with permission [66].

2.6.3 Synthesis of manganese oxide nanoparticle

The synthesis of MnO, nanoparticles can be achieved through several methods, including chemical
precipitation, hydrothermal method (HT), sol-gel process, and sonochemical method [45]. These
methods can result in the synthesis of MnO» nanopatrticles with different properties, such as particle
size, crystallinity, and morphology, depending on the specific synthesis conditions. The properties of
manganese oxide can be affected by the method used to synthesize it, as well as the starting materials
that are used. The specific phases of the resulting manganese oxide can vary depending on these
factors [19]. Additionally, the conditions under which the synthesis reaction takes place, such as
temperature and pH, can also have a significant impact on the final product. Therefore, controlling
these factors during the synthesis process is important for achieving desired properties and
characteristics of the manganese oxide product. A summary is provided on the shape, stoichiometry,
and process of synthesis of the several manganese oxide alternatives in Table 2.1. Furthermore, the
synthesis of MNO2:NPs can be tailored to produce different crystal phases, such as alpha, beta, and
gamma, which can exhibit different properties and reactivity [67]. Additionally, the synthesis method
can also influence the morphology and structure of the particles, such as the formation of hollow or
porous structures, which can enhance their catalytic activity or drug delivery properties. The
importance of the synthesis of manganese oxide nanopatrticles lies in the ability to control and tailor
their properties for various applications, which can lead to advancements in areas such as renewable
energy, nanomedicine, and environmental science [38].
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Table 2.1: The synthetic procedures used to produce MnO; with different geometries using different
substrates are shown in the table.

Methods Mn source O;source Temp('C) Solvent Product Morpholo Ref
HT MnS0O4.H,O KMnOg4 80 H.0 a-MnO; ﬁZmorods [68]
HT MnSO4 KCIO3 140-200 H20 a-MnO.  nanorods  [58]
HT KMnO4 - 140 CH,COOH a-MnO: nanowires [56]
HT KMnO4 H2SO.4 110 H.0 a-MnO.  nanorods  [64]
HT MnSO4 NaMnOg, 240 H.0 B-MnO2  nanobelts [58]
HT MnCl2.H,O  KMnOg4 450 NH.OH a-MnO2  nanostruct [62]
ure
HT MnSO4.H.O  KMnOg4 - H20: MnO; nano [25]
powder
MWA MnS0O4.H20  K3S:0s 98 C2HesO - - (48]
CP MnCl. KMnOg4 80 H20 a-MnO2 - [69]
P MnCl. NaOH 160 H20 - - [22]
HT KMnO4 - 200 HCI, H.O - nanorods  [45]

HT, Hydrothermal, MWA, Microwave assisted method, CP, Chemical precipitation, P, precipitation method.

2.6.4 Modification of the Manganese oxide nanoparticle

Modification of manganese oxide nanoparticles involves changing the surface properties of the
nanoparticles through chemical or physical methods. This change can affect the surface area of
charge and group function, as well as increase their durability, dispersion, and responsiveness. Some
common methods for modifying manganese oxide nanoparticles include surface functionalization with
organic or inorganic molecules, surface coating with polymers or surfactants, and doping with other
elements [69]. One example of modification is the synthesis of manganese oxide nanoparticles
functionalized with amines, which can enhance their dispersibility in aqueous solutions and make them
suitable for applications such as catalysis, biomedicine, and energy storage. Another example is the
coating of manganese oxide nanoparticles with silica, which can improve their stability and reduce
their toxicity in biological systems, making them useful for drug delivery and imaging applications.
Overall, modification of manganese oxide nanoparticles can lead to a wide range of properties and
applications, depending on the specific modification method and intended use [22].

2.7 Application of manganese oxide nanoparticle in sensors

Metal-oxide nanoparticles have gained significant attention in the development of sensors and
biosensors due to their unique properties, such as high surface area, tunable morphology, and
excellent chemical stability. These nanopatrticles have found applications in various sensing platforms,
contributing to advancements in areas such as environmental monitoring, healthcare, and food safety
[57]. This results in improved sensitivity and selectivity of the sensor. Here are some examples of the
application of manganese oxide in sensors namely chemical sensor, gas sensor and biosensors.

2.7.1 Chemical sensors

Chemical sensors are devices that detect and measure the concentration of chemical analytes in a
sample. In sensing systems, there are typically two main components: the sensing material and the
transducer [70]. The sensing material is responsible for detecting and responding to the target
molecule or analyte of interest, while the transducer converts the resulting signal into a quantifiable
output, typically an electronic signal. They are widely used in various fields such as environmental
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monitoring, industrial process control, medical diagnosis, and food safety. Chemical sensors can be
classified into different types based on their sensing mechanism, including optical sensors,
electrochemical sensors, mass sensors, and thermal sensors [71]. Chemical sensors can be designed
using different materials as the sensing element, including metals, metal oxides, polymers, and
nanoparticles. Manganese oxide nanoparticles, for instance, have been extensively studied for their
applications in chemical sensing due to their high sensitivity, selectivity, and stability toward a wide
range of analytes. In summary, chemical sensors are versatile devices that are critical for a variety of
applications in modern society. They can be based on different sensing mechanisms and materials,
and the selection of the appropriate sensor depends on the specific application requirements [72].
Chemical sensors are becoming SnO,, ZnO, Ga03;, WO_, and other compounds after recent major
advancements in the detection and quantification of chemical species. Chemical sensors have been
grouped here based on the kind of metal oxide that is employed to detect different target species. The
most recent research on MON-based chemical sensors has been covered here, with Table 2.2
providing an overview. Tin oxide (Sn0O,), incredibly sensitive and metal oxide that reacts quickly, has
been extensively researched for the development of chemical detectors aiming multiple gases.
Numerous geometries of nano-SnO were utilized for specific or simultaneous chemical identification,
such as NWs, hollow spheres, nhanocrystals, and so on. Wang et al. demonstrated that the SnO> NW-
based detector can identify hydrogen (H2) concentrations ranging from 10 to 1000 ppm, which they
ascribe to inadequately correlated molecules on the SnO, NWs edges [73]. In addition, Wang et al.
suggested p-NiO/n-SnO- heterojunction nanofiber-based detectors with outstanding H. detecting
features such as outstanding sensitivity and rapid response-recovery (3 s) behaviour with a threshold
for detection of approximately 5 ppm H; at 320 °C, particularly for SnO, nanofibers with 4.11 mole%
NiO [74]. Sensors for chemicals based on zinc oxide (ZnO) nanoscale have been attracting a lot of
attention lately because of their distinct optical, electrical, and chemical sensing characteristics, as
well as their ease of production. Generally speaking, humerous research groups have used ZnO NR
or NW based sensors to detect a variety of substances [75]. Due to the material's chemical and
thermal robustness, minimal hypersensitivity to moisture, moderate O, shortages, and imperfect
crystallinity, For uses involving extreme temperature measuring, such as chemical, ecological, and
explosion gas sensors, gallium oxide (Ga»Os) hanoscale is chosen [69,70].

Table 2.2: Comparison of performance of metal-oxide nanopatrticle based chemical sensor.

Materials Target Detection of Sensor Response Ref
species limit response / Recovery
/temperature

SnO2 NW Ho 10 ppm 20.4/ 300°C N/A [73]
SnO; nanocrystal NO3 100 ppb -RT - [77]
NiO-SnO; Ethanol 100 ppm 25.5/ 300°C 1-3s/1-3min  [74]
nanofibers

ZnO NRs Methanol 50 ppm 11.8/ 300°C 3s/9s [75]
Ga03 NW 0./CO 1% O, 1.02/20 N/A [75]

/20 ppm 4.75/400°C

NiO NTs Ethanol 200 ppm 22.6/250 - [78]
aFez03 hallow Ethanol 10 ppm ~/RT - [79]
sphere

WOQO; plates at Ethanol 10 ppm ~1.9//300°C - [76]
nanoscale
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2.7.2 Electrochemical sensor

Manganese oxide nanoparticles have also been extensively studied for their use in electrochemical
sensing applications. Electrochemical sensors detect target analytes by measuring changes in
electrical properties, such as voltage, current, or impedance, caused by the binding of the analyte to
the sensing material. Manganese oxide nanoparticles can be used as the sensing material in
electrochemical sensors due to their high surface area, excellent electrical conductivity, and redox
activity [65]. The receptors that can be added to the nanoparticles to make them include enzymes,
antibodies, and DNA strands that bind to target analytes only. In one study, manganese oxide
nanoparticles were used as a sensing material for the detection of hydrogen peroxide (H20;). The
nanoparticles were functionalized with glucose oxidase, which catalyses the oxidation of glucose to
produce H,O.. The H,O; then reacted with the manganese oxide nanoparticles, altering the material's
power characteristics. A common electrochemical method called cyclic voltammetry might be used to
evaluate this change in power characteristics and connect it with the H,O, concentration [38]. In
another study, manganese oxide nanoparticles were used as a sensing material for the detection of
dopamine, a neurotransmitter that plays an important role in the central nervous system. The
nanoparticles were functionalized with aptamers, which are short single-stranded DNA or RNA
molecules that specifically bind to target analytes. When dopamine bound to the aptamers on the
surface of the nanopatrticles, it caused a change in the electrical properties of the material, which could
be measured using electrochemical impedance spectroscopy [54]. Overall, manganese oxide
nanoparticles show great promise for use in electrochemical sensing applications due to their
excellent electrical properties and ability to be functionalized with various receptors. Further research
is needed to optimize their sensitivity and selectivity for different analytes and to develop more reliable
and robust sensing devices [80]. The enhanced interaction and bigger contact area between MnOXx
and graphene were advantageous for the L-sensor for cysteine. MNOx/CNT/RGO nanohybrids-based
exceptionally well electrodes for supercapacitor demonstrated this material's potential utility for
modern energy-storage systems [81]. An excellent platform for measuring ferulic acid is provided by
the f-MWCNT/MnO2/GCE modified film. The combined impacts of CNTs and metal oxide
nanocomposites may also increase electrode conductivity. A Pt/MnO»/f-MWCNT/GCE modified
electrode was created by electrochemically treating the f-MWCNT coated GCE to detect catechin [82].
This type of electrode offers a large linearity as well as a low sensitivity threshold. It detected melan
in real-world samples of red wine, black tea, and green tea [83].

2.7.3 Gas sensor

Metal oxide semiconductors exhibit semiconducting behaviour due to deviations in stoichiometry,
leading to the presence of defects. Cation vacancies act as acceptors, creating holes, while shallow
states comprising oxygen vacancies act as n-type donors. The termination of the periodic structure at
the free surface can lead to localized electronic states within the semiconductor bandgap [84]. A
double layer of charge, known as a surface dipole, can form. Metal-semiconductor junctions at
interfaces between layers and contacts are crucial for gas detection. The metal used for the contact
can also act as a catalyst, enhancing gas detection capabilities. Contact resistance is more critical for
single nanowires as it is in series with the semiconductor resistance. In bundles, contact resistance is
connected to many resistances. Metal oxide gas sensors typically operate in air at temperatures
between 500 and 800 K [82]. Conduction is electronic, and oxygen vacancies are doubly ionized and
fixed. When the nanowire is fully depleted, carriers thermally activated from surface states contribute
to conduction. Conduction in nanowire bundles is dominated by intercrystalline boundaries at
nanowire connections The intergranular contact provides a significant portion of the sample resistance
[84]. As shown in Figure 2.9, a metal oxide nanopatrticle gas sensor typically it involves interconnecting
electrodes to measure challenge, an insulation pad and wire to reach the right temperature for
functioning, and a monitoring screen that changes opposition in response to contact. Conductometric
gas sensors alter its electrical conductivity when confronted with a desired gas. The function of the
receptor is determined by the interactions between gases and solids and can be altered while utilizing
rare metals or combining several oxides, the transducer activity depends on the oxide's composition
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[85]. Because absorption ions reduce surface resistivity while oxygen vacancies increase it, top
equilibrium has a major impact on a metal oxide's barrier impedance. When molecules like Oz or NO>
attach themselves to the oxide's vacancy sites, the electrons leave the conduction band and
conductivity drops. On the other hand, conductance increases and electrons are released when CO
or Hz from the O.-rich environment combines the retained O; [86]. Most metal oxides have a solubility
limit that typically ranges from 1 to 5%. When the sensing film's surface area is increased, the gas
sensing performance rises as well, leading to the creation of porous nanostructures such nanotubes,
nanospheres, nanowires, nanosheets, and so on that are rather loose in structure [87]. These hollow
structures are typically created by hydrothermal, sol-gel, anodizing, or wet chemical procedures. Table
2.4 provides a summary of some instances of these structures, together with information on their
shape, chemical makeup, and susceptibility to different gases [85]. Another way to modify electrical
resistance and improve catalytic characteristics is doping, which can lead to the formation of p-n
heterojunctions, smaller-sized doped metal oxides, increased activity through increased functional
group density, or catalytic activity. The gap in energy is greatly reduced in the metal oxide when an
insulating or not conductive nano oxide, a noble or transitional metal, or a particular impurity is added
as the second component [87].
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Figure 2.9: Diagrammatic representation of a conductometric gas sensor and its workings; an
electrical signal is given when the metal oxide contacts with the environment, its sensor activity
transfers the information to the electrode. Reprinted with permission [88].

Table 2.3: Gas sensing characteristics of diversely topological metal oxides.

Desired gas metal oxide Morphology Sensitivity Optimal Ref
material temperature
()
H. SnO; Nanorods 100 ppm 150 [84]
H.S ZnO Dendrites 10 ppm RT [89]
NO- TeOs Nanowires 50 ppm 26 [86]
NH3 WO3 Nanowires 10 ppb RT [85]
(6{0) Au-doped Nanowires 200 ppb-5 RT [87]
In203 ppm

Note: RT-Room Temperature
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2.7.4 Optical sensor

Manganese oxide nanoparticles have also been explored for their potential application in optical
sensors due to their unique optical properties. The optical properties of manganese oxide
nanoparticles are dependent on their size, shape, and crystal structure. Manganese oxide
nanoparticles exhibit interesting fluorescence, photoluminescence, and light absorption properties
that make them suitable for use in optical sensors [64]. For instance, their fluorescence emission can
be tuned by varying their size and shape, which makes them useful in fluorescent imaging and sensing
applications. They are also good candidates for solar and photocatalytic uses due to their substantial
absorbency in the visible spectrum. In one study, manganese oxide nanoparticles were used as
fluorescence probes for the detection of mercury ions in water [22]. The nanoparticles were coated
with a specific organic ligand that selectively bound to mercury ions, causing a change in their
fluorescence intensity. This change in fluorescence intensity could then be detected and quantified,
providing a highly sensitive and selective method for mercury ion detection. Furthermore, manganese
oxide nanoparticles have also been used as SERS substrates for the detection of various analytes,
including pharmaceuticals, pesticides, and heavy metals. The unique surface properties of
manganese oxide nanoparticles make them suitable for enhancing the Raman signals of analytes,
leading to highly sensitive and selective detection. Overall, the optical properties of manganese oxide
nanoparticles make them promising candidates for various sensing applications, including in
environmental monitoring, medical diagnosis, and food safety. A two-level reflecting visible sensor
and dual-signal laser beam utilizing the structure of carbon dots (CD)/MnO; nano system developed
for the detection of ascorbic acid (AA) was described by Tang et al. As demonstrated in Figure 2.10
below [64].

® CDs

BA MnO, nanosheets
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Figure 2.10: The detection of ascorbic acid (AA) using the principle of laser and MnO; with carbon
dots as the foundation for second-degree dispersing (SOS). Reprinted with permission [64].

2.7.5 Thermal sensor

Manganese oxide nanoparticles have also been investigated for their potential use in thermal sensing
applications. The unique thermal properties of manganese oxide nanoparticles make them suitable
for use in temperature sensors and thermal energy conversion devices. One of the key thermal
properties of manganese oxide nanoparticles is their high thermal conductivity. This property makes
them efficient at conducting heat and transferring thermal energy, which is important for the accurate
measurement and sensing of temperature [69]. Additionally, the high thermal stability of manganese
oxide nanoparticles makes them resistant to thermal degradation, allowing them to maintain their
thermal properties even at high temperatures. In one study, manganese oxide nanoparticles involve
the creation of temperature detector on the thermoelectric effect. The nanoparticles functioned as a
material that could produce electricity when they were added to a thermoelectric device. When the
temperature of the device changed, a temperature gradient was generated across the nanopatrticles,
which caused a voltage to be produced, as demonstrated on Figure 2.11 [90]. This voltage could then
be measured and correlated with the temperature, allowing for accurate temperature sensing.
Moreover, manganese oxide nanoparticles have also been used in thermal energy conversion
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devices, such as thermoelectric generators and thermoelectric coolers. These devices convert thermal
energy into electrical energy or vice versa and rely on the thermoelectric properties of the material
used. The high thermal conductivity and stability of manganese oxide nanoparticles make them
promising candidates for use in such devices. Overall, the thermal properties of manganese oxide
nanoparticles make them attractive materials for use in thermal sensing and energy conversion
applications. Further research is needed to fully understand and optimize their thermal properties for
these applications [57].

{ Circuiteasy.com j 10 Ko

| 1: 2K;12 ]

+5 to
12V

" OF Amplifier
Sensor J, used as

"'\_h__ _// Comparator 1 1

Figure 2.11: The temperature sensor as a type of a thermal sensor examble. Reprinted with
permission [91].
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2.8 Other general application of manganese oxide nanoparticle

Manganese oxide nanoparticles have a wide range of applications in various fields due to their unique
physical and chemical properties. Here are some of the applications of MnO2 nanoparticles namely
electrochemical material, energy storage, catalyst, adsorbents, biomedical applications, water
treatment and environmental applications [22].

2.8.1 Electrochemical material

The electrochemical properties of manganese oxide make it a useful material for various applications,
including as an oxygen reducing electrode in fuel cells. The oxygen reduction capacity of manganese
oxide can be enhanced by modifying its defects or increasing its conductivity. Research has shown
that manganese oxide nanoparticles prepared at lower temperatures with moderate defects and
higher electrical conductivity have better oxygen reduction catalytic activity [92]. Additionally, the
presence of a cationic dopant can increase the electron-donating ability of manganese oxide
nanoparticles, resulting in higher oxygen reduction capacity. Studies have found that doped
manganese oxide nanoparticles, such as Ni-a-MnO- and Cu-a-MnQO, exhibit higher oxygen reduction
capacity than undoped manganese dioxide. Moreover, the crystalline structure of manganese oxide
nanoparticles also affects their oxygen reduction activity. According to Meng et al a-MnO:
nanoparticles have been found to have higher oxygen reducing properties than other types of MnO.
nanoparticles. Overall, manganese oxide nanoparticles show promise as efficient electrochemical
materials with diverse applications, including in fuel cells for oxygen reduction reactions [56].

2.9 Chromatographic Methods for the detection of emerging pharmaceutical
contaminants

2.9.1 Sulfamethoxazole

Sulfamethoxazole is a commonly used antibiotic, and chromatographic methods are frequently used
for its detection in various samples [93]. One of the commonly used chromatographic methods for the
detection of sulfamethoxazole is HPLC. Using this approach, an immobile phase-filled column is filled
with a sample with sulfamethoxazole. After passing through the column with the mobile stage, which
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is usually a blend of organic solvent and water, the components of the sample are separated according
to how they interact with the stationary phase. The separated components are detected by a detector,
usually a UV-Vis detector, and the amount of sulfamethoxazole in the sample can be determined
based on its retention time and peak area [94]. Solid-phase extraction (SPE) is a common sample
preparation technique used for the isolation and concentration of target analytes from complex
matrices. SPE typically involves passing the sample through a sorbent material contained within a
solid phase extraction cartridge, which selectively retains the target analytes while allowing interfering
compounds to pass through The analytes can then be eluted from the cartridge, resulting in a
concentrated and purified sample that is amenable to analysis through a chromatographic method,
such as LC-MS or HPLC [95]. Many reported methods for the detection of sulfamethoxazole in
wastewater have employed SPE for sample preparation, followed by HPLC or LC-MS for analyte
determination. Table 2.4 |lists the different chromatographic approach that determine
sulfamethoxazole. using tandem mass spectrometry with LC-MS. According to Matongo et al [96]
sulfamethoxazole was found at high amounts (59.28 ug/L) at the WWTP's influent with threshold
detection of 0.370. For example, in research conducted in South Africa, sulfamethoxazole was
detected in the influent of a WWTP at concentrations ranging from 23.7 to 64.2 ng/L, while in the
effluent, concentrations ranged from below the detection limit to 35.6 ng/L. In surface water, in the
investigation, sulfamethoxazole was found at values ranging from 10.7 to 61.5 ng/L. In another study
conducted in Canada, sulfamethoxazole was detected in groundwater samples at concentrations
ranging from 1.1 to 4.4 ng/L, while in sediments, concentrations ranged from below the detection limit
to 71.5 ng/L.

Table 2.4: Chromatographic method used for the detection of sulfamethoxazole.

Technique LOD (ng/L) Matrix Ref
LC-MS 37.2 Wastewater [95]
LC-MS 35.6 Surface [94]
LC-MS 0.370 Influent WWTP [97]
LC-MS 35.6 Wastewater [98]
LC-MS 71.5 Groundwater [95]

2.9.2. Carbamazepine

Carbamazepine is an antiepileptic drug that has been detected in various water matrices as a
contaminant. Chromatographic methods have been widely used for the determination of
carbamazepine in water samples [99]. A popular sample preparation method for separating
carbamazepine from aqueous matrices before analytical evaluation is solid-phase extraction (SPE).
Carbamazepine has been determined using high-performance liquid chromatography (HPLC) in
conjunction with an array of detection instruments, including fluorescence, UV-Vis, and mass
spectrometry (MS). The very sensitive and selective technology of liquid chromatography-mass
spectrometry (LC-MS) has become extensively used to determine the presence of carbamazepine in
water samples. Several chromatographic methods have been reported for the determination of
carbamazepine in water samples [97]. For example, Zeng et al. developed a sensitive and rapid HPLC
method coupled with fluorescence detection for the determination of carbamazepine in wastewater
samples. SPE extraction was used in the procedure, which produced an admissible limit of 0.01 ug/L.
Shao et al. reported an LC-MS method for the determination of carbamazepine in river water samples.
The method achieved a detection limit of 0.05 pyg/L and was validated for accuracy and precision [98].
Table 2.5 lists the different approaches to chromatography that have been utilized in the past to
determine carbamazepine. using tandem mass spectrometry with liquid chromatography (LC-MS).
For example, in a study conducted in South Africa, carbamazepine was detected in the influent of a
wastewater treatment plant (WWTP) at concentrations ranging from 8.1 to 85.4 ng/L, while in the
effluent, concentrations ranged from below the detection limit to 24.2 ng/L. Carbamazepine was found
in surface water in the research at values ranging from 8.9 to 70.9 ng/L. In another study conducted

32



in Italy, carbamazepine was detected in groundwater samples at concentrations ranging from 1.5 to
19.6 ng/L, while in sediments, concentrations ranged from below the detection limit to 54.6 ng/L.
Olarinmoye et al reported the presence of two carbamazepine metabolites (carbamazepine-10, 11-
epoxide and 10, 11-dihydroxy carbamazepine) in wastewater have been reported in concentrations
of up to 0.052 ng/L. Overall, the concentrations of carbamazepine reported in Africa are somewhat
similar to those reported in USA, Germany, and Portugal. For instance, the median concentrations of
1.9 and 0.47 ng/L have been reported in wastewater influent from Germany and Portugal, respectively
[100].

Table 2.5: Chromatographic method used for the detection of carbamazepine.

Technique LOD (ng/L) Matrix Ref
LC-MS 24.2 wastewater [101]
LC-MS 27.2 Effluent WWTP [102]
HPLC 54.6 River [101]
LC-MS 52.0 Influent WWTP [97]
LC-MS 57.0 wastewater [95]

2.9.3 Ibuprofen

Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) that is commonly used for pain relief, fever
reduction, and inflammation reduction. The presence of ibuprofen in wastewater can have negative
impacts on aquatic organisms and the environment [102]. Various chromatographic methods have
been used for the detection and quantification of ibuprofen in wastewater samples. These include
high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS),
and liquid chromatography-mass spectrometry (LC-MS). In most cases, sample preparation involves
solid-phase extraction (SPE) or liquid-liquid extraction (LLE) to isolate the analyte from the complex
matrix of wastewater [96]. The reported concentrations of ibuprofen in wastewater vary widely
depending on the location and the level of treatment of the wastewater. Studies have reported
concentrations ranging from a few ng/L to several pg/L [94]. Table 2.6 lists the different approaches
to chromatography that have been employed in the past to determine Ibuprofen. using tandem mass
spectrometry with liquid chromatography (LC-MS/MS). According to Madikizela et al the ibuprofen is
usually detected in higher concentrations in south African water resources. Wastewater influent for
the Northern WWTP influent in Johannesburg, South Africa, an upper limit of 128 ug/L and a mean of
120 ug/L have been measured observed [103]. Wastewater effluent, the mean ibuprofen amount in
the Northern WWTP effluent was 10 pg/L, but earlier reports of 12 ug/L were made [104]. Surface
water: Ibuprofen was detected in surface water samples collected from different locations around the
world, with concentrations ranging from <0.1 to 31.5 pg/L [105]. Groundwater: Ibuprofen was detected
in groundwater samples collected from different locations with concentrations ranging from <0.01 to
0.66 pg/L [106]. Soil and sediments: Ibuprofen were detected in soil and sediment samples with
concentrations ranging from 0.23 to 75.4 ug/L [107]. Biota: Ibuprofen was detected in various biota
samples including fish, mussels, and algae with concentrations ranging from <0.1 to 238 pg/L [108].

Table 2.6: Chromatographic method used for the detection of ibuprofen.

Technique LOD (ng/L) Matrix Ref
HPLC 1.00 Wastewater [109]
LC-MS 0.70 Effluent WWTP [102]
LC-MS 0.08 Surface water [98]
LC-MS 1.00 Groundwater [109]

33



LC-MS 0.535 Sediments [96]

2.9.4 Metoprolol

Metoprolol is a beta-blocker medication that has been detected as a contaminant in water matrices,
including wastewater and surface water [110]. Several chromatographic techniques have been
employed to identify metoprolol, such as GC-MS, LC-MS, and HPLC. Sample preparation methods
for metoprolol detection typically involve solid-phase extraction (SPE), where the analyte is extracted
from the water matrix and concentrated onto a solid-phase sorbent. Other techniques such as solid
phase microextraction (SPME) have also been used. Research has documented the discovery of
metoprolol in surface water and wastewater, with levels varying from ng/L to ug/L. The use of LC-MS
and SPE sample preparation has resulted in sensitive and selective methods for the detection of
metoprolol in water matrices [95]. Using LC-MS/MS, many chromatographic approaches previously
employed for metoprolol measurement are shown in Table 2.7. In surface water, metoprolol has been
detected at concentrations ranging from <0.001 to 8.2 ug/L in different studies conducted around the
world [111]. In wastewater, metoprolol has been found at concentrations ranging from <1 to 39,000
ug/L in influent and from <1 to 3,200 pg/L in effluent depending on the type of wastewater treatment
plant [110]. In groundwater, metoprolol has been detected at concentrations ranging from <0.001 to
0.42 pg/L with the limit of detection 1.00 ng/L [102]. In sediment, metoprolol has been found at
concentrations ranging from <0.1 to 4.4 ug/kg dry weight [97] The concentrations reported in the
literature can vary depending on the sampling and analytical methods used, as well as the sensitivity
of the equipment. Additionally, it is important to consider that the presence of metoprolol in the
environment may have different implications depending on the matrix and the concentration, as well
as the exposure routes and potential effects on biota and ecosystems [112].

Table 2.7: Chromatographic method used for the detection of metoprolol.

Technique LOD (ng/L) Matrix Ref
LC-MS 0.081 Surface [111]
LC-MS 1.02 Influent WWTP [110]
LC-MS 1.00 Groundwater [102]
LC-MS 0.48 Sediments [97]
LC-MS 1.02 Wastewater [101]

The chromatographic methods such as HPLC and LC-MS are highly sensitive and selective,
they can also be expensive, time-consuming, and require trained personnel to operate and
maintain the equipment. Additionally, sample preparation for chromatographic methods can
also be laborious and require the use of hazardous chemicals [113]. The introduction of
electrochemical sensing techniques offers a simpler and more cost-effective alternative for
the detection of contaminants. Electrochemical sensors can be miniaturized, require less
sample preparation, and have faster response times. They can also be used in the field and
do not require extensive. However, one of the main challenges with electrochemical sensors
is achieving high sensitivity and selectivity. One way to training to operate results this
challenge is through the alteration of the electrode surface, which can enhance the sensor's
ability to detect specific analytes. These modifications can include the use of nanomaterials,
polymers, or enzymes to selectively bind to the target analyte and enhance the
electrochemical response. Overall, the introduction of electrochemical sensing techniques
and the modification of electrodes can offer a promising alternative for the detection of
contaminants in water, with the potential for high sensitivity, selectivity, and cost-effectiveness
[114].

34



2.10 Methods for detecting new drug contaminants using electrochemistry.

2.10.1 Sulfamethoxazole

There have been several studies on the electrochemical detection of sulfamethoxazole. One study
used a screen-printed carbon electrode modified with multi-walled carbon nanotubes to enhance the
sensitivity of the detection [93]. The electrochemical detection was performed using cyclic
voltammetry, and the limit of detection was found to be 0.14 uM. Another study used a glassy carbon
electrode modified with nickel oxide nanoparticles to detect sulfamethoxazole. The electrochemical
detection was performed using differential pulse voltammetry, and the limit of detection was found to
be 0.1 uM. The electrochemical techniques demonstrated good sensitivity and selectivity for
sulfamethoxazole detection in both investigations [14]. As shown in Table 2.8, sulfamethoxazole has
been detected using a variety of electrochemical techniques in urine, wastewater, prescription mixes
and solutions containing electrolytes such BR, NaOH, and PBS. DPV is the main approach for
identifying sulfamethoxazole. Thiago et al demonstrated the detection of sulfamethoxazole by using
the modified rGNR/SPCE with the differential pulse voltammetry technique with the presence of
electrolyte of phosphate buffer solution at the pH 6.0 within the linearity range of 1-10 uM obtained
limit of detection of 0.09 uM while Abdollah et al used urine to detect the sulfamethoxazole using the
same technique with the linearity range of 0.05-70 pM with a modified AQ/MWCNT/MPAC/GCE
electrode to obtain the limit of detection of 0.01 [93]. The concentrations reported in the literature can
vary depending on the sampling and analytical methods used, as well as the sensitivity of the
equipment. Additionally, it is important to consider that the presence of sulfamethoxazole in the
environment may have different implications depending on the matrix and the concentration, as well
as the exposure routes and potential effects on biota and ecosystems [114].

Table 2.8: Analytically comparing electrodes for sulfamethoxazole detection.

Material Method Buffer/pH LR LOD Matrix Ref
©m) (M)
rGNR/SPCE DPV PBS, pH 1-10 0.09 Tap [115]
6.0 water
GR-ZnO/GCE DPV PBS, pH - 0.04 Urine  [116]
7.0 Tap
water
Lake
water
Ag/MWCNT/MTOAC/GCE DPV PBS, pH 0.05- 0.01 Urine [114]
6.0 70
SHL-GP/WP DPV BR buffer, 5.0- 0.4 Tap [93]
pH 7.0 100 water
MWCNT/PBnc/SPE DPV 1.0- 0.04 [116]
10.0
TFAB-COF@Pani/GCE DPV PBS, pH 1-450 0.107 Tap [115]
6.5 water
AuNP/TCBN/GCE DPV PBS 0.98- 0.14 - [93]
118
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Mo,O/GCE SWV PBS 10-  0.144 - [113]

100
GO/Zn/GCE DPV BR 0.1-  0.028 - 193]
1.5
BN-Fe304-Pd/CPE SWV PBS 0.02- 0.008 - [114]
420

Note: reduced graphene nanorode-screen printed carbon electrode (SPCE), graphene-zinc oxide-glassy carbon electrode
(GCE), Silver-filled multiwalled carbon nanotube and methyltrioctyl ammonium chloride, Shellac graphite waterproof paper
(WP), Multiwalled carbon nanotube decorated with Prussian blue nanocubes, Covalent organic frameworks (COF)
polyaniline, gold nanoparticles, Graphene oxide-zinc, Molybdenum dimer oxide.

2.10.2 Carbamazepine

Electrochemical methods have proven to be effective in the detection of Carbamazepine in various
environmental samples. One such method is electrochemical sensing using carbon-based electrodes
[117]. The electrochemical oxidation of Carbamazepine occurs at a potential of around 1.15 V vs.
Ag/AgCl on a glassy carbon electrode, and this oxidation can be measured using cyclic voltammetry,
square wave voltammetry, and differential pulse voltammetry. These techniques allow for the
extremely accurate and specific measurement of carbamazepine in surroundings. Another
electrochemical method for the detection of Carbamazepine is based on the use of molecularly
imprinted polymers (MIPs) combined with electrochemical sensors. MIPs are synthetic materials that
can selectively bind to specific target molecules, such as Carbamazepine, due to the presence of
specific functional groups. The MIPs are then integrated into the electrode surface, and the binding of
Carbamazepine to the MIP is detected by changes in the electrical properties of the electrode [13].
Overall, electrochemical methods are promising for the detection of Carbamazepine in environmental
samples due to their high sensitivity, selectivity, and rapid response time. These methods have the
potential to play an important role in monitoring the presence of Carbamazepine in the environment
and ensuring the safety of our water resources. DPV, involves typically performed in solutions of PBS
varying pH levels, is the primary method for detecting carbamazepine. Multiple electrochemical
approaches have been utilized for determining the presence of carbamazepine in urine. sewage,
pharmaceutical products, and different solutions of electrolytes, as illustrated in Table 2.9. [118].

Table 2.9: Analytically comparing electrodes for carbamazepine detection.

Working Method Buffer/pH LR LOD Matrix Ref

electrode (M) (uM)

Ce- DPV PBS 0.05- 1.2 urine [117]

ZnO/rGO/GCE 100

Au/graphene- DPV PBS 5-100 3.03 Lake water [65]

AuNPs/GCE

MWCNT/GCE LSV PBS 0.13- 0.040 Urine [117]
1.60

Fullerene- DPV PBS 0.9- 0.0016  Tap water [117]

C60/GCE 10

Fe- SWvV BRB 0.5- 0.092 Pharmaceutical [119]

SnO2NPS/SPCE 100 products
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Graphite/GCE DPV BRB, pH 84.6- 3.89 urine [119]
3 846

NiO/ZnO/GCE Ccv BRB. PH - 0.08 Pharmaceutical [119]
3 product

Gr- EIS KCI 0.303 - [119]

AuNPs/AUE/GCE

Ag/TiO./CPE DPV PBS,pH5 - 0.86 - [13]

ERG- Amperometry - 50-3 29 Pharmaceutical [117]

SWCNT/GCE samples

Note: Multiwalled carbon nanotubes (MWCNTS), glassy carbon electrodes (GCESs), gold nanopatrticles (AuNPs), and silver
(Ag) Titanium dioxide, or TiO2; (CPE) Carbon paste electrode; shell nanoparticles Au@AgPdNPs: AgPd with an Au center;
Ce-Cerium; B-cyclodextrin-ionic liquid B-CD-IL-macrocyclic; (ZnO) Zinc oxide and (rGO) reduced graphene oxide.

2.10.3 Ibuprofen

One effective method for identifying ibuprofen, a prevalent NSAID present in environmental samples,
is electrochemical sensing. Electrochemical sensors can detect ibuprofen by measuring the
electrochemical response of the molecule, allowing for its quantification in a sample [120]. Carbon-
based electrodes, such as glassy carbon, carbon nanotubes, or graphene, are commonly used as the
working electrode in electrochemical sensors for ibuprofen detection. Ibuprofen undergoes oxidation
or reduction at particular potentials, which can be found using square wave voltammetry, differential
pulse voltammetry, or cyclic voltammetry. Molecularly imprinted polymers (MIPs) can also be used in
conjunction with electrochemical sensors for the detection of ibuprofen. MIPs are synthetic materials
that are designed to selectively recognize a target molecule, such as ibuprofen, through specific
binding sites. When ibuprofen molecules bind to the MIP, they can cause a change in the electrical
properties of the electrode, which can be measured and used to determine the concentration of

ibuprofen in the sample [109]. In addition to carbon-based electrodes and MIPs, other materials have
been explored for the detection of ibuprofen, such as metal oxides, conducting polymers, and
nanoparticles. These materials can also be integrated into electrochemical sensors for the detection
of ibuprofen. Overall, electrochemical sensing is a highly sensitive and selective method for the
detection of ibuprofen in environmental samples. Its potential applications include monitoring
ibuprofen levels in wastewater treatment plants, surface water, and drinking water sources, as well as
ensuring the safety of these resources for human and environmental health [120]. Ibuprofen
identification is mainly concentrated on DPV, involves performed in solutions of PBS with varying pH
readings. Multiple electrochemical approaches have been employed for determining the presence of
Ibuprofen in urine, wastewater, pharmacological compositions, as well as different solutions of
electrolytes, such as BR, NaOH, and PBS, as illustrated in Table 2.10. Using the modified
GO/AgNPs/SPCE with the differential pulse voltammetry approach and an electrolyte of a PBS at pH
7.0, Hu et al. demonstrated the detection of Ibuprofen within the linearity range of 0.1-40 uM obtained
limit of detection of 0.028 uM while Maleh et al used urine to detect the lbuprofen using the same
technique with the linearity range of 1-40 uM with a modified Ag/MWCNT/MPAC/GCE electrode to
obtain the limit of detection of 0.4.
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Table 2.10: Analytically comparing electrodes for Ibuprofen detection.

Material Method Buffer/pH LR LOD Matrix Ref
(uM)  (uM)
Apt/AuNPs/GCE DPV PBS 0.005- 0.0005 Tap water [120]
7
Apt/CdTeQD/GCE Ccv PBS 0.05- 0.016  urine [109]
20.00
GO/AgNPs/GCE DPV PBS, pH 0.1-40 0.028 Lake water [120]
7.0
rGO/PANPs/GCE SWV BR, pH 1-40 0.4 Urine [120]
2.0
AuNPs/MWCNTs/GCE CV PBS, pH 1-100 0.55 wastewater [120]
7.0
AuNPs@N- DPV - 10- 0.033 - [120]
GQDs/GCE 200
MWCNT/GCE FIA. - 10- 1.9 urine [120]
AMP 1000
Ag2MWCNT/GCE SWV - 5-25 15 Pharmaceutical [120]
products

Note: Aptasensor based gold nanoparticle-glassy carbon electrode (GCE), graphene oxide-silver nanoparticles (Ag)
nanocomposite, reduced graphene oxide-lead nanoparticles nanocomposite, gold nanoparticles (AuNPs)-multiwalled
carbon nanotubes (MWCNTS), Aptasensor based cadmium telluride quantum dots (CdTeQD), nitrogen doped graphene
quantum dots (N-GQDs).

2.10.4 Metoprolol

Electrochemical detection is a promising technigue for the sensitive and selective detection of
metoprolol in various environmental samples. For the electrochemical determination of metoprolol,
carbon-based electrodes, such as glassy carbon or nanotubes of carbon, have been employed
extensively [121]. The electrochemical oxidation of metoprolol occurs at a specific potential, typically
around 0.7 V vs. Ag/AgCIl, which can be detected using cyclic voltammetry, differential pulse
voltammetry, or square wave voltammetry. As Table 2.11 illustrates, a range of electrochemical
methods have been utilized to identify metoprolol in urine, wastewater, pharmaceutical formulations,
and different electrolyte solutions such Britton Robinson buffer (BR), sodium hydroxide (NaOH), and
phosphate buffer solutions (PBS). DPV, involves often performed in PBS solutions of varying pH
levels, is the primary method used to detect metoprolol [122]. Berk et al demonstrated the detection
of metoprolol by using the modified Ga»-ZnO/BDDE electrode with the differential pulse voltammetry
technique with the presence of electrolyte of phosphate buffer solution at the pH 7.0 within the linearity
range of 9.99-3.38 uM obtained limit of detection of 7.53 puM while Zorluogh et al used urine to detect
the metoprolol using the same technique with the linearity range of 0.95-9.45 uM with a modified
HDME electrode to obtain the limit of detection of 0.29.
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Table

2.11: Analytically comparing electrodes for metoprolol detection.

Material Method Buffer/pH LR (uM) LOD Matrix Ref
(um)

Ga»-ZnO/BDDE DPV BR,pH7 9.99- 7.53 Pharmaceutical [122]
3.38 product

GRE/PtNPs/NFN Ads DPV BR,pH7 0.0144- 43 urine [121]
7.5

GCE DPV PBS 0.06- 0.02 urine [122]
1.08

Nafion-CNT DPV PBS 0.07-90 35.1 - [121]

BDD LSV BR 0.38- 34 - [112]
22.0

MIP/MWCNTs/PGE SWV PBS 0.06-490 2.9 - [122]

HDME DPV BR 0.95- 0.29 Urine [122]
9.45

Lipid polymer film SWV PBS 20-1000 20 Urine [121]

PVC-membrane- SWV - 0.2-800 0.126 Urine [122]

Graphite

Note: Glassy carbon electrode (GCE), Carbon nanotube (CNT), multiwalled carbon nanotube (MWCNTS), gallium-zinc oxide
boron doped diamond electrode (Gaz-ZnO/BDDE), graphene/platinum nanoparticle nafion composite, hanging mercury drop
electrode (HDME), molecularly imprinted polymer-pencil graphite electrode, SWV, square wave stripping voltammetry, LSV,
Linear sweep voltammetry, DPV differential pulse voltammetry.
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Chapter 3: Methodology

Summary

This chapter describes all the chemical reagents that were utilized to generate the MnO, NPs materials
as well as the characterization methods that were used to investigate the materials' properties. The
hydrothermal method approach was chosen for this research because it provides the ability to regulate
the nanoparticles' shape and dimensions by modifying a few synthesis parameters, including
substrate quantity, temperature of the reaction, and response time. This control over the synthesis
conditions allows the production of nanoparticles with uniform size distribution and specific
morphologies, which is crucial for many uses. Due of their tiny size and particular forms, the synthesis
process also results in the creation of nanoparticles with vast surface area. Describes the
characterization approach employed to study the properties of MnO.NPs which comprises FTIR,
Raman spectroscopy for functional group analysis, SEM for surface morphology, X-ray diffraction for
crystallinity research, and vibrational features, UV/vis spectrometry for optical properties, and SAXS
spectroscopy. Outlines the use of synthesized MnO.;NPs for the electro-oxidation of analytes
(Carbamazepine, sulfamethoxazole, Ibuprofen, and Metoprolol). Specify the electrochemical
approach employed, including CV, DPV, and EIS. Mentions the use of MnO,NPs as a modified
electrode for electrochemical studies. Discusses interference studies to evaluate the electrochemical
sensors' reliability. Highlights the importance of stability studies to assess the over time performance,
reliability, and durability of the electrochemical sensor under various environmental conditions.
Describes the use of the proposed sensors for determining concentrations of CBZ, SMX, IBU, and MP
utilizing actual wastewater samples, proving the created sensor's usefulness.

3.1 Characterisations Technique

3.1.1 Spectroscopic Technique

Spectroscopic techniques are a set of scientific methods used to study the interaction between matter
and electromagnetic radiation. These techniques provide valuable details regarding the atomic and
molecular setup, arrangement, and characteristics of materials [1]. Spectroscopic techniques can be
highly sensitive, and able to recognize and measure even small amounts of substances in a sample
[2]. The versatility of spectroscopic techniques enables the analysis of diverse types of samples and
provides access to different types of information, such as molecular structure, chemical composition,
and elemental examination [3].

3.1.1.1FTIR

For researching molecular interactions, FTIR is a useful and potent instrument. It offers details
regarding the existence of particular functional groups within a compound [4]. Because of its versatility,
FTIR may involve analysing both organically and inorganically compounds. The range of the FTIR
spectra measured is 400 cm™ to 4000 cm™ [2]. The FTIR instrument used in this study is specified
as the PerkinElmer FTIR spectrometer Frontier (South Africa). The approach KBr pellet was used for
FTIR studies. Samples were mixed with potassium bromide (KBr). Overnight, the blend was dry at 60
°C in an enclosed oven. For evaluation, the dehydrated dust was crushed and formed into an
extremely thin pellet.

3.1.1.2 Raman spectroscopy

An effective analytical method for characterising and analysing materials is Raman spectroscopy. [5].
It provides data about the vibrational modes of atoms, allowing for the identification of chemical
compounds, structural analysis, and investigation of molecular interactions [6]. The synthetic
nanoparticles were subjected to Raman spectroscopy using a 100x magnification on a WiTec Raman
spectrometer (Alpha 300, TS 150) with an excitation wavelength of 532 nm (Germany). Glass slides
were used for sample analysis.

3.1.1.3 Ultraviolet-Visible Spectroscopy
A prominent analytical approach for examining how compounds absorb ultraviolet and visible light is
UV-vis spectroscopy [7]. It is a non-destructive and quantitative approach that provides valuable data
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about the electronic structure of compounds [8]. The device measures the absorbance by comparing
the intensity of the transmitted radiation (denoted as |) with the intensity of the incident radiation
(known as incident radiation, denoted as 10). The following formula is then used to determine how
much light the sample absorbs at a specific wavelength [7]:

10
Absorbane (A) = log, T

The absorbance (A) is a dimensionless quantity representing the extent of light absorbed by the
sample. It is associated with the path length of the absorbing medium and the amount present of the
absorbing species, which is typically a solute in a solvent [9]. This relationship is described by Beer
Lambert's law:

A=eXcXxl
Where:

A is the absorbance, € (epsilon) is the molar absorptivity or molar extinction coefficient, a constant
specific to the absorbing species and the wavelength of light, c is the concentration of the absorbing
species in the solution, where | is the length of the specimen (in centimetres). [7].

UV-vis spectroscopy was employed in the existence study to examine the optical characteristics of
the synthesised MnO; nanoparticle. On the PerkinElmer UV-vis spectrometer Lambada 6505 (South
Africa), UV-vis studies were examined in the wavelength range of 250-800 nm. This typically involves
grinding the material into a fine powder and possibly mixing it with a transparent matrix to form a thin
film or pellet. Before measuring the sample, establish a baseline using a blank reference (e.g., the
matrix without manganese oxide). This helps correct for any absorption or scattering that might occur
due to the matrix itself. A standard of 100% reflectivity was employed as a reference, and a pinch of
the MnO2 nanoparticle sample was applied directly to the sample holder for reflectance measurements
[10].

3.1.1.4 X-ray diffraction (XRD)

XRD is an approach that measures how scattering of X-rays affects an object's crystal form [11]. It
offers important details regarding how atoms or molecules are arranged within crystal form. Bragg's
Law, which asserts that when X-rays are impacted on a crystal lattice at a particular angle, is the
foundation of XRD, the X-rays will undergo effective interference occurs in the event that the dispersed
pulses' route variation is a multiple of integers of the wavelength of the radiation [12]. This interference
produces a diffraction pattern that can be detected and analysed. The Bragg’s Law equation (3.3)
forms a diffraction pattern.

nl=2dsin®  (3.1)

Grain size is determined by the peak broadening principle, which states that decreasing crystalline or
grain size causes an increase in diffraction width [13]. Therefore, the widening of an XRD peak
indicates that there aren't enough feasible planes in a tiny crystallite to provide total destructive
interference. The Scherrer equation below involve predicting particle size:

d=KA/Bcos® (3.2)

Where d is the crystallite size, K its form factor, the X-ray wavelength, the full-width half-maximum
(FWHM), and the angle of reflection are represented by the values of 3, B, and 8 [12]. In this research,
the crystallinity of MNnO2NPs using a Bruker AXS D8 advanced diffractometer (Japan). The MATCH
and Diamond software was used for analysis. Powder X-ray diffraction patterns of the samples were
recorded with CuKa radiation (A = 1.5406 A) in the range of 20 — 80 °C.

3.1.1.5 Small angle X-ray scattering

SAXS instruments are versatile tools involve a wide range of materials and biological macromolecules
[14]. They provide valuable information about nanoparticle size distributions, pore sizes,
macromolecule shapes, and distances between structural elements in materials [15]. The resulting
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scattering curve, obtained after background subtraction, is then subjected to data analysis. Two
software tools used for this are SAXStreat and SAXSquant [14]. SAXSquant is used for additional
data processing and evaluation following data reduction in SAXStreat [15]. The scattering data is
Fourier transformed using the GIFT (Generalized Indirect Fourier Transformation) program [14]. The
PDDF provides information about the distribution of distances between scattering centers in the
sample, while the size distribution curve gives insight into the particles composition or structures in
the sample [16]. The structure and size of the generated MnO- nanoparticle were examined involving
the SAX Space instrument (Anton Paar, GmbH, North Ryde, Australia) and a solid sample in a quartz
sample holder with a diameter of 1 mm. A temperature of 20 °C was maintained, and for each
measurement, five frames were taken at a 60-second exposure time and averaged.

3.1.2 Microscopic techniques

Microscopic techniques reveal the overall morphology and structure of the material. This includes
features such as shape, size, surface topography, and internal structure. By examining the material's
physical characteristics [17].

3.1.2.1 Scanning electron microscopy (SEM)

SEM uses an imaging approach that concentrates a beam of electrons to look at a specimen's surface
[18]. It provides excellent quality, three-dimensional pictures and allows for the characterization of the
sample's topography, morphology, and composition [19]. SEM-ready glass slides were used to
prepare the samples. Agar Turbo gold coaters were used to coat known volumes of the sample (10
pL) that had been put to arid at RT. Images were taken with a JEOL JSM-IT300 (United States of
America) series SEM. MnO2:NPs were characterized involve a JEOL JSM-7800FLV field emission
SEM.

3.2 Electrochemical Techniques

Environmental monitoring, industrial operations, medical diagnosis, scientific research, and other
sectors have all seen a substantial increase in the use of electrochemical sensors [20,21]. These
approach, involves CV, DPV, and EIS, provide useful data about the electrochemical behaviour,
kinetics, and stability of the sensor materials and their interactions with analytes [20]. As seen in the
diagram below Figure 3.1, SPCE constitutes involve intriguing designs that integrate a working (made
of carbon-based material), reference, and counter electrode in a single-printed substrate [21].

PalmSens4

PsTrace7

, Pipette
Single pair ethernet
\ connector
Screen-printed electrode @

Figure 3.1: A schematic diagram for Screen printed electrode electrochemical sensor [21].
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3.2.1CV and EIS

CV involves electrochemical approach used to investigate the redox behaviour of electroactive
species in a solution. It useful data about the electrochemical reactivity, kinetics, and stability of
substances, as well as their concentration and diffusion coefficients [22]. EIS involves electrochemical
techniques used to study the impedance behaviour of electrochemical systems. It provides valuable
information about the electrical properties and approach occurring at the electrode-electrolyte
interface [23]. The electrochemical measurements were performed using the Emstat Blue 400
potentiostat, which is a type of instrument used for controlling the voltage of an electrochemical cell.
Metrohm 110 Drop Sens SPCE involve the working, reference, and counter electrodes. SPCE are a
type of electrode where carbon ink is screen-printed onto a substrate, providing a convenient and
versatile platform for electrochemical studies [24]. Both the altered and raw screen-printed carbon
electrodes were subjected to electrochemical analysis. The Metrohm Autolab Potentiostat (South
Africa) was specifically used for conducting CV and EIS.

3.2.2 DPV

DPV involve the electrochemical approach involve study the redox behaviour of a solution containing
electroactive species [25]. DPV resides in the evaluation of the working electrode's current output
surface during each pulse. The current is measured differentially, meaning it is the difference in current
between the beginning and the end of each pulse. This helps to eliminate the background charging
current and other capacitive contributions, making it easier to isolate and analyse the redox reactions
of interest [26]. It is a useful tool for many electrochemical research and sensor development because,
in comparison to other voltammetric techniques, it can deliver better ratios of signal to noise and
reduced thresholds for detection [27]. DPV method analysing electrocatalytic activity toward different
concentrations of carbamazepine, sulfamethoxazole, Ibuprofen, and metoprolol. This technique was
used to observe and calculate the electroactive species in solution.

3.3 Materials and Methods

3.3.1 Chemical reagents

Manganese sulphate monohydrate (MnSO4+H->0, 98%), Potassium permanganate (KMnO4, > 99.0%),
ethanol (C2HsOH, 95.0%), Sodium hydroxide (NaOH, 97%), (Na:HPO4+ 2H,0, > 99.5%) disodium
hydrogen phosphate dibasic, Methanol (CH3OH, > 99.8%), Carbamazepine (CBZ, 50 mg),
Sulfamethoxazole (SMX, 50mg), (H2NaPO4+2H20, > 99%) Sodium phosphate monobasic dehydrate,
Ibuprofen (IBU, 50mg), and Metoprolol (MP, 50mg), hydrochloric acid (HCI, 37%) were bought from
Sigma-Aldrich, South Africa. Laboratory standard reagents were all employed, and no additional
purification was necessary. The 0.1 M PBS at pH 7.0. The pH of the buffer solution was adjusted using
either 0.1 M HCI to decrease the pH or 0.1 M NaOH to increase the pH. A stock solution of CBZ, SMX,
and IBU (20 mM) was prepared in methanol while the metoprolol (20 mM) dissolved best in distilled
water. The 10 mM working solution of CBZ, SMX, IBU, and MP were prepared by pipetting 900 pL in
0.1 M PBS. The chemicals were stored at four degrees Celsius in a freezer.

3.3.2 Preparation of standards solution

Appropriate amounts of CBZ, SMX, IBU and MP were weighed on the separate vials to prepare a 10
mM solution. Thereafter, the analyte solutions were dissolved in a double-distilled water to reach the
required concentrations. 0.1 M PBS solution was prepared by dissolving the appropriate amount of
PBS powder in double-distilled water. For each drug/analyte (CBZ, SMX, IBU, and MP), 900 pL of the
10 mM stock solution was transferred into a clean vial. A volume of 100 pL, 0.1 M PBS solution was
then added to the vial, making the final volume 1000 pL. This dilution step resulted in a working
solution concentration that was appropriate for electrochemical analysis.

3.4 Synthesis of manganese oxide nanoparticle
1.26 g of potassium permanganate (KMnO,) and 0.5 g of manganese sulfate (MnSO,) were mixed
with 35 mL of deionized water in a beaker. The mixture was stirred thoroughly until both KMnO, and
MnSO, were completely dissolved, resulting in a homogeneous solution. The resultant was
transferred into a Teflon-lined stainless-steel autoclave. The sealed autoclave was then placed in an
oven and heated at 180°C and maintained the temperature for 30 minutes. This step facilitated the
formation of MnO, nanorods. The resulted residue was collected and washed thoroughly with a
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solution of ethanol and water to remove any residual reactants and impurities. MnO, nanorods were
filtered and dried in an oven at 80°C. As seen in Figure 3.2, continued drying until the MnO, nanorods
was completely dry and a fine powder was obtained [28]. Eq 3.3 presents the suggested equation for
the reaction.

(3.3)

2Mn804 (s) + 2KM"O4 (s) + 2H20(|) —) K2804 (aq) + 2H2$04 (aq) + 5Mn02 (s)

MnSO, KMnO,

NS

) S ‘ :
Heating at 180 °C 1 C,H;OH + H,O ™%  Oven-dried at 80 °C
|

TSN

DI H,O L _
¥ MnO, nanoparticle

Teflon-lined autoclave

Figure 3.2: Diagram showing the steps involved in created the MnO2 nanoparticle.

3.5 Electrochemical Characterisation

3.5.1 Fabrication of the manganese oxide nanoparticle on SPCE

5 mg of MnO, powder was weighed and transferred into a small vial. 1 mL of double-distilled water
was added into the container with the MnO, powder. The solution was sonicated for 15 minutes to
create a homogeneous suspension. Using a pipette, 8 uL of the prepared MnO, suspension was
dropped onto the surface of the SPCE. The MnO, modified SPCE was allowed to dry at room
temperature for 1 hour. This step ensured that the MnO, nanoparticles adhered to the electrode
surface properly. After the drying period, the modified SPCE was ready for use in electrochemical
experiments [29]. Figure 3.3 showed a schematic representation that visually communicated the steps
involved in the modification process for carbamazepine and sulfamethoxazole.
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Figure 3.3: Diagrammatic representation of the electrochemical sensor's modification approach.

3.5.2 Sample preparation of real water

After the samples were collected, they were carefully handled and preserved to ensure their integrity
for accurate analysis. The wastewater effluent was filtered through a 0.45 ym filter to remove any
particulate matter. The filtered water was collected in a clean container. Standard solutions of the
desired analytes (ibuprofen, metoprolol, carbamazepine and sulfamethoxazole) were prepared at
known concentrations. The filtered water sample was fortified by adding known amounts of the
analytes to achieve the desired concentration. A precise volume of each standard solution was added
to the filtered water to obtain a target concentration. 100 uL of the fortified water sample was pipetted
into a small vial. 1000 pL of the supporting electrolyte solution was added to the vial containing the
100 pL aliguot of the fortified water sample. This step ensured proper ionic strength and conductivity
for the electrochemical measurements. The solution was mixed thoroughly using a vortex mixer or by
gentle shaking to ensure homogeneity. The SPE was placed into the electrochemical workstation’s
cell. The prepared sample solution (1000 pL of electrolyte solution + 100 pL of fortified water sample)
was introduced onto the SPE. The electrochemical measurements were then performed. [28].

3.6 Sampling site

Sampling of wastewater was conducted at the Northern WWTP located in the Diepsloot suburb, close
to the N14 highway in Gauteng Province, South Africa. The plant treated 400 ML/d of residential
wastewater from areas including Alexandra, Randburg, Sandton, and parts of Midrand and
Roodeplaat. The sampling sites were depicted in Figure 3.4.
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Figure 3.4: Map for the sampling site from the Northern WWTP in Gauteng province.
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Chapter 4

Manganese oxide-based electrochemical sensor for
signaling carbamazepine and sulfamethoxazole in
wastewater samples

Summary

Carbamazepine and sulfamethoxazole are two commonly used pharmaceutical compounds with
various therapeutic applications. The accurate determination of these compounds is of great
importance in pharmaceutical analysis and environmental monitoring. In this research, we created an
electrochemical sensor system for figuring out carbamazepine and sulfamethoxazole involve a
manganese oxide nanoparticle modified on a SPCE. MnOQ; offers several advantages, including its
electrochemical activity, extremely surface area, and catalytic properties, which improve the efficiency
of screen-printed electrodes. The characterisation of MnO;, nanoparticles (NPs) modifier was
investigated via FTIR, XRD, SEM, and Raman spectroscopy approaches. The electrochemical
behavior of the MnO>NPs was researched involving DPV and CV techniques The impact of pH and
scan speed on the CV outputs were examined to determine the ideal experimental settings. The
outcome observed for carbamazepine and sulfamethoxazole have an irreversible behavior at the
potential of 1.0 V and 0.73 V correspondingly, and their current increases. The use of the
MnO>NPs/SPCE electrode with the DPV approach displayed a limit of detection of 0.0005 uM and
0.002 uM in the concentrations range of 0.97- 5.82 pM (linear range) for the carbamazepine and
sulfamethoxazole in a 0.1 M PBS. In addition, interference and stability investigations were examined
fo assess the effectiveness of the MnO,NPs/SPCE detector under optimal conditions, which resulted
in an excellent performance. The suggested sensor worked effectively to determine carbamazepine
and sulfamethoxazole in real-world water samples.
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4.1 Introduction

Pharmaceuticals (Pharm) are important for maintaining human and animal health [1]. However, their
extensive use and high consumption patterns have led to their release into the aquatic environment
[2]. Pharm are present in the aquatic environment through treated sewage effluent discharge, landfill
leaching, and direct discharge from pharmaceutical manufacturing plants [3]. Many Pharm are highly
soluble in water, and their high chemical stability and low biodegradability contribute to their
persistence in the surrounding [4]. The range of Pharm found in the aquatic surrounding is broad and

A\,

Current (pA)
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includes a variety of compounds involve antibiotics, antipyretics, analgesics, anti-inflammatories,
antimicrobials, and hormones [5]. These contaminants might be destructive to people's health as well
as aquatic surrounding [6]. Among the Pharm, antibiotics are known to encourage the emergence of
antibiotic-resistant bacteria, while hormones can impede with the body's natural production of
hormones and cause infertility and developmental problems in aquatic organisms and potentially in
humans [7]. These pollutants are detected in the aquatic environment at low concentrations, about in
the range of ug/L to ng/L [6].

Traditional wastewater treatment techniques do not adequately eliminate these pollutants, which may
remain in the environment over time [8]. Sulfamethoxazole and carbamazepine as shown in Figure
4.1 are problematic in the aquatic surrounding due to their significant persistence and ubiquitous
presence [9]. Carbamazepine is an anticonvulsant drug that is used to treat various medical conditions
such as epilepsy, bipolar disorder, and neuropathic pain while sulfamethoxazole is an antibiotic that
involve the treat bacterial infections [10]. Both medications are not entirely broken down by the body,
and a large amount of them are eliminated unaltered in the urine [2]. The existence of these drugs in
the surrounding is an issue since they may negatively impact marine life. For example, they affect the
behavior, reproduction, and development of some fish and invertebrate species [11]. Various
quantitative analytical strategies involve identification of carbamazepine and sulfamethoxazole in
environmental samples [12]. These approach include spectrofluorimetry, GC [13], spectrophotometry
[14], planar chromatography [15], electrokinetic chromatography [14], LC-MS tandem, and HPLC [13].
However, many of these approach require expensive instruments, high costs, and the use of
environmentally unfriendly and toxic solvents [16]. The establishment of innovative, economical, and
ecologically friendly techniques for identifying and measuring pharmaceutical contaminants in the
surrounding has garnered more attention in the last decade [14]. Electrochemical sensor sensors have
become a viable substitute for traditional approach of pollutant identification, including
pharmaceuticals, in the environment [17].

Electrochemical sensors are low-cost, portable, and relatively simple to use, creating them an
attractive choice for monitoring use in both laboratory and field settings [11]. A precise differential pulse
voltammetric technique for identifying CBZ was introduced by Dhanalakshmi et al. utilizing a GCE
altering with Ce-ZnO/rGO [18]. A threshold of measurement for 0.0012 uM was attained. In separate
research by Qambrani et al., a successful method of analysis to identify CBZ was demonstrated
involve a NiO-ZnO/GCE as the base electrode [19]. A threshold of measuring 0.08 uM was reported
by them. Several investigations conducted in the last decade indicate that the effectiveness of
electrochemical sensors to identify varied pharmaceuticals, involves sulfamethoxazole and
carbamazepine [8]. However, further research and development are needed to optimize the sensitivity,
selectivity, and accuracy of these sensors, as well as to improve their performance under different
environmental conditions [17]. One strategy that shows promise for enhancing electrochemical
sensors' ability to identify pharmaceutical contaminants in the environment is their modification [16].
One approach to modifying electrochemical sensors is to incorporate novel materials or altering the
surface of the sensor to boost the detector's strength, specificity, and responsiveness [20].

Manganese oxide nanoparticles have been explored as a potential modification for electrochemical
detector for the identification of pharmaceutical contaminants in the surrounding [21]. MnO:
nanoparticles have several desirable properties for use in electrochemical sensors, including
significant area of surface, chemical resistance, and excellent conductivity [20]. In this work, the aim
is to develop a sensor that can detect two different compounds, carbamazepine, and
sulfamethoxazole, in wastewater samples. The sensor is intended to be simple, portable, low-cost,
and reliable. To achieve this goal, the plan is to modify a screen-printed carbon electrode using
manganese dioxide (MnO) nanoparticles. The modified electrode will then be used as the sensing
component of the device. Overall, the purpose of this work is to create a detector that can provide a
quick and accurate way to detect the presence of these two compounds in wastewater samples, which
can ultimately contribute to better management and treatment of wastewater.
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Figure 4.1: The structure of carbamazepine and sulfamethoxazole

4.2 Results and Discussions

4.2.1 FTIR results

The FTIR analysis of the synthesized nanoparticle, specifically MnO,, was performed to investigate
its functional groups and molecular vibrations. The obtained FTIR spectrum, shown in Figure 4.2,
covered a range of wavenumbers from 400 cm™ to 4500 cm™. In the spectrum, a broad band centered
around 3440 cm™ was observed, this represents the oscillation of hydroxyl (-OH) and hydrogen-
bonded surface molecules of H»O. This implies that the nanoparticles of MnO, possess surface water
molecules and hydroxyl groups that are involved in hydrogen bonding interactions [22]. The presence
of these hydrated properties in MnO; can enhance the diffusion of cations, thereby increasing the
capacitance of the material. Two distinct vibrational bands were seen at 1651 cm™ and 1387 cm™.
These bands correspond to the residual -OH groups, demonstrating that the outermost layer of the
MnO; nanoparticles had absorbed molecules of water. The stretching vibrations of these adsorbed
water molecules contribute to these vibrational bands [23]. Additionally, a broad band around 590 cm-
"and 517 cm™' was obtained in the spectrum. This band can be form to the band of the Mn-O bonds
within the MnOg octahedra present in the a-MnOz nanoparticles. These octahedra are structural units
within the MnO crystal lattice [15,12,14]. From the spectra, the vibrational band at 1027 and 2062
cm' was obtained, which is the band of C-O and C-H bonds respectively. The occurrence of ethanol
from the hydrothermal synthesis process indicated the occurrence of C-H and C-O vibrations in
manganese oxide FTIR spectra [26,27].
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Figure 4.2: The FTIR spectrum of the MnO; nanoparticle.

4.2.2 Raman spectroscopy

Raman spectroscopies involve validate the functional form of the manufactured MnO; nanoparticles.
The Raman spectra, displayed in Figure 4.3, supplied further details regarding the vibrational modes
and structural characteristics of the nanoparticles. A prominent peak was observed at a high-intensity
region of 637 cm™ in the Raman spectrum. This peak indicates the presence of well-developed
tetragonal structures, specifically 22 tunnels, 11 tunnels, and interstitials [28]. These features are
indicative of the strong presence of a-MnQ; in the synthesized nanoparticles. The peak at 637 cm™' ¢
equivalent to a specific vibrational mode associated with the structural arrangement of a-MnOs..
Another significant Raman peak was seen at 115 cm '. This peak can be offered to an external
vibration caused by the translational motion of the MnO within the crystal lattice. The presence of this
peak further supports the conclusion that the nanoparticles exhibit a strong presence of a-MnO- [29].
Additionally, a peak at 344 cm™ was seen in the Raman spectrum. This peak can be ascribed to the
layered structure of the 8-MnO> phase. The presence of this peak agrees with previous literature
findings and provides further evidence of the specific crystal structure of the MnO; nanoparticles [25].
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Figure 4.3: The MnO; nanopatrticle's Raman spectroscopy.

4.2.3 X-Ray Diffraction

The crystalline form of the MnO, nanoparticles was investigated using XRD. The obtained XRD
pattern, as depicted in Figure 4.4, showed sharp diffraction peaks at specific 20 angles. These peaks
were identified and indexed to corresponding crystal facets. The observed diffraction peaks at 26
angles of 12.9°, 18.3°, 28.7°, 37.7°, 42.1°, 49.9°, and 60.3° could be successfully indexed to specific
crystal facets, namely (110), (200), (310), (211), (301), (411), and (521) respectively. These indices
represent the crystallographic planes of tetragonal a-MnO. form. The XRD pattern for MnO:
nanoparticles was found to be in excellent concur with the XRD standard card (JSPDF 44-0141)
[28,29]. This indicates that the diffraction peaks seen in the experimental XRD spectra correspond
well to the expected positions based on the known crystallographic information for a-MnO- [30].
Furthermore, the absence of any visible peaks related to impurities in the XRD spectrum indicates a
high purity of the a-MnO- nanoparticles [31]. This suggests that the synthesized MnO; nanoparticles
predominantly exhibit the desired tetragonal crystalline structure without significant impurities
[14,12,16]. The crystallite size of 175.1 A (17.51 nm) indicates that the manganese oxide material
exhibited in the nanoscale range. This suggests that the material has a significant surface area to
volume ratio, which can enhance its chemical reactivity and catalytic properties.

Using the Scherrer equation, to calculate the crystallite size:

K2
~ BCos 6

Where, D is the crystallite size
K'is the shape factor, typically about 0.9
A is the wavelength of the X-ray in the 1.5406 A
B is the full width at half maximum of the peak, in (0.01 radians)

0 is the Bragg angle 37.7 °C
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Figure 4.4: XRD pattern of the MnO2 nanoparticle

4.2.4 SEM results
The surface form of the MnO, nanoparticle involve SEM at the diameter of 5 and 10 ym. The SEM

images of the MnO- nanoparticles are presented in Figure 4.5. The surface form of nanomaterials is
known to have a noteworthy effect on their output. Upon inspection of the SEM images, the grains of
the MnO2 nanoparticles are uniformly distributed. The SEM images of the MnO2 nanoparticles indicate
that the grains are uniformly distributed. This suggests that the MnO. nanoparticles are evenly
dispersed throughout the sample [32]. This uniform distribution implies that the particles are well-
mixed or homogeneously dispersed, rather than clumped or localized in specific regions [33]. It
indicates that the synthesis process resulted in a relatively uniform dispersion of the nanoparticles.
This arrangement of nanorods contributes to the overall morphology of the MnO- nanoparticles. The
observed surface characteristics of the synthesized MnO; nanoparticles Particle dispersion and the
creation, such as the porous structure, of flower-like structures, are noteworthy [34]. These features
can serve a vital part in considering the MnO, nanoparticles as suitable electrode promoters for
electrochemical sensing applications. The porous structure provides a extremely surface area, which
can enhance the electrochemical reactivity and increase the effectiveness of the electrode [35]. The
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presence of nanorods and the assembly of flower-like structures can further contribute to the unique
properties and performance of the MnO2 nanoparticles in electrochemical sensing applications [25].

Figure 4.5: SEM image of MnO_ nanoparticle

4.2.5 Cyclic Voltammetry Studies on MnO.NPs/SPCE

At a scanning speed of 50 mV/s, CV was examined to evaluate the bare and MnO>NPs/SPCE in 1.0
mM [Fe (CN)g]* solution, as illustrated in Figure 4.6A. The peak potential separation was calculated
using equation AEp = (Epc — Epa) [36]. The CV curve revealed a reversible electrochemical reaction
of reach their highest potential division for bare SPCE at 0.249 V while the peak potential separation
for MNO2NPs/SPCE was 0.269 V, indicating that the movement of electrons on the MnO2NPs/SPCE
was fast due to the small peak potential separation, implying a rapid and efficient reaction at the
electrode surface as opposed to a bare electrode, which indicated slower electron transfer. The
electrochemical response on a bare, at a peak potential of 180 mV, an output with a modest oxidation
current of 22.14 pA was seen. On the other hand, MnO,NPs/SPCE demonstrated a much decreased
over potential Ep = 199 mV along with an elevated abrupt anodic peak current (ipa = 88.79 pA). From
the observation, the MnO2NPs/SPCE has a higher peak current, which indicates faster electron
transfer rates due to efficient charge exchange taking place between the electroactive substance and
the conductor of electricity. This outcome demonstrated that by raising peak current, the
MnO2NPs/SPCE increased the modified electrode's responsiveness. The nano-flower-like form is
visible in the highest point from the MnO2NPs/SPCE. In addition to decreasing the reactive peak's
potential separation, the increased current suggests that the effective surface area could be increased,
potentially promoting the movement of electrons at the electrode-solution contact.

The capability of electron transfers of bare SPCE and MnO2NPs SPCE was examined by EIS, seen
in Figure 4.6B. The Nyquist plots are seen with the real part (Z’) on the X-axis and the imaginary part
(=Z”) on the Y-axis [37,39]. The bare and MnO:NPs SPCE was investigated in 1 mM [Fe (CN)g]*
solution as shown in Figure 4.6B. The spectra show that the modified MnO2NPs/SPCE exhibits
improved conductivity compared to the bare SPCE. This conclusion is drawn based on the observation
that the spectra of the bare SPCE show a semi-circular region, whereas the modified MnO.NPs/SPCE
exhibits a different behaviour. The presence of a semi-circular region in the spectra of the bare SPCE
suggests higher charge transfer resistance, indicating less efficient electron transfer compared to the
MnO2-NPs/SPCE. The modified MnO,NPs/SPCE, on the other hand, exhibits low charge transfer
resistance, indicating more efficient electron transfer and better conductivity. To further support this
finding, fitted a circuit to obtain the charge transfer resistance values. The barrier that hinders charge
transference of the MnO;NPs/SPCE was determined to be 86.9 Q, while the bare SPCE had a higher
charge transfer resistance of 3.95 kQ. This comparison further confirms the enhanced conductivity
and improved electron transfer efficiency of the MnO>.NPs/SPCE compared to the bare SPCE.
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Figure 4.6: CV of bare SPCE and Modified MNnO:NPs/SPCE in a 1.0 mM [Fe (CN)g]* solution at a
scan speed of 50 mV/s (A) CV (B) EIS.

4.2.7 Optimization studies: Scan rate

Peak current (ip) and peak potential (Ep) of CBZ at the MnO2NPs/SPCE altered electrode have been
examined in relation to scan rate using CV in the setting of 100 yM CBZ (pH 7.0). As the scan rate
was raised, Figure 4.8A demonstrates that the anodic peak current (Ipa) of CBZ rose within the 5-50
mV s~ range. Diffusion control is used in the electrochemical of CBZ on MnO.NPs/SPCE [19].
Furthermore, the irreversible nature of the redox reaction on CBZ at the modified electrode's surface
is indicated by the oxidation peak potential's rise as the scan accelerates. The CBZ oxidation peak
displayed a maximum peak at a scan speed of 50 mV/s, indicating the increase of the
MnO2NPs/SPCE. Utilizing the Randles-Sevcik Equation, the active surface area of the electrode.

i,=2.69 x 105 (n%2) (A) (C) (D"2) (V2 4.1)

Where n is the number of electron transfers (2), Aiis the electrode's active surface, D is the electrolyte's
electroactive species' diffusion coefficient (3.64 x 1076 cm?/s), C is the CBZ concentration, and v is the
scan speed [17]. The MnO>-NPs/SPCE modified electrode exhibited a greater active surface area in
comparison to the naked SPCE surface area.

As shown in Figure 4.8C, in PBS pH 7.0, the impact of various scanning speeds on the electrochemical
oxidation behaviour of SMX were examined at various scanning speed between 5 and 50 mV/s. The
oxidation current grows in tandem with the scanning speed, causing a steady shift in the oxidation
potential in a positive direction. Figure 4.8D shows that, with a correlation coefficient of 0.9768, the
anodic peak current is proportional to the square root of the scan rates. This dependency suggests
that the oxidation of SMX is often diffusion regulated, which is in keeping with other research.
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Figure 4.7: CV of the MnO:NPs/SPCE at varied scan rate range 5-50 mV/s and linear plot relationship (A-B)
carbamazepine (C-D) sulfamethoxazole.

4.2.8 Electrochemical behaviour of CBZ on MnO2NPs/SPCE

The DPV involve the electrochemical behaviour of CBZ on bare and MnO.NPs/SPCE under the
optimum conditions. By reducing the background current input, the DPV approach provides the
required resolving power and produces well-differentiated heights even with incredibly little amounts
[12]. Figure 4.9C shows the measurement of CBZ at various levels involving MnO>NPs/SPCE under
ideal experimental circumstances. With the updated electrode calibration curves, as CBZ
concentration rises, so does its oxidation peak current in the linearity of 0.97 to 5.82 pM. The
correlation coefficients detected from the plot were i,/uA = 33.243 [CBZ] + 409.12 (R? = 0.9635), as
shown in Figure 4.9D. The MnO.NPs/SPCE display a stable, sharp, and well-defined anodic peak at
1.0 V. The observation of the oxidation approach of CBZ molecules display a great reaction of
MnO2NPs/SPCE as compared to the bare SPCE. Better features and better sensitivity for analytic use
are two areas where the DPV excels above other electroanalytical approaches [13]. Using DPV, an
accurate measurement of CBZ at the MnO2NPs/SPCE under the previously mentioned ideal
circumstances was accomplished. The oxidation peak current had a linear association with the CBZ
level in the 0.97-5.82 pM range, as shown in Figure 4.9C, using a calibration equation of:

i,= 33.243 [CBZ] + 409.12 (R?=0.9635)

The mechanism for the electro-oxidation of carbamazepine onto the surface of MnO;NPs/SPCE is
shown in Figure 4.10. Carbamazepine molecules in the solution adsorb onto the manganese oxide-
modified electrode surface. The adsorption occurs due to interactions of the carbamazepine
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molecules and the active sites on the manganese oxide. Once adsorbed, the carbamazepine
molecules undergo electrochemical oxidation at the manganese oxide's areas of activity. The
existence of manganese oxide enhances the oxidation process by facilitating electron transfer. When
carbamazepine molecules and the electrode are transferring electrons, manganese oxide may serve
as a mediator. [39]. The manganese oxide accepts electrons from the carbamazepine molecules and
transfers them to the electrode. The electro-oxidation of carbamazepine on the manganese oxide-
modified electrode leads to the creation of oxidation products [40].

Comparing the performance of sensors involve common practice to assess their capabilities and
determine their suitability for specific applications. When evaluating a sensor, two important
parameters that are often considered are the linearity and the threshold of detection (LOD). To
compare the LOD of different sensors, you typically subject each sensor to progressively lower
concentrations or smaller magnitudes of the target parameter until the sensor's response becomes
indistinguishable from the noise level. The sensor with the lowest concentration or smallest magnitude
at which it can still reliably detect and differentiate the signal from the noise is considered to have a
lower limit of detection. In Table 4.1, the intensely electroactive MnO;NPs/SPCE electrode
demonstrated a low detection threshold (0.0005 uM) throughout a wider linearity (0.010-0.006 uM)
when compared to other altered electrodes for CBZ identification.
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Figure 4.8: DPV signals of (A) Bare SPCE to calculate CBZ in 0.1 M PB solution (pH 7) between
0.97 and 5.82 pM. (B) The CBZ concentration vs. anodic peak current calibration curve. (C) adjusted
MnO;NPs/ SPCE to measure CBZ in 0.1 M PBS solution (pH 7) between 0.97 and 5.82 pM, and (D)

the simple plot of CBZ concentrations against anodic peak currents.
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Figure 4.9: The oxidation mechanism of the CBZ on the electrode.

Table 4.1: Qualities of similar techniques for CBZ determination.

Material Technique Linearity (uM) LOD (pM) Ref
MWCNT/GCE LSV 0.1-1.60 0.040 [41]
Au/graphene- DPV 5.0-100 3.03 [11]
AuNPs/GCE

Fullerene-C60/GCE DPV 0.9-10 0.016 [42]
Au@AgPdNPs-3-CD- SWV 0.5-9.0 0.089 [18]
IL/GCE

Ag/TiO./CPE DPV 2.5-100 0.86 [43]
Ce-ZnO/rGO/GCE DPV 0.0-100 0.001 [18]
MnO2NPs/SPCE DPV 0.010- 0.006 0.0005 This work

Note: Multiwalled carbon nanotubes (MWCNTSs), glassy carbon electrodes (GCEs), gold nanopatrticles (AuNPs), and silver
(Ag) Titanium dioxide, or TiO2; (CPE) Carbon paste electrode; shell nanoparticles Au@AgPdNPs: AgPd with an Au center;
Ce-Cerium; B-cyclodextrin-ionic liquid B-CD-IL-macrocyclic; (ZnO) Zinc oxide and (rGO) reduced graphene oxide. These
values were converted to uM.
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4.2.9 Application of CBZ in real water samples

The identification of CBZ in wastewater effluent samples was carried out to show the upgraded
detector's capability. Table 4.2 offers an overview of the recovery results from the real sample
observation at the MNnO>2NPs/SPCE detector. The effective CBZ recoveries were achieved at between
95% and 11%, indicating that the MnO>NPs/SPCE sensor had strong potential to enable applications
in environmental monitoring. The %RSD value was found to be 0.151 which indicates less variability
and higher precision. A low %RSD suggests that the sensor provides consistent and reproducible
results, increasing confidence in its accuracy and precision.

Table 4.2: ldentification of CBZ in wastewater.

Samples [added] (pM) [Found] (pM) % Recovery
1 0.21 +0.10 0.20+0.13 95%

2 0.29 +0.10 0.31+£0.13 107%

3 0.40 +0.10 0.45+0.13 113%

| [spiked] —[unspiked]|
[added]

% Recovery Formula = x 100

4.2.10 Electrochemical behaviour of SMX on MnO>NPs/SPCE

The electrochemical behaviour of sulfamethoxazole on MnO,NPs/SPCE involve 0.1 M PBS under
optimal conditions. DPV involve the evaluation of the electrochemical reaction of SMX using the
MnO2;NPs/SPCE at the potential window between 0.35-1.11 V. SMX was detected at varied levels
ranging from 0.97 to 5.82 pM. In Figure 4.10C, the observations of both the bare electrode and the
MnO;NPs/SPCE were depicted. As the concentration of SMX increases, there is a corresponding
increase in the measured current. This indicates a direct proportional relationship. The observation of
an increase in current with increasing concentration suggests that the MnO>NPs/SPCE sensor
exhibits sensitivity towards SMX. By acting as an active interface for the oxidation reaction involved
in the detection process, the MnO.NPs modification on the outermost layer of the electrode most likely
improves the electrochemical detection of SMX. The coefficients of correlation obtained from the graph
are presented in the calibration graph as: i,/uA = 34.465 [SMX]+ 1309.2 (R? = 0.9885) as displayed in
Figure 4.10D. The MnO2NPs/SPCE shows a sharp, and well-defined anodic peak at 0.75 V. The
scientific literature has proven that two protons and two electrons react in the electrochemical
oxidation of SMX. [44]. The equivalent amino benzoquinone is created by first one-electron oxidation
within the -NH2 group, which forms the cation radical at the nitrogen. Next, a fast disappearance of
the second electron occurs, as shown in Figure 4.11, producing an oxidation peak that is noticed in
voltammetric measurements. Table 4.3 examines the sensing qualities of MNO.NPs/SPCE with the
other electrodes described in the current publications for SMX identification. The sensor used in the
present research possesses outstanding accuracy, but other than that, its properties are similar to
those of the electrodes that have been published.
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Figure 4.11: The oxidation mechanism of the SMX on the electrode
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Table 4.3: Attributes of similar techniques for figuring out SMX.

Material Technique Linearity (uM) LOD (uM) Ref
MWCNT-SbNP DPV 0.1-0.70 0.02 [45]
SHL-GP/WP DPV 5.0 -100 0.40 [9]
MWCNT/PBnc/SPE DPV 1.0-10.0 0.04 [46]
AArGO-modified DPV 0.5-50.0 0.04 [47]
electrode

MnO2:NPs/SPCE DPV 0.010-0.006 0.0002 This work

Note: These values were converted to uM. reduced graphene nanorode-screen printed carbon electrode (SPCE), graphene-
zinc oxide-glassy carbon electrode (GCE), Silver-filled multiwalled carbon nanotube and methyltrioctyl ammonium chloride,
Shellac graphite waterproof paper (WP), Multiwalled carbon nanotube decorated with Prussian blue nanocubes, Covalent
organic frameworks (COF) polyaniline, gold nanoparticles, Graphene oxide-zinc, Molybdenum dimer oxide.

4.2.11 Application of SMX in Wastewater
The suggested sensor's usefulness and dependability were evaluated in addition to its ability to

identify SMX in wastewater effluent samples. A typical addition approach was utilized to estimate the
recovery values, and Table 4.4 presents a summary of the findings. With recovery rates ranging from
90 to 105%, the suggested electrochemical sensor has the precise, effective, and dependable
capacity to estimate the quantities of SMX in wastewater samples. It was discovered that the %RSD
was 0.290, indicating greater precision and reduced variability.

Table 4.4: SMX measurement in wastewater.

Effluent [added] (pM) [Found] (pM) % Recovery

1 0.10 £ 0.15 0.19+0.12 90%

2 0.29+0.15 0.30+£0.12 103%
0.40+£0.15 0.42+0.12 105%

4.2.12 Interference studies
Interference studies of MnO2:NPs/SPCE sensors involve investigating the potential effects of
interfering substances on the sensor's performance and accuracy [48]. These studies are crucial for
understanding the sensor's selectivity, reliability, and robustness in real-world applications in the
existence of CBZ and SMX. In addition, the MnO2NPs/SPCE altered electrode's suppression of
interference capability was tested for the detection of CBZ and SMX in the form of two widely used
drugs that may interfere with signalling: metoprolol (MP) and ibuprofen (IBU). Organic substances that
are utilized as pharmaceuticals include metoprolol, ibuprofen, sulfamethoxazole, and carbamazepine.
While they have distinct chemical structures and belong to different drug classes, they do share some
chemical similarities. Carbamazepine is an anticonvulsant and mood stabilizer, sulfamethoxazole is
an antibiotic, ibuprofen involve NSAID, and metoprolol is a beta-blocker involve the cardiovascular
conditions [17,50]. The electrochemical reaction of MNnO.NPs/SPCE of the detector did not show an
enough alteration in the peak current within the potential window of 0.7 Vto 1.2V, even in the presence
of interfering species (not shown). In Figure 4.12A, the interfering species were oxidized at different
potentials, indicating that their oxidation did not overlap with the potential range used for the detection
of the CBZ. This non-overlapping oxidation behaviour suggests that the interfering species did not
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interfere with the electrochemical detection of CBZ. However, despite the absence of direct
interference, an interaction between the species was observed because of the existence of similar
functional groups such as aromatic rings and heteroatoms. This interaction may lead to some changes
in the electrochemical behaviour of the detector. The presence of aromatic rings, which provide
stability and specific chemical properties to the molecules, is noted as a shared characteristic among
the compounds, including CBZ and the interfering species. Additionally, the presence of nitrogen
atoms (N) in all four compounds is highlighted. As a result of this interaction, a decrease in the
observed response is mentioned when the interfering species were added, compared to the detection
of CBZ alone. The same trend is observed in Figure 4.12B in the existence of sulfamethoxazole
(SMX), where a slight decrease in the response compared to the CBZ detection. These findings show
that while the interfering species may not directly interfere with the electrochemical detection of CBZ,
their presence and shared chemical characteristics can still result in some interaction and a decrease
in the observed response.
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Figure 4.12: Peak current responses of (A) 20 pM CBZ in the presence of interfering species (20
pM SMX, 20 pM IBU, and 20 pM MP), (B) 20 uM SMX in the presence of interfering species (20 pM
CBZ, 20 pM IBU and 20 pM MP).

4.2.13 Analysis of stability

The preserved stability of the MnO.NPs/SPCE sensor was demonstrated by DPV in 0.1 M PBS having
20 uM CBZ and SMX. Two preservation settings were examined: the sensor was kept at ambient
temperature for 9 days, as well as in the refrigerator at 4 °C. Two conditions of storage were examined.
after the first experiment, the sensor was preserved at RT after 9 days, and the findings shown in
Figure 4.13 A-C demonstrate that the current observed of the detector reduced to 68% of the original
reaction. Surprisingly, the detector kept 85% of its original reaction after 9 days in another reaction of
the preserved in the refrigerator within 4°C, as demonstrated in Figure 4.13B-D. As a result, the
detector was placed within 4°C is favoured due to retain the detector's quality. According to these
findings, the sensor was reliable for carbamazepine and sulfamethoxazole detection. Tito et al
investigated the long-term reliability of the 3-MPA-NiSe>QD/L-cyst/Au detector for NVP measurement
at room temperature and 4 °C. The outcome seen that storing the sensor at 4 °C is appropriate [50].
The stability involves AchE/PEDOT-f-MWCNTs detector for the identification of organophosphates
such as Chlorpyrifos-methyl was examined by Kaur et al. The detector was preserved at 4 °C for one
month. After 5 days, the shift in present response was assessed. The AChE molecule retained 89%
of its functioning after one month of preservation, indicating the sensor's excellent durability because
of the beneficial microclimate involve PEDOT-f-MWCNTs film of the molecule of AChE. [51]. Previous
research has shown that storing the sensor at 4 °C is appropriate, which is consistent with our findings.
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Figure 4.13: Pulse differential Voltammetry responses of MnO.NPs/SPCE to 20 M carbamazepine
(CB2) and sulfamethoxazole (SMX) on day 1 and 9 following storage (A-C) at ambient temperature
and (B-D) at 4°C, respectively.

4.2.14 Simultaneously detection of CBZ and SMX on MnO;NPs/SPCE sensor

The performance of MnO:NPs/SPCE, further evaluation was performed for the concurrent
identification of CBZ and SMX in 0.1 M PBS (pH 7.0). The DPV oxidation peak currents of CBZ and
SMX grew proportional to their amounts when their amounts rose concurrently, as Figure 4.14
illustrates. The simultaneous detection of carbamazepine and sulfamethoxazole using
MnO2-NPs/SPCE exhibits a slight shift to the negative potential compared to individual detection. The
shift to the negative potential suggests that both CBZ and SMX undergo reduction processes rather
than oxidation processes when detected simultaneously. The reduction potentials for SMX and CBZ
are obtained at 0.59 V and 0.98 V, respectively. This behaviour indicates that both compounds are
being reduced at the electrode surface, possibly because of the existence of reactive species or
electrochemical interactions occurring between the analytes and the electrode material

(MnO2NPs/SPCE). The reduction processes might involve the gain of electrons and the formation of
reduced species.
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Figure 4.14: Using optimized settings in pH 7 (0.1 M PBS) for the simultaneous detection of SMX
and CBZ, DPV voltammograms for the MnO;NPs/SPCE.

4.3 Conclusion

This work reports on the use of MNO2NPs/SPCE in the specific, exceptionally sensitive, and precise
catalytic voltammetric detection of CBZ and SMX. When the electrochemical responses of
MnO;NPs/SPCE and bare were examined, MnO:NPs/SPCE was discovered to have the best
response. Comparing the developed electrochemical sensor to the other voltammetric techniques
utilized for the detection of SMX and CBZ, respectively, the best LOD values are 0.0005 and 0.0002
pMM. The MnO2NPs/SPCE altered electrode has outstanding activity to the oxidation process of CBZ
and SMX, as shown by electrochemical studies, which also show an exceptional amplification of peak
currents with an adverse change in the oxidation peak potentials. It is argued that the enhanced
electron transfer rate by MnO2NPs electro-catalysis and the rise in the active surface sites of the
electrode are the outcomes of the modified electrode's superior electrochemical performance.
Furthermore, it is commonly recognized that SPCE is easier to modify and less expensive than the
other electrodes utilized in the fabrication process. Consequently, compared to the other electrodes,
the created electrochemical is easier, faster, and less expensive. Excellent selectivity, reproducibility,
stability, and repeatability were demonstrated by the modified electrochemical sensor. Consequently,
MnO2NPs/SPCE presents itself as a viable option for the identification of CBZ and SMX in wastewater
samples.
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Chapter 5

Electro-oxidation of ibuprofen and metoprolol using
manganese oxide platform

Summary

Pharmaceutical compounds, such as ibuprofen and metoprolol, are of increasing issue due to their
persistence in the surrounding and potential negatively on human health. In this work, we developed
an electrochemical detector system for the identification of ibuprofen and metoprolol based on a
modified manganese oxide nanoparticle on a SPCE. The characterisation of MnO>NPs modifier was
investigated via FTIR, XRD, SEM, Raman spectroscopy techniques, uv/vis spectroscopy, and small-
angle X-ray scattering spectroscopy. The electrochemical behaviour of the MnO>NPs was studied
involving DPV and CV techniques. By analysing the impact of pH on the CV reactions, electrolytes on
the DPV reaction, and scan speeds on the CV reactions, the ideal conditions for testing were
determined. The MnO>NPs modified electrode demonstrated enhanced catalytic activity in the electro-
oxidation of both ibuprofen and metoprolol. The oxidation peaks of Ibuprofen and Metoprolol were
seen at +1.14 V and +1.46 V corresponding, for the MnO>NPs/SPCE detector. The detector’s limit of
detection was 0.0004 uM and 0.005 uM respectively and its linear response was from 0.97-5.82 pM.
In addition, durability and interfering investigations were carried out to assess the MnO,NPs/SPCE
sensor's efficiency under ideal circumstances, which produced an acceptable result. Using actual
water samples, the suggested sensor was effectively applied to determine the levels of metoprolol
and ibuprofen.

/ Electro-oxidation of IBF and MTP GHs Electrochemical Signal \
OH

0o 173
o - 1123 Br ue
PN 3 1073
H 1 h H 5 / 0\ M / H Ibuprofen (IBF) 311023
r n Z o3
= GO B _
= —1.97 pM
5 Mn OH o, e —291 :M
O/ %O CH: & 3.88 pM

J\/ g '
MnO,NPs/SPCE o e B s
Bare SPCE CHy 1,09 119 1,29 139 1,49 1,59

Potential Voltage (V)

Metoprolol (MTP)

L /

5.1 Introduction

Ibuprofen (IBU) and metoprolol (MP) belong to different classes of pharmaceuticals [1]. Ibuprofen
involve NSAID, whereas metoprolol is a beta-blocker (as shown in Figure 5.1) [2,3,4]. Both
medications have been detected in water bodies primarily as active pharmaceutical ingredients (APIs),
which has raised environmental and health concerns [5]. The existence of APIs in water bodies can
negatively impact marine habitats. Some APIs can interfere with marine creatures' hormonal balances,
affect reproductive processes, and lead to imbalances in aquatic populations [6]. Ibuprofen is one of
the most widely used and highest-selling drugs globally [7]. It is available over the counter, which
means it can be purchased without a prescription, making it easily accessible to consumers [8]. Its
effectiveness in relieving pain, reducing inflammation, and lowering fever has made preferred drug for
a range of transient, non-specific headache indications, including headaches, muscle aches,
menstrual cramps, and minor injuries [7]. This medicine is primarily processed in the liver, where about
90% of the drug undergoing metabolic transformations. These transformations result in the production
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of hydroxy and carboxy metabolites of ibuprofen [8]. Only a small fraction, less than 10%, is excreted
from the body unchanged in urine and bile [9].

While metoprolol is a selective B1 receptor blocker involve heal a range of cardiovascular conditions,
most notably hypertension, angia pectoris, cardiac arrhythmia, and myocardial infarction [10].
Because of its extreme responsiveness, an excessive intake can result in sufficient inhibition from
even a little ingested intake of the medication such a 3-blocker can result in significant cardiac issues
[11]. Because of MP's sedative effect, the International Olympic Committee has put it on the list of
prohibited substances [10]. Both drugs can have negative impact on marine life [12]. Even at low
concentrations, they may disrupt the marine species' hormonal systems, which impact their approach
for growth and reproduction [13]. In the case of metoprolol, which is a beta-blocker, it may have effects
on fish and other aquatic organisms sensitive to changes in heart rate [12]. These pharmaceuticals
end up in our water bodies through several pathways such as hospital discharge, municipal discharge,
domestic and industrial discharge, and many more [13]. Once these drugs enter wastewater systems,
they undergo various levels of treatment at wastewater treatment plants. While some drugs may be
removed during treatment, not all pharmaceutical residues are effectively eliminated, and they can
still pass through the treatment process [14]. Consequently, treated wastewater may contain traces of
pharmaceutical compounds, including ibuprofen and metoprolol [13]. Using a range of quantitative
analytical techniques, ibuprofen, and metoprolol have been found in ambient samples [12]. These
techniques include spectrofluorimetry [12], GC [15], spectrophotometry, LC-MS [12,15], planar
chromatography, electrokinetic chromatography, and HPLC [16]. Therefore, many of these approach
call for the utilization of expensive equipment, substantial outlays, and risky and toxic chemicals [15].

Electrochemical sensing is an alternative technique that has gained attention for detecting and
quantifying pharmaceutical compounds like ibuprofen and metoprolol in various environmental
samples, including water bodies [17]. Electrochemical sensors are low-cost, portable, and relatively
simple to use, making them an appealing choice for monitoring use in both laboratory and field settings
[15]. Amin et al (2014) developed a straightforward and accurate electroanalytical approach that uses
electrochemically pretreated screen-printed graphite electrodes to measure the presence of ibuprofen
in untreated wastewater. Kogak et al (2023) reported that the working electrode was altered with
glutardialdehyde-ZnO suspension (GA>—ZnO) for the detection of metoprolol. The modification of
electrochemical sensors is an encouraging strategy to improving their effective for the identification of
environmental contaminants containing pharmaceuticals [17]. In recent years, nanometal oxide MnO-
has acquired significant interest from literature because to its unique properties [18]. MnO;
nanoparticles have drawn notice for their outstanding optical features, extremely surface area, and
good conductivity [19]. In this work, the aim is to develop a sensor that can detect two different
compounds, Ibuprofen, and metoprolol, in wastewater samples. The sensor is intended to be simple,
portable, low-cost, and reliable. To achieve this goal, the plan is to modify a screen-printed carbon
electrode using manganese oxide nanoparticles (MnO2NPs). The modified electrode will then be used
as the sensing component of the device. Overall, the purpose of this work is to create a detector that
can provide a quick and accurate way to detect the presence of these two compounds in wastewater
samples, which can ultimately contribute to better management and treatment of wastewater.
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Figure 5.1: Structure of Ibuprofen and metoprolol.

5.2 Results and Discussion

5.2.1 Bandgap energy and UV/vis spectroscopy

UV-vis spectroscopy, as seen in Figure 5.2A, involves the investigation of the visual characteristics of
MnO2NPs and precursors. The spectra ranged from 280 to 800 nm. The optical features of the starting
materials used were MnSO4 and KMnO4. The highest absorbing spectrum of MnO; was found to be
approximately 305 nm, which could be related to the unique peak and the d—d transition of Mn** ions
[33]. As illustrated in Figure 5.2B, absorbing is associated with the charge transfer of 02— Mn*4,
which brings about attraction of electrons from the ground state to an excited state. The KMnO4 can
act as the oxidizing agent in the synthesis of the MnO2NPs [20]. It can also exhibit strong absorption
in the UV and visible regions due to electronic transitions. The absorption spectrum of KMnO4 shows
several peaks in the UV and visible range, with the primary one responsible for its purple colour [21].
The electronic structure of KMnO, involves the distribution of electrons in its constituent atoms.
Manganese, in the +7-oxidation state, has a partially filled 3d subshell and exhibits complex electron
configurations. Manganese can exhibit multiple oxidation states, including +2 and +3 [20]. In MnSOQOsx,
manganese is in the +2-oxidation state, which is the oxidation state for manganese in its compounds.
The optical band gap (Eg) for MnO, was measured involve the Tauc relation which is given in Eq 5.1:

ahv = A(hv — Eg)™V/? (5.1)

where n is a constant that is mostly dependent based on the substances' optical shift attributes, for
instance as MnO2NPs, and where a, h, A, Eg, and v are the coefficients of absorption, Planck's
constant, constant, and bandgap incident light frequency. The value of nis 1 [21]. The band gap of a
material determines its electrical conductivity and optical properties. Materials with smaller band gaps
are generally better conductors of electricity, while those with larger band gaps are insulators [20].
The band gap also serves vital part in the absorption and emission of light. Photons with energies
corresponding to the band gap can be absorbed by a material, promoting electrons from the valence
band to the conduction band. When these excited electrons return to lower energy states, they emit
photons, giving rise to the material's optical features [19]. As seen in Figure 5.2C the values of
bandgap energy (Eg) of MnO.NPs are identified by the linear extrapolation of the plot of (ahv)?2 against
(hv) to the energy axis. The obtained value of the optical band gap is 1.14 eV which indicates that the
MnO2NPs exhibit good electrical and optical properties.
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Figure 5.2: The absorption spectra of the (A) precursors, (B) MnO2NPs, and the tauc plot of
MnO2NPs in UV light.

5.2.2 Small-angle X-ray scattering spectroscopy.

SAXS gives useful details about the general dimensions and forms of the nanoparticles as they are
created. In Figure 5.3A shows the PDDF of MnO2NPs which exhibits rod shaped arrangement,
measuring 35 nm in radius and 86 nm in greatest diameter. The rod shape arises from the
arrangement of manganese and oxygen atoms in one-dimensional tunnels within the crystal lattice
[22]. This one-dimensional structure is responsible for the rod-like appearance of the nanoparticles.
The rod shape of a—-MnO;NPs provides a substantial capacity to surface surface ratio [23]. This large
area of surfaces makes them excellent candidates for catalytic reactions, where more active sites are
accessible for reactants to interact with the catalyst [20]. The radius in SAXS does not typically refer
to the physical size of the nanorods, but rather it provides information about the structural features of
the sample. Specifically, the radius obtained from SAXS data provides information about the size and
cross-sectional dimensions of the nanorods [23]. This can include details about their diameter or
thickness, which is perpendicular to the rod's long axis. The breakdown of size by number is displayed
in Figure 5.3B and indicates the existence of monodispersed molecule with the greatest length of
radius of 6.5 nm. Which means that the MnO2NPs was characterized by having uniform size and
shape. Further, In Figure 5.3C, which shows the size distribution by volume with the maximum radius
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of 10 nm. The plot shows the relatively narrow peak which indicates that MNO2NPs synthesised have
a consistent shape. In Figure 5.3D, provides valuable information about the structural characteristics
of a sample. The plot displays the two peaks which have a radius at 47 nm and 69.5 nm. Both the
peaks have a different value of intensity which suggest that the presence the presence of aggregated
or clustered particles.
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Figure 5.3: SAXS spectra of MNnO2NPs material (A) Pair distance distribution function (PDDF) for
MnO:NPs, (B) number weighted by size distribution function for MnO2NPs (C) Volume weighted by
size distribution function for MNO,;NPs (D) Intensity distribution function for MNnO.NPs.

5.2.3 MnO2NPs/SPCE CV and EIS Studies

CV involving the bare and MnO2NPs /SPCE in 1.0 mM [Fe (CN)s ]* solution at the scan speed of 50
mV/s, as seen in Figure 5.4. The peak potential separation was calculated using the equation AEp =
(Epc — Epa) [24]. The CV curve illustrate a reversible electrochemical reaction of maximum potential
separation for bare SPCE was obtained at 0.249 V, whereas 0.269 V was the greatest potential
separation, this demonstrate that the electron transfer on the MnO2NPs/SPCE was fast due to small
peak potential separation, this suggests a rapid and efficient reaction at the electrode surface as
contrasted to a bare electrode which indicated the slower electron transfer. The electrochemical
response on a bare, a voltage reading was recorded with a peak potential of 180 mV and a modest
oxidation current of 22.14 pA. On the other hand, MnO2NPs/SPCE demonstrated a much-decreased
over potential Ep = 199 mV along with an elevated abrupt anodic peak current (i,a = 88.79 pA). From
the observation, the MnO2NPs/SPCE has a higher peak current, which indicates faster electron
transfer rates due to efficient charge transfer between the electrode and the electroactive species.
This outcome verified that the MnO2NPs/SPCE increase the effectiveness of the altered electrode by
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raising peak current. The peak from the MnO,NPs/SPCE displays the nano-flower-like structure. The
presence of two peaks in the solution, one for oxidation and one for reduction is consistent with the
behaviour of ferrocyanide ions, which undergo reversible redox reactions [25].

Oxidation: Fe (CN)e* —»> Fe (CN)e>+ e (5.2)
Reduction: Fe (CN)s*+ e » Fe (CN)s* (5.3)

However, the characteristics of these peaks can be impacted by number variable factors, involve
electrode surface modifications, solution composition, and experimental conditions. The modified
electrode may enhance the electrochemical reaction kinetics, resulting in a well-defined peak, while
the bare electrode might exhibit a less pronounced peak due to the absence of such enhancements
[25].

The efficiency of electron transfer of bare SPCE and MnO>NPs/SPCE involve by EIS, seen in Figure
5.4B. The Nyquist plots are seen with the real part (Z') on the X-axis and the imaginary part (-Z”) on
the Y-axis [39, 41]. The bare and MnO2NPs/SPCE was investigated in 1 mM [Fe (CN)s]* solution as
seen in Figure 5.4B. The spectra show that the modified MnO;NPs/SPCE exhibits improved
conductivity compared to the bare SPCE. This conclusion is drawn based on the observation that the
spectra of the bare SPCE show a semi-circular region, whereas the modified MNnO;NPs/SPCE exhibit
a different behaviour. The presence of a semi-circular region in the spectra of the bare SPCE suggests
higher charge transfer resistance, indicating less efficient electron transfer compared to the
MnO2NPs/SPCE. The modified MnO,NPs/SPCE, on the other hand, exhibit low charge transfer
resistance, indicating more efficient electron transfer and better conductivity. To further support this
finding, fitted a circuit to obtain the charge transfer resistance values. The charge transfer resistance
of the MnO.NPs/SPCE was determined to be 86.9 Q, while the bare SPCE had a higher charge
transfer resistance of 3.95 kQ. This comparison further confirms the enhanced conductivity and
improved electron transfer efficiency of the MnO2NPs/SPCE compared to the bare SPCE.
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Figure 5.4: Modified MNnO;NPs/SPCE and bare SPCE cyclic voltammetry in a 1.0 mM [Fe (CN)g]* solution at

a scan speed of 50 mV/s (A) CV (B) EIS.

5.2.4 Electrochemistry of MNO2NPs/SPCE

Electrocatalytic features of bare electrode and MnO2NPs/SPCE modified electrode in a PBS
was investigated by CV as shown in Figure 5.5. As observed the presence of a peak during
the reduction phase of cyclic voltammetry suggests that an electrochemical reduction process
is occurring at the altered electrode surface. The reduction peak typically represents a
reduction reaction where the substance gains electrons. It indicates that the MnO2NPs are
actively involved in the electrochemical reaction, possibly by serving as a catalyst or by
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providing specific sites for the reduction process to occur [17]. The presence of the phosphate
buffer is also significant. Phosphate buffers are known for their pH stability and compatibility
with many electrochemical reactions. The peak observed during the reduction in the presence
of the phosphate buffer can be considered a "signature" of the electrochemical behavior of
the MnO2NPs modified electrode [7]. MnO2NPs is known to have catalytic activity for various
electrochemical reactions. It can enhance the kinetics of reactions involving redox-active
species, potentially leading to improved electrochemical performance [19].

The reason we have used the two electrolytes for the electrocatalytic study of bare and
MnO2NPs/SPCE electrode, due to that ferrocyanide solutions typically contain ferrocyanide
ions (Fe (CN)s)* and are commonly used in electrochemical sensing as a model redox system
[25]. They serve as a reference standard for electrochemical experiments and provide well-
defined redox peaks. While phosphate buffer solutions are made by mixing phosphate salts
and are often used as a pH buffer in electrochemical experiments. They help maintain a stable
pH environment during electrochemical measurements [28].
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Figure 5.5: CV voltammograms of bare and MnO2NPs/SPCE were taken at a scanning speed of 50
mV/sin 0.1 M PBS.

5.2.5 Scan rate studies
By applying the CV approach to the altered MnO2NPs/SPCE with 100 pm IBU and MP in PBS solution,
its impact of scan speed (v) was investigated in the range of 5 to 50 mV/s. As evidenced in Figure 5.6,
the scan speed variation yields the obvious increase in the peak currents (Ip) of IBU. As illustrated in
Figure 5.6A, in which two distinct peaks are observed. The peaks correspond to different substances
or processes occurring at the electrode's surface. The first peak, the reduction peak, is associated
with the existence of MNnO2NPs on the surface of the electrode. Reduction typically involves the gain
of electrons or a decrease in oxidation state. The second peak corresponds to IBU. This peak likely
represents an oxidation reaction, which typically involves the loss of electrons or an increase in
oxidation state [15]. Figure 5.6B seen a linear plot of oxidation peak current and log scan speed, as
well as the regression equation: | (uA)= 454.62 log (v) —193.4 with the (R?=0,9987). The plot shows a
relationship where peak current rise as the logarithm of the scan speed rise. This relationship is
characteristic of a diffusion-controlled process, where the speed of the electrochemical reaction is
primarily influenced by the diffusion of species to and from the electrode surface [16]. The oxidation
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peak of CBZ involve a maximum peak at a scan rate of 50mV/s, indicating the amplification of the
MnO;NPs/SPCE. The Randles-Sevcik Equation involves the compute the active surface area of an
electrode:

i,= 2.69 x 10° (n??) (A) (C) (D¥?) (V?) (5.4)

where Ip is the maximum current, n is the total amount of transfers of electrons (2), A is the electrode's
activated surface, D is the coefficient of the electroactive diffusion coefficient in the electrolyte
(3.64x106 cm?/s), C is the IBU concentration, and v is scanning speed. Figure 5.6C depicts the
influence of scan speed on the oxidation reaction behaviour of MP in PBS (pH 7.0) at varied scanning
speed ranging from 5 to 50 mV/s. The accompanying oxidation current rises as the scan speed
increases, as does the potential movement of the oxidation potential in a positive direction. Figure
5.6D seen that the peak current of anodes inversely correlated the square root of the scan speed, with
a correlation coefficient of 0.9983. This relationship implies that MP oxidation is a normal diffusion
regulated process, which is consistent with earlier research. A maximum peak was seen at a scanning
speed of 50 mV/s, indicating that the MnO2NPs/SPCE on both graphs was enhanced.
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Figure 5.6: Cyclic Voltammetry of the MnO,NPs/SPCE at varied scan rate range 5-50 mV/s and
linear plot relationship (A-B) Ibuprofen (C-D) Metoprolol.

5.2.6 pH studies

The electrochemical procedure is typically influenced by the pH of a solution, which causes the redox
potential to move in either a more positive or negative direction with varied redox peak currents [15].
Consequently, at low peak potentials, an ideal pH is needed to boost the vitality of the oxidative peak
currents. In Figure 5.7A, demonstrates how pH affects IBU redox process with MnO2NPs/SPCE. in
the pH range of 5.0-8.0. The CVs of the MnO,NPs/SPCE showed a strong dependence on the pH
values of solutions. The peak currents increased significantly when pH values increased from 5.0 to

85



7.0, and then decreased when the pH exceeded 7.0. These responses might be due to the structural
changes in the —OH and —-NHCOCHS3; groups of IBU with respect to pH. At pH 7.0, charge neutrality of
IBU may be responsible for the best response. Thus, the PBS of pH 7.0 was selected as the electrolyte
pH in the following experiments. The pH studies of MP in the 0.1 phosphate buffer using a
MnO2NPs/SPCE involve investigating the behaviour and stability of MP at different pH levels within a
PBS. For an electrode reaction with protons involved, pH had an important influence on its redox peak
current. When pH = 7.0, MP indicate the strongest CV response. So, pH = 7.0 was selected as the
optimal acidity for MP identification.
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Figure 5.7: CV response of the IBU at MNO;NPs/SPCE at different pH range 5-8 of 0.1 M PBS and
a plot of current vs pH.

5.2.7 Electrolytes studies

Electrolytes are essential in the electrochemical sensing process [29]. The MnO,NPs/SPCE electrode
was utilized to investigate a variety of electrolytes at a rate of 50 mv/s as determined by DPV, including
0.1 M NaCl, KClI, ferrocyanide [Fe (CN)s]*, and PBS in the existence of IBU (Figure 5.8). The results
showed that PBS was the optimum electrolyte for detecting IBU, while NaCl, KCI, and Ferrocyanide
did not provide a signal for IBU. This is because phosphate buffers have been recognized for retaining
their chemical properties throughout an extensive temperature and condition region [30]. This stability
is crucial for maintaining the integrity of the electrolyte solution during electrochemical experiments.
The stable pH of the PBS likely played a significant role in obtaining consistent and reliable
electrochemical signals [29]. Phosphate buffers are often biologically compatible, which makes them
suitable for applications involving biological samples. In this context, the compatibility of PBS with the
IBU or the electrode's surface may have contributed to a successful signal. Phosphate ions in the PBS
solution might have a specific interaction with IBU that enhances the electrochemical response. This
interaction may be related to the chemical structure of IBU and the behaviour of phosphate ions [30].
The characteristics of PBS may have led to a favourable interface, improving the electrode's
performance in detecting IBU. The option of electrolyte is a critical factor in electrochemical sensing
and can significantly impact the effectiveness and specify of the detector, as demonstrated in this
study. Same response was observed with the detection of MP.
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Figure 5.8: DP voltammograms for 0.1 um different electrolyte (NaCl, KCI, PBS, and [Fe (CN)g]* on
MnO2NPs/SPCE in the existence of IBU at 50 mV/s.

5.2.8 Electrochemical behavior of IBU on MnO2NPs/ SPCE

Based on these experimental findings, the produced MnO.NPs/SPCE as the proposed sensor was
developed to quantify IBU. Figure 5.9 illustrates the investigation of Bare SPCE and Modified SPCE
in a 0.1 M PBS electrolyte under ideal conditions at various concentrations ranging from 0.97 to 5.82
pM. The electrical current response was concentration dependent. Figure 5.9C depicts a well-
distributed signal as compared to Figure 5.9A (bare electrode), this is because of the good electrical
properties of the material. The oxidation peak was seen at +1.14 V for the MnO2NPs/SPCE detector.
Relation linearity between the peak current and the IBU concentrations in the domain 0.97 to 5.82 pM
is obtained for the modified electrode as seen in Figure 5.9D. The equation of the calibration curve is
I(uA) = 29.886 [IBU] + 483.79 (R?= 0.9981). From the calibration curve, the LOD was calculated. The
values of LOD (0.0004 uM) indicated that the sensor developed in this study has improved its
performance when compared to the LOD of the bare electrode (5.50 pM) with the (R?=0.9964) as
shown in Figure 5.9B.

A comparison between the proposed sensor and previous studies is shown in Table 5.1. In comparison
to previous investigations for the identification of ibuprofen, the LOD value for the MnO,NPs/SPCE
detector was reported to be lower at 0.0004 uM. It is possible to say that the altered electrode
containing MnO2NPs is an appropriate foundation for the analysis identification of IBU. These previous
investigations provide important information about the material that was employed as a substrate on
the electrode's interface for IBU identification and the distinct LOD values that were obtained [31].
Ibuprofen was detected in urine by Maleh et al using the same technique with the linearity range of 1-
40 uM and a modified Ag/MWCNT/MPAC/GCE electrode to obtain the threshold of detection of 0.4
MM. Hu et al demonstrated the identification of Ibuprofen by involving the modified GO/AgNPs/SPCE
with the differential pulse voltammetry technique with the PBS electrolyte at pH 7.0 within the linearity
range of 0.1—40 pM, yielding a 0.028 uM threshold of detecting. Figure 5.10 depicts the mechanism
of IBU electrochemical oxidation. The first single-electron oxidation produces benzyl radical and
carboxyl radical after deprotonation. By removing CO- from both radicals, a common benzyl radical is
formed. Its subsequent (second) single-electron oxidation yields benzyl cation, which serves as the
substrate for the formation of the final products: reaction with water followed by deprotonation yields
alcohol, and in situ formation of the alcohol to the carbocyanine yields symmetrical ether. In parallel,
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the addition of oxygen to the benzyl radical results in the creation of the labile hydroperoxide, which
creates a disproportionate amount of alcohol and ketone [17].
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Figure 5.9: DPV indicators of (A) bare SPCE used to calculate IBU from 0.97 to 5.82 pM in pH 7.0
(0.1 M PBS). (B)The simple linear of IBU anodic peak currents vs concentrations. (C) modified MnO-
SPCE to determine IBU concentrations ranging from 0.97 to 5.82 pM in pH 7 (0.1 M PBS) and (D)
Simple linear of IBU anodic peak currents vs concentrations.
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Figure 5.10: Schematic proposed mechanism of electrochemical oxidation of Ibuprofen on
MnO2NPs/SPCE.

Table 5.1: Qualities of comparable approaches for determining IBU.

Material Technique Linearity LOD Ref
range (uM) (rM)

Apt/AuNPs/GCE DPV 0.005-7 0.0005 [23]
Apt/CdTeQD/GCE Ccv 0.05-20.00 0.016 (1]
GO/AgNPs/GCE DPV 0.1-40 0.028 [3]
rGO/PdNPs/GCE SWV 1-40 0.4 [3]
AuNPs/MWCNTs/GCE CV 1-100 0.55 [85]
Ag2MWCNT/GCE SWV 5-25 1.5 [52]
AuNPs@N-GQDs/GCE FiA.AMP 10-1000 1.95 [53]
MnO2NPs/SPCE DPV 0.010-0.006 0.0004 This work

Note: These values were converted to uM. Aptasensor based gold nanoparticle-glassy carbon electrode (GCE), graphene
oxide-silver nanoparticles (Ag) nanocomposite, reduced graphene oxide-lead nanoparticles nanocomposite, gold
nanoparticles (AuNPs)-multiwalled carbon nanotubes (MWCNTs), Aptasensor based cadmium telluride quantum dots
(CdTeQD), nitrogen doped graphene quantum dots (N-GQDs).
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5.2.9 Application of IBU in Wastewater effluent

The investigated detector was utilized to identification IBU in wastewater effluent samples and to
evaluate its practicability and reliability. The sample solutions were prepared by the approach as
shown in experimental section. The good IBU recoveries were attained at between 105% and 122%,
indicating that the MnO;NPs/SPCE sensor had strong potential to enable applications in
environmental monitoring. The %RSD value was found to be 0.151 which indicates less variability and
higher precision. A low %RSD suggests that the sensor provides consistent and reproducible results,
increasing confidence in its accuracy and precision.

Table 5.2: IBU measurement in wastewater samples.

Effluent [added] (pM) [Found] (pM) % Recovery
1 1.94 +2.02 2.05+2.82 105%
2.91+2.02 3.05+2.82 106%
5.82 +£2.02 7.36 +2.82 122%

5.2.10 Electrochemical behavior of MP on MnO;NPs/ SPCE

The electrochemical behavior of the anodic peak potentials for MP involves both bare and modified
electrodes in 0.1 M PBS at the pH of 7.0 at the optimum condition of the scan rate. The experiment
was investigated using various concentrations ranging from 0.97-4.85 pM. As seen in Figure 5.11A,
the peak potential of the bare electrode does not produce a significant signal while detecting MP. This
is because the bare electrode may not be sensitive enough to identify the low levels of MP present in
the sample. MnO>2NPs/SPCE was employed as a modified electrode under ideal circumstances to
improve the detection of MP. An effectively improved signal for the oxidation peak, which was seen at
1.46V, was shown in Figure 5.11C. As the concentration rises, the current response similarly rises,
demonstrating a direct proportion, as seen in Figures 5.11A—C. The linear regression equation for the
calibration curve for MP, demonstrate a linear relationship between current and concentrations on
MnO2NPs/SPCE.

I(pA) = 33.706 [MP] + 950.09  R2=0.9983

where, [MP] is MP concentration (mol L") and, | the anodic peak current (uA). The limit of detection
(LOD) was obtained 0.005 pM. It is significantly lower than that of some other previous electrochemical
methods for determination of MP [32]. The analytical performance results of the proposed sensor were
found superior to the previous similar reports as shown in Table 5.3 [33]. According to Table 5.3, Using
a modified Ga,-ZnO/BDDE electrode, differential pulse voltammetry was used by Berk et al. to
illustrate the detection of metoprolol. The electrolyte was PBS at pH 7.0., obtaining a threshold of
detection of 7.53 M within the linearity range of 9.99-3.38 uM. Zorluogh et al. used urine to detect the
metoprolol using the same technique. Figure 5.12 illustrates this observation, which shows that two
electrons and two protons are involved in the electron transfer phase of the electro-oxidation of MP.
At this time, we might speculate that the potential oxidation site of MP is the secondary alcohol group.
The electro-oxidations of atenolol and propranolol, two more anti-hypertensive drugs with related
chemical structures, showed comparable results. In each instance, the hydroxyl(-OH) group of MP
underwent electro-oxidation by the transfer of protons and electrons [34].
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Figure 5.11: DPV outputs of (A) bare SPCE used to calculate MP from 0.97 to 4.85 pM in pH 7.0
(0.1 M PBS). (B)The linear plot of IBU anodic peak currents vs concentrations. (C) modified MnO-

1,35 1,45 1,55
Potential Voltage (V)

Current (uA)

Current (pA)

B 1060

1050

1040

1030

-
o
N
o

1010

1000

990

1140
1120
1100
1080
1060
1040
1020
1000

980

960

y = 13.099 [MP] + 986.79

R2 = 0.9964
1 2 3 4 5
MTP concentration
y = 33.706 [MP] + 950.09
R2=0.9983
1 2 3 4 5

MTP concentration

SPCE for determining MP levels ranging from 0.97 to 4.85 pM in pH 7.0 (0.1 M PBS) and (D) Linear
plot of MP levels versus anodic peak currents.

-

™

\-

QVEY

metoprolol

2e’/ 2H*

[— -

™

O

\

.

Figure 5.12: Schematic proposed mechanism for electro-oxidation of MP on MnO,NPs/SPCE.
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Table 5.3: Qualities of related approaches for determining MP.

Material Technique Linearity LOD Ref
(HM) (HM)

Ga,-ZnO/BDDE DPV 9.99-3.38 7.53 [32]
MIP/MWCNTs/PGE SWV 0.06—490 2.9 [34]
GCE DPV 0.07-90 35.1 [34]
HDME DPV 0.95-9.45 0.29 [33]
Nafion-CNT DPV 0.07-90 35.1 [32]
PVC-membrane SWv 0.2-800 0.126 [32]
graphite

GRE/PtNPs/NFN Ads DPV 0.014-0.75 4.3 [34]
MnO2NPs/SPCE DPV 0.010-0.006 0.005 This work

Note: These values were converted to uM. Glassy carbon electrode (GCE), Carbon nanotube (CNT), multiwalled carbon
nanotube (MWCNTs), gallium-zinc oxide boron doped diamond electrode (Ga2-ZnO/BDDE), graphene/platinum nanopatrticle
nafion composite, hanging mercury drop electrode (HDME), molecularly imprinted polymer-pencil graphite electrode, SWV,
square wave stripping voltammetry, LSV, Linear sweep voltammetry, DPV differential pulse voltammetry.

5.2.11 Application of MP in Wastewater

The MP concentration in wastewater samples was measured to assess the proposed sensor's
effectiveness. Specific MP levels were added to these samples. and analysed using the
MnO2-NPs/SPCE based electrochemical sensor Table 5.4 displays the percentages of recoveries,
which range from 99 to 115%. The findings reveal that the MP measurement utilizing the
MnO2NPs/SPCE detector is not significantly impacted by the matrix of the actual samples. As an
outcome, there is great potential for the created sensor to analyze MP in real samples, including
wastewater samples.

Table 5.4: Determination of MP in wastewater.

Samples [added] (pM) [Found] (pM) % Recovery

1 1.94 £ 0.97 1.92 +1.27 99%
2.91+0.97 3.05+1.27 104%
3.88+0.97 445 +1.27 115%

5.2.12 Interference studies

The performance and accuracy of MnO2NPs/SPCE sensors must be subjected to interference tests
to determine how various chemicals might affect the sensor's operation [33]. The selectivity,
dependability, and robustness of the sensor are determined by these investigations, particularly when
it comes to detecting target drugs like IBU and MP in the existence of potentially interfering
substances. In this investigation, the capacity of the modified MnO,NPs/SPCE electrode to detect IBU
and MP in the existence of common possible interfering species involving Diclofenac (DCF), Naproxen
(NPX), and Nevirapine (NVP) was assessed. Diclofenac, naproxen, and nevirapine are all
pharmaceutical drugs used for different medical purposes. Diclofenac and naproxen are NSAIDs used
primarily for pain relief and anti-inflammatory purposes, whereas nevirapine is an antiretroviral
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medication used specifically for the treatment of HIV infection [35]. These chemicals (DCF, NPX, and
NVP) were discovered to be degraded at distinct potentials and so are not interfering with IBU and
MP detection, implying that during electrochemical sensing employing MnO2NPs/SPCE, the oxidation
processes of these compounds occur at distinct electrical potentials. The ability to distinguish between
the electrochemical signals produced by the oxidation of DCF, NPX, and NVP and the oxidation
signals of IBU and MP is made possible by this differential in oxidation potentials [36]. The existence
of the identical functional group, such as imine (C=N) or methyl (CHs), structure chemical homology,
or comparable characteristics may all be responsible for the slight enhancement of the DPV signal
that was observed. Figure 5.13A and Figure 5.13B both show that the enhancement rises when the
interfering species are included in the detection of IBU and MP. This demonstrates the suggested
sensor's suitability for accurate, interference-free sensing.
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Figure 5.13: Peak current responses of (A) 20 pM IBU in the presence of interfering species (20 pM
DCF, 20 pM NPX, and 20 pM NVP), (B) 20 pM MP in the presence of interfering species (20 pM
DCF, 20 pM NPX and 20 pM NVP).

5.2.13 Stability studies

DPV in 0.1 M PBS with 20 uM Ibuprofen and metoprolol was used to test the durability of storage of
the MnO2NPs/SPCE sensor. Two conditions of storage were investigated. The sensor was kept within
RT for 9 days in the original test, and the data displayed in Figure 5.14A illustrate that the maximum
current of the detector dropped to 68% of the original reaction. Pleasantly, the sensor kept 84% of its
original reactivity after 9 days of preservation within 4 °C, as shown in Figure 5.14B. Therefore, storing
the sensor in a fridge is preferred because it preserves the sensor's viability. The storage reliability of
metoprolol was examined under identical circumstances as ibuprofen, and Figure 5.14C shows that
the maximum current of the drop decreased to 57% of the original reaction at ambient temperature.

In Figure 5.14D, we saw 85% of its first response. According to this information, the sensor was robust
for Ibuprofen and metoprolol.
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Figure 5.14: Pulse differential MnO.NPs/SPCE voltammetry reactions to 20 uM Ibuprofen (IBU) and
metoprolol (MP) on day 1 and day 9 following preservation (A-C) at room temperature (B-D) at 4°C.

5.2.14 Simultaneously detection of IBU and MP on MnO:NPs/SPCE sensor

Further testing was done to determine how well MNO.NPs/SPCE performed in determining IBU and
MP simultaneously in 0.1 M PBS (pH 7.0). Their DPV oxidation peak currents increased proportionally
with their concentrations, as seen in Figure 5.15, when the concentrations of IBU and MP were
simultaneously increased. The potential window of the analytes identified individually to simultaneous
remains unaltered by the simultaneous detection of IBU and MP utilizing MnO2NPs/SPCE. At 1.1 V

and 1.45V, correspond, the oxidation peaks for IBU and MP can be seen. This behaviour suggests
that the sensor exhibits greater precision and accuracy.
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Figure 5.15: DPV voltammograms of MnO2NPs/SPCE in pH 7.0 (0.1 M PBS) with optimized
settings for the concurrent identification of IBU and MP.

5.3 Conclusion

The described electrochemical detector also has several benefits, including affordability, specificity,
and simple manufacture. MNO,NPs was successfully synthesised and characterised using analytical
techniques such as XRD, SEM, UV/Vis, SAXS, FTIR and Raman spectroscopy which has a good
yield. MnO2NPs/SPCE was used as a modifier on the surface of the electrode which exhibited
excellent electrochemical effectiveness. From the observation, the MnO2NPs/SPCE has a higher peak
current, which indicates faster electron transfer rates due to efficient charge transfer between the
electrode and the electroactive species. The offered protocol's quantitative effectiveness was
evaluated using the adjusted experimental variables for both differential pulse approach with the
confirmation variable such as LOD at 0.0004 uM and 0.005 uM respectively, linear concentration
range of 0.97-5.82 pM. The improved electrochemical sensor displayed excellent accuracy, rigidity,
specificity, and durability. As a result, MNO;NPs/SPCE provides a suitable electrochemical sensing
platform for determining IBU and MP in real-world samples.
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Chapter 6

Conclusion and recommendations

Based on the material that has been given, this chapter draws conclusions and makes
suggestions for additional research.

6.1 Conclusion

The study concludes with the description of a remarkably reactive, precise, and specific
MnO2NPs/SPCE sensor for the identification of multidrug such metoprolol, carbamazepine,
sulfamethoxazole, and ibuprofen. The manganese oxide nanoparticle was successfully synthesized
using the hydrothermal method that yields larger quantity product. The synthesis was performed on
the aqueous environment with advantages such as high purity and uniform particle size and
distribution. In the synthesis, the KMnO. precursor functions as a potent oxidizing agent include its
effectiveness in controlled oxidation reactions, versatility, ease of handling, availability, and its ability
to facilitate the formation of specific manganese oxide phases with tailored properties. MnO;
nanoparticle and precursors were successful characterised to evaluate the optical traits of the material
involve Uv/vis spectroscopy at the spectra range from 280 to 800 nm. Further, we evaluated the band
separation of the MnO; nanoparticle, obtained to be 1.14 eV indicates that the MnO2NPs exhibit good
electrical and optical properties. The FTIR and Raman analysis were conducted to confirm the
functionality of the MnO2NPs, which successfully displayed peaks that correspond to the material. We
further evaluated the crystallinity of the material using the XRD instrument. It was discovered that the
MnO: nanoparticles' XRD distribution and the XRD standard card (JSPDF 44-0141) agreed quite well.
SEM was used to look at the MnO;NPs' form. Utilizing the SAXS approach, the size and shape
variation of the MnO2NPs material was examined. The MnO2NPs' PDDF, which has an average width
of 86 nm and an outer diameter of 35 nm, has a rod-shaped form. MnO:NPs served as a foundation
for SPCE. Due to exceptional properties of MnO:NPs's chemical durability and substantial surface
area, the electrochemical analysis was examined. The electrochemical study was conducted for bare
and modified electrode involving CV and EIS. The outcome obtained demonstrated that the CV curve
showed a reversible electrochemical response of peak potential separation for bare SPCE was
obtained at 0.249 V whereas the peak potential separation was 0.269 V, this suggests that the
MnO,;NPs/SPCE electron exchange was rapid due to small peak potential separation, this suggests
a rapid and efficient reaction at the electrode surface in comparison to an electrode that is bare which
indicated the slower electron transfer. Furthermore, the EIS showed that the modified
MnO2NPs/SPCE, on the other hand, exhibits low charge transfer resistance, indicating more efficient
electron transfer and better conductivity. Study was done on the optimization variables such pH, scan
speed, and electrolytes. The optimum parameters used are as follows pH 7.0, 50 mV/s and PBS for
the investigation electrochemical detection of the analytes. The electrochemical behaviour of CBZ,
SMX, IBU and MP on MnO:NPs/SPCE were investigated. The values of limit of the detection obtained
were 0.0005 puM, 0.0002 uM, 0.0004 uM and 0.005 puM in the linear range from 0.010-0.006 uM
respectively. As compared to the previous studies of the electrochemical performance, the LOD shows
an accurate, precise, and sensitive response of the MnO,NPs/SPCE sensor. The wastewater samples
were analysed for the application of MNO,NPs/SPCE sensor. Between 95% and 11% of the samples
showed significant CBZ turnarounds, suggesting that the MnO2NPs/SPCE sensor had considerable
potential for environmental monitoring applications. With yields of recovery ranging from 90 to 105%,
the suggested electrochemical detector can reliably and accurately measure the amounts of SMX in
effluent samples. Through the assessment of the interfering species and the sensor's stability
analysis, the electrochemical efficiency of the MnO2NPs/SPCE sensor was investigated. The outcome
obtained for the interfering studies was that the interfering species were oxidized at different potentials,
indicating that their oxidation did not overlap with the potential range used for the detection of the CBZ
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same observation for SMX. Furthermore, CBZ and SMX were simultaneously detected using the
MnO2NPs/SPCE sensor.

6.2 Recommendations for future study
Below is a study of additional research on MnO;NPs-based electrochemical sensors and their uses.

Investigate different synthesis methods such as hydrothermal, sol-gel, co-precipitation, and
chemical vapour deposition to determine their impact on the properties of MnO,.

Fine-tune parameters such as temperature, pH, precursor concentration, and reaction time to
achieve the desired crystallinity, particle size, and morphology of MnO..

Examine the influence of MnO, morphology (e.g., nanowires, nanoparticles, nanosheets) on
the sensor's sensitivity, selectivity, and response time.

Investigate the role of different crystal facets of MnO, in catalytic and sensing activities.
Surface engineering can expose specific facets that are more reactive and enhance sensor
performance.

Use advanced characterization techniques like high-resolution transmission electron
microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS) to gain insights into the
structural and chemical properties of MnO,.

Test the optimized MnO, sensors in real-world conditions to evaluate their performance,
stability, and reliability.

Investigate the long-term stability and repeatability of MnO, sensors to ensure they can
maintain performance over extended periods.

Explore the integration of the MnO2NPs-based electrochemical sensor with passive sampling
techniques. This integrated system could provide a thorough method for actual time monitoring
of specific analytes in various environmental or biological samples, providing a more accurate
representation of the target analyte concentrations.
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